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Abstract

Due to greenhouse gas emissions, global warming has severe environmental consequences. To tackle
this issue, XINTC produces green hydrogen using alkaline electrolysis to replace fossil fuels. Green
hydrogen’s primary challenge is its dependence on intermittent energy sources for electrolysis. Hydro-
gen storage is necessary for the hydrogen economy to meet production and demand peaks. This work
focused on hydrogen storage using double membrane gas holders storing hydrogen at atmospheric
pressure, a novel hydrogen storage method. The main goal of the storage is to avoid power cycling
the downstream hydrogen compressor.

Energy and mass balances are calculated considering molecule permeation through the mem-
branes and water condensation. Weather conditions are also taken into account. To regulate the
pressure in the storage, a control system consisting of PID controllers connected to pressure relief
valves was designed.

The model shows the behaviour as a response to changing weather conditions. It has been proven
that the water in the system will condense and, at certain points, even freeze. A drain is necessary
to evacuate the water forming in the system. The control system manages the system accordingly,
opening the valves to the desired amounts at the desired moments.

It was also proven that one should not have to worry about forming a combustible hydrogen-oxygen
mixture. If the storage is filled at 10% of its maximum value, it takes more than 500 days to reach that
value.

The permeation of nitrogen through the membrane is a bigger issue. If the storage is filled to 10%
of its maximum value, the maximum concentration of 300 PPM is exceeded within three days at a
standstill. Thus, the storage will have to be drained long before safety issues arise.

The model is fully modular, meaning that it can be run for all locations around the world. It can easily
compare storage behaviour and performance.

The outcome of this research has led to a better understanding of the behaviour of hydrogen storage
in membrane gas holders. The model developed can be used to effectively manage hydrogen storage,
reducing any hydrogen losses and maximising storage efficiency.
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Introduction

According to the Intergovernmental Panel on Climate Change, human activities have led to the global
warming warming of the earth. The average global surface temperature of the earth from 2011-2020
was 1.09 °C higher than in 1850-1900 [1]. The increase in global temperature is known to have a
severe environmental impact, leading to the disappearance of animal species, decreased agricultural
yield, more extreme weather conditions, and human migration accompanied by conflicts [2].

With the Paris Agreement of 2015, an important step has been taken towards climate neutrality. To
reach climate neutrality, global emissions of greenhouse gasses (GHG) must be reduced. Although
not all emissions come from the usage of fossil fuels, they represent a significant part. Therefore,
our usage of fossil fuels must be decreased. Nevertheless, accomplishing this is not straightforward
since fossil fuels are our primary energy source. Hydrogen is seen as a solution to this problem. It
is considered an important clean energy source because it can generate energy without emissions
[3]. It can be used in fuel cells to produce electricity or be burned to provide heat. It is thus logical
that the demand for hydrogen is increasing. In this context, the role of XINTC becomes prominent.
XINTC is a Dutch original equipment manufacturer of highly modular alkaline electrolysers operating
at atmospheric pressure. Electrolysers are used to produce hydrogen from water. The equipment
produced by XINTC is innovative due to the possibility of capacity expansion. All components of the
electrolyser and the balance of plant (BoP) are standardised and modular, allowing for easy scale-up
or -down as extra modules can be added according to wish. Furthermore, each electrolyser stack can
be turned on or off to respond to intermittent energy production by sustainable energy solutions.

Green energy sources such as solar or wind energy produce electricity in peaks, given their depen-
dency on weather conditions. At times of low solar irradiance and weak winds, their energy production
is low, while at times of high solar irradiance and strong winds, their energy production is high. XINTC's
system already addresses the issue of an intermittent energy source, as the stacks can be turned on
or off to respond to the power production, but there’s still another problem to overcome. There are
not only peaks in green energy production but also peaks in energy demand. These peaks will lead
to times when the hydrogen production exceeds the hydrogen demand and vice versa. The proposed
solution is the storage of excess hydrogen produced during energy peaks, which offers the possibility
of distribution when required.

This thesis will focus on hydrogen storage directly applied to XINTC’s system. The company plans
on using double membrane gasholders as the medium for short-term hydrogen storage. This work
aims to build a complete model for this type of storage. The model will used as a management tool to
predict behaviour and thus conclude if it fits the company’s needs. In the system designed by XINTC,
the hydrogen is stored after production. It contains traces of water and oxygen. These traces will be
removed post-storage. The storage is connected to downstream cleaning and a liquid-ring compressor.
The compressor requires a constant feed of hydrogen to work. Furthermore, it is important to reduce
the power cycling of the compressor as much as possible to extend the compressor’s lifetime. The
storage will thus mostly be a buffer. It will accommodate the intermittently produced hydrogen and,
once full, will direct a constant hydrogen flow to the compressor.

This usage is uncommon for a double membrane gasholder, normally used to store biogas [4]. The
storage of hydrogen in a double membrane gasholder is a novelty. The storage of hydrogen brings
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complications regarding safety [5]. Therefore, analysing storage behaviour is critical. The behaviour
of the double membrane gasholder is barely touched upon in the literature. This will thus be the focus
of this work. By modelling the storage behaviour, a tool will be built capable of predicting the pres-
sure, temperature and composition of the gas in the storage. This, combined with a control system
regarding the storage pressures, will simulate storage behaviour. The tool will include condensation
and permeation of the molecules through the membranes, two phenomena not considered in previous
works.

The first step in this process is to conduct extensive research to determine the critical parameters
when considering hydrogen storage at atmospheric pressure in this type of storage. This will be done
in the literature review, chapter 2. The problem and system will be specifically described from these
findings, chapter 3. Then, the derivation of the model will described. This has been separated into
several parts: the derivation of the differential equations describing storage behaviour, chapter 4, the
derivation of the heat transfer equations, chapter 5, the collection and pre-processing of input data
for the model chapter 6 and at last the description of the control system used to monitor the storage
chapter 7. The results will then follow, chapter 8, and at last, this work will be concluded, chapter 9.
The conclusion will also contain recommendations to improve the model.



Literature study

2.1. Fundamentals of Hydrogen

Hydrogen is the simplest chemical element. The ordinary isotope of hydrogen, H, is known as protium
with an atomic weight of 1 u (1 proton and 1 electron) [5, 6]. A stable isotope, deuterium D and an
unstable isotope, tritium T, also exist with respectively atomic weight of 2 u (1 proton and neutron, 1
electron) and atomic weight of 3 u (1 proton and two neutrons, 1 electron) [6, 7]. Due to the single
electron in the atom, all the isotopes of hydrogen react together to form covalent molecules like Hy, D,,
and T,.

The hydrogen molecule exists in 2 forms: ortho- and para-hydrogen [5]. The difference between the
two forms is the orientation of the nuclear spin, see Figure 2.1. Para-hydrogen has anti-parallel nuclear
spin while ortho-hydrogen has parallel nuclear spin [5, 7]. At ambient conditions, there is three times as
much ortho-hydrogen (75%) as para-hydrogen (25%). This is called ‘'normal’ hydrogen. Para-hydrogen
has a lower energy content than ortho-hydrogen [7]. This means that ortho-hydrogen transformation in
para-hydrogen is exothermic, 1.063 kdJ/mol of heat is released. The enthalpy of evaporation of hydrogen
is equal to 0.902 kd/mol. Thus, the transformation of one mol of ortho-hydrogen releases enough heat
to evaporate one mol of hydrogen. This is an important aspect when considering liquified hydrogen.

Nuclear spins parallel Nuclear spins anti-parallel

Ortho-hydrogen Para-hydrogen

Figure 2.1: Spin direction of the two electrons in ortho- and para-hydrogen, reproduced from [7]

2.1.1. Thermophysical properties of hydrogen

Hydrogen is a gas at standard conditions. Hydrogen is liquefied at 20.2 K at atmospheric pressure and
solidifies at 14 K. As seen in the phase diagram, Figure 2.2, the boiling point of hydrogen increases
when pressure is applied. The maximum boiling point is reached at its critical point at a temperature
and pressure of 33 K and 13 MPa, respectively.
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Figure 2.2: Phase diagram of hydrogen, data from Refprop [8]

The density of hydrogen is minimal; at atmospheric pressure and 298 K, the density of hydrogen is
only 0.0824 kg/m? [9]. In comparison, this is about 7% of the density of air [5]. Its density increases
to around 70.8 kg/m? when liquefied and to around 70.6 kg/m? when solidified [5-7, 10]. The density
of most gases can be approximated with high accuracy using the ideal gas law. This is not the case
for hydrogen, although the predictions are accurate below 100 atm [5, 7]. The deviation from the ideal
gas behaviour is visualised in Figure 2.3. The deviation from ideal behaviour becomes more significant
with increasing pressure and decreasing temperature. Thus, hydrogen does not behave as an ideal
gas at high pressures. One could modify the ideal gas law by adding a compressibility factor to the
equation, Equation 2.1 to compensate for the deviation from the ideal gas law.

PV =nRT x Z (2.1)

Here, P is the pressure in Pascals, V is the volume in m3, n is the number of moles, R is the ideal gas
constant, 8.3145 J/K mol, and T is the absolute temperature in Kelvin. Z is the compressibility factor,
dimensionless and equal to 1 for an ideal gas. The compressibility factor is temperature, pressure
and substance dependent. There are also more suitable equations of states, such as the GERG 2008,
which predict the behaviour accurately at extreme conditions [11, 12].

Hydrogen has the highest gravimetric energy density, energy content per unit of mass, of all known
substances [5, 7, 9]. On the other hand, its volumetric energy density is low due to its extremely low
density [7, 13, 14]. For example, its volumetric energy density at ambient conditions is 0.01 MJ/L, while
at the same conditions, methane and gasoline contain 0.04 MJ/L and 32 MJ/L, respectively [9]. This
means that a more extensive storage facility is needed if the same amount of energy is to be stored
in the form of pure hydrogen compared to methane or gasoline. This problem is often overcome by
increasing the density by liquefying or compressing the hydrogen before storage.

2.1.2. Physicochemical properties of hydrogen related with its storage

Hydrogen is an odourless, colourless and flammable gas [13]. Carelessness when dealing with hydro-
gen can lead to disasters. For example, on May 6, 1937, the LZ129 Hindenburg zeppelin filled with
hydrogen burst into fire, causing the death of 35 individuals [15]. Hence, handling hydrogen carefully
and thoroughly assessing its flammability limits is crucial. Hydrogen does not combust on its own. Only
when it is mixed with oxygen is there a risk of combustion. At ambient conditions, the flammability limits
of hydrogen in air mixture are 4-75.6% [16, 17] and the explosive limits are 15-59% [5]. Only 4% of
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Figure 2.3: Density of hydrogen at 250 K, 300 K, 350 K and 1000 K at different pressures compared to ideal gas law prediction,
data from Refprop [8]

oxygen is necessary to form a combustible mixture with pure hydrogen [17]. Flammability and explo-
sive limits depend on pressure and temperature [5, 16]. It is evident that for safety reasons, the stored
hydrogen should never be within the flammability range.

The auto-ignition temperature of hydrogen is 585°C, meaning that at temperatures of or above
585°C, a mixture of hydrogen and oxygen within flammability limits will initiate self-sustained combus-
tion without the need for an ignition source [5]. Operating at these temperatures thus brings consider-
able risk.

Furthermore, a hydrogen fuel mixture has low ignition energy, the minimum energy required to
initiate combustion. This ignition energy, 0.017 mJ [18], is nearly an order of magnitude lower than
the ignition energy for conventional fuels [5]. Due to this, there is a possibility for ignition by a simple
electrostatic discharge [18].

2.1.3. Hydrogen embrittlement
A hydrogen environment can significantly reduce the ductility of high-strength metals, such as steel [19,
20]. This phenomenon is called hydrogen embrittlement (HE). The effect of HE is the failure of a mate-
rial below its designed strength and stress [19, 20]. Conventionally, HE is divided into three categories:
internal hydrogen embrittlement (IHE), hydrogen reaction embrittlement (HRE) and hydrogen environ-
ment embrittlement (HEE) [20]. IHE is caused by the hydrogen in the metal, which is introduced during
fabrication or prior processing. HRE is due to high pressures resulting from the chemical reaction of hy-
drogen in the metal. The hydrogen in a carbon-metal can form methane, leading to the decarbonisation
of the metal and reducing strength. This is also called a "strong hydrogen attack”. HEE is caused by
hydrogen permeating or diffusing in an initially free material. HEE only occurs in hydrogen-containing
atmospheres. Hydrogen molecules are adsorbed on the material’s surface and then dissociate into hy-
drogen atoms, which can enter the material. Hydrogen inside the material can accumulate in internal
defects, leading to high pressures exceeding the material’s ultimate tensile strength, causing blisters.
A coating can be applied to protect materials from HE. This coating has a low H, permeability,
meaning less hydrogen is in contact with the material surface.
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2.1.4. The impact of hydrogen on the climate

Although hydrogen is a promising solution for the world’s energy problems, it is also an indirect green-
house gas, which contributes to global warming by forming other molecules. lts warming impact is
widely overlooked and underestimated [21]. When H, is released into the atmosphere, there are two
options: around 75% of the hydrogen is removed by soils and bacterial uptake, thus posing no harm
to the climate. The leftover 25% is oxidised by hydroxyl radical (HO), a molecule present in the Earth’s
atmosphere [21]. The oxidation of hydrogen leads to global warming in different ways; see Figure 2.4.

H, + OH > H + H,0
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Figure 2.4: Effects of hydrogen oxidation on atmospheric greenhouse gas concentrations and warming, reproduced from [21]

First of all, the oxidation of H, in the atmosphere utilises precious hydroxyl radical, which usually
reacts with gasses such as methane [21]. This prolongs the lifetime of methane in the atmosphere,
increasing its global warming potential. Methane is a greenhouse gas responsible for about 30% of
the current rise in Earth’s temperature [1]. Furthermore, the atomic hydrogen produced during the
oxidation reaction leads to a sequence of reactions, visible in Figure 2.4, resulting in the production of
tropospheric ozone [21]. Tropospheric ozone is the third mostimportant anthropogenic greenhouse gas
after carbon dioxide and methane [22]. It absorbs infrared radiation, decreasing the radiation leaving
Earth to space and warming the atmosphere. If the reaction happens in the stratosphere, the produced
water vapour increases its radiative capability, leading to a temperature decrease [21]. The cooling of
the stratosphere causes subsequent increases in CO, to have a larger heat-trapping effect. Overall,
the global warming potential of hydrogen over 100 years was estimated at 11.6 [23].

2.1.5. Hydrogen grades

In both hydrogen production and hydrogen usage, the purity of the hydrogen is an essential factor. The
purity of hydrogen is often indicated by a grade. The grade is expressed as a capital N followed by a
two-digit decimal number. The first digit indicates the number of nines of purity. For example, grade
4.0 indicates a purity of 99.99%. The second digit indicates the number following the last nine. A grade
of 4.6 would thus indicate a purity of 99.996% [24].

2.1.6. Hydrogen production by XINTC

XINTC produces hydrogen at grade 2.5 using an alkaline electrolyser. The hydrogen stream leaves
the electrolyser at atmospheric pressure while containing a few impurities. The impurities in the stream
leaving XINTC'’s electrolyser are O, and H,O. Upon distribution, the hydrogen is compressed to 13 bar.
The hydrogen will be stored at atmospheric pressure after production. It will serve as a buffer before the



2.2. Hydrogen storage: state of the art 7

cleaning process, which contains a liquid ring compressor that requires a constant hydrogen feed. The
cleaning process removes the undesired O, and H,O from the hydrogen. It is not capable of removing
N,. According to the International Organization for Standardization, the maximum contamination of N,
in hydrogen produced for fuel cell utilisation is 300 PPM [25].

2.2. Hydrogen storage: state of the art

There are a vast number of options for hydrogen storage. These options have been categorised using
a system developed by Andersson & Gronkvist [26]. They ordered the different storage options in terms
of the nature of the interaction between the hydrogen and the storage vessel. The categorisation can
be seen in Figure 2.5.

Hydrogen
Storage
Technologies

Physical Chemical

Adsorption

Storage Storage

Metal Chemical
Hydrides Hydrides

Figure 2.5: Categorization of hydrogen storage technologies. The H, sored in physical from can either be in the gas (g) or
liquid (I) phase. Reproduced from [26]

There are three main categories. The first category, physical storage, represents the storage of
pure hydrogen in molecular form without any significant physical or chemical bonding. Adsorption, the
second category, is hydrogen adsorption onto a material by van der Waals bonds. The last category,
chemical storage, represents the chemical bonding of the hydrogen atom and can be subdivided into
two more categories: metal hydrides and chemical hydrides.

2.2.1. Physical storage

Pure hydrogen can either be stored in the gas or liquid phase. Storing hydrogen in the solid phase
does not make sense as it requires a lower temperature than the liquid phase while having a lower
volumetric energy density. Both the hydrogen storage in the gas and the liquid phase are implemented
on a significant scale [2, 5, 26, 27].

2.2.11. Compressed hydrogen gas

High-pressure gas cylinders are the most common storage system for hydrogen [2, 6, 9, 10]. Com-
mercial hydrogen vehicles such as the Toyota Mirai or the Honda Clarity rely on pressure vessels for
onboard hydrogen storage [2]. This is because this technique high rates of H, filling and release [9, 10,
27]. Furthermore, no energy is required for the release. On the downside, compressing H, requires a
substantial amount of energy, resulting in considerable losses, about 15% of its lower heating value if
compressed to 700 bar [3, 7, 9, 10, 13, 27, 28]. Spheres have the largest volume per area of all shapes
but due to manufacturing difficulties and impracticality, H, is stored in cylindrical containers [9, 10, 28].
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The ideal vessel material is inexpensive, lightweight, and can withstand high pressures. It should also
be HE proof, meaning it is H, diffusion resistant [9, 10]. There are five different types of vessels for
compressed H, storage [5, 10, 26]. The first vessel, type 1, is made of metallic components, usually
steel or aluminium. It is the most affordable option. Their maximum operating pressure is 30 bar [10].
Due to the high pressures, the walls must be thick, resulting in a heavy vessel. This leads to a low
net hydrogen gravimetric energy density of about 1% [3, 9, 10, 29, 30]. Type 2 vessels are 30-40%
lighter than type 1 vessels. The metallic wall is wrapped with fibre resin composite on the cylindrical
part. This comes at the expense of a 50% cost increase [9, 10]. Type 3 vessels consist of carbon fibre
composite materials lined with metal. The vessels are strong and lightweight but have a drawback:
low thermal conductivity. This can pose problems as hydrogen compression produces heat, which will
escape slowly. They store hydrogen at 450 bar but can handle pressures up to 700 bar [9, 10]. Type
4 vessels are similar to type 3 vessels. The main difference is the liner, which is polymeric and not a
metal. The vessel is made entirely of composite material and stores hydrogen up to 700 bar [9, 10].
Type 5 vessels are not yet commercially available. The vessel is a modification to a type 4 vessel with
reinforcing space-filling skeletons. They have higher strength and are thus designed to store hydrogen
at higher volumetric and gravimetric densities [9, 10].

2.2.1.2. Liquid hydrogen

As discussed in subsection 2.1.1, hydrogen has a much higher density and thus volumetric energy
density when liquefied [10, 13, 27, 29]. This is the main advantage as the storage vessel is reduced
to an acceptable volume. Furthermore, the storage is performed at low pressures, so thin and cheap
storage tanks can be used [10]. However, the main disadvantage is the low boiling point of hydrogen.
First of all, the cost of liquefaction of hydrogen is about 30-40% of its net heating value [2, 3, 5, 9, 10,
13, 29]. Secondly, the vessel must be well isolated to prevent boil-off due to heat entering from the
surroundings [2, 5, 13, 27, 29]. The insulation of the vessel will increase its weight and thus reduce the
gravimetric energy density of the storage unit. An ortho-to para-hydrogen conversion is also necessary
before storage to prevent boil-off [7, 29].

2.2.1.3. Cold/Cryo compression

This technique combines high-pressure hydrogen in the gas phase with liquid hydrogen [2, 29]. The
hydrogen is stored at cryogenic temperatures and a pressure of 250-350 bar [9]. This increases the
density of the hydrogen and reduces the boil-off losses [7, 29]. This technique requires the usage of
type 3 vessels and increased energy input.

2.2.2. Adsorption

This technique, also called physisorption of hydrogen, stores hydrogen reversibly and physically in
the absorbed form [7, 9]. The hydrogen is absorbed on the surface of solids following van der Waals
interaction or dispersive forces [7]. The adsorbed hydrogen can quickly be loaded and unloaded. The
enthalpy of adsorption/desorption is only 1-10 kJ/mol, meaning the heat transfer problems are easily
managed [2]. Furthermore, there are no losses due to the formation of byproducts. Adsorption happens
at the surface of a material; hence, a high surface area is an essential factor [30]. Suitable materials for
hydrogen adsorption are microporous carbon structures, metal-organic frameworks, and zeolites [9, 28,
30]. At room temperature, the capacity of physical absorbents is low. The storage capacity increases
with decreasing temperature and increasing pressure; cryogenic temperatures and high pressures up
to 100 bar are necessary [2, 7, 26]. Boil-off losses, as discussed in subsubsection 2.2.1.2, also occur
when hydrogen is adsorbed at cryogenic temperatures.

2.2.3. Chemical storage
The chemical storage chapter is divided into two sub-chapters: metal hydrides and chemical hydrides.

2.2.3.1. Metal hydrides

This technique uses metallic alloys acting like sponges absorbing gaseous hydrogen [5]. Hydrogen is
absorbed into the solid metal at high pressures, releasing heat, while the hydrogen is released by apply-
ing heat to the metal and by reducing the pressure [30]. The hydrogen molecules are first absorbed on
the surface of the metal before being dissociated into strongly chemisorbed individual hydrogen atoms
[9, 29]. This bond is much stronger than the van der Waals interaction used for hydrogen adsorption.
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The chemisorption of the hydrogen may lead to an expansion of the metal lattice of 20-30% [9]. Metal
hydrides have a high hydrogen density per volume, higher than the volumetric hydrogen density of
liquid hydrogen [9, 10, 29] while also storing the hydrogen at moderate temperatures and pressures.
Moreover, the loading and unloading of the metal hydrides can be repeated infinitely without loss of
storage capacity if no impurities are present [5, 9]. However, metal hydrides also have drawbacks. The
kinetics of the hydrogen release are low, while the hydrogen release temperature is high [2, 28]. Also,
undesirable gases can be formed during the release.

2.2.3.2. Chemical hydrides

Chemical hydrides are hydrogen-deficient organic elements [10]. They can be dehydrogenated and
hydrogenated and are thus a form of hydrogen storage [7]. Their main advantage is that they are
generally liquids at normal conditions [26]. This simplifies their transport and storage as well as heat
and mass transfer. Some suggested chemical hydrides are bulk chemicals such as methanol, ammonia,
and formic acid [26]. Their utility goes beyond storage. The vast experience with these chemicals is
advantageous because the required equipment for production, handling, and transport is already in
place [10]. The main advantages are the high volumetric energy density of the hydrogenated hydrides
and their properties at ambient conditions, leading to efficient transportation over long distances. The
main disadvantage is the necessary energy input needed for hydrogenation and dehydrogenation.

2.3. Double membrane gas-holder

Double membrane gasholders are a type of low-pressure gas storage structure, most commonly used
for the storage of biogas [4]. Two variants of the double membrane gasholder exist: the independent
double membrane gasholder and the double membrane gasholder placed on top of digesters [31]. The
latter is also known as a tank rim-mounted double membrane gasholder. While conventional gash-
olders are made of steel, the double membrane gasholder is made of polymers, increasing its overall
performance [31]. The main advantages of double membrane gasholders are due to the foldability of
the membrane material. The gasholder is easily transported and can handle pressures smaller than 1
atm [31]. Traditional steel gasholders could collapse under such circumstances.

Additionally, the primary material of the membrane is made of fluoride which is an excellent pro-
tection against natural aging. It offers protection against ultraviolet rays, microorganisms and severe
weather conditions [31-34]. Combined with good corrosion resistance, this allows for a long lifespan of
the gasholder. On the other, the main disadvantages of the double membrane gasholder are the fact
that it needs a power supply and the fact that the gas is not stored at high pressures, meaning that in
most use cases, an extra pressurisation step is required after storage [31].

The double membrane gasholder is a relatively simple structure; see Figure 2.6. It consists of
a membrane body composed of two membranes and supplementary parts. The membranes delimit
two compartments; the compartment underneath the inner membrane stores the gas, while the com-
partment formed between the inner and outer membrane is filled with air [33]. The air compartment
regulates the pressure in the gas compartment and helps support the outer membrane to overcome
pressures due to snow or wind [31]. Both membranes are free to move. Thus, when the volume of
stored gas increases, the volume of the air compartment decreases and vice versa. When the stored
gas reaches its maximum volume, all excess gas is vented through a pressure relief valve. This avoids
overpressures in the gas compartment, which can damage the inner membrane. The air compressor
and air relief valve are used to adjust the pressure in the gas compartment and to maintain the rigidity
of the outer membrane. A double membrane gasholder typically operates at about 1 kPa above atmo-
spheric pressure to extend its lifetime, as this pressure range aligns with the mechanical properties of
the gas holder materials [31]. Therefore, the double membrane gasholder needs a pressure control
system. Although pressures up to 5 kPa are possible. The minimum required pressure is 0.2 kPa; be-
low this pressure, the outer membrane claps in the wind [33]. Additional membranes may be added to
the double membrane gasholder, creating additional compartments. Such storage systems are called
multi-membrane gasholders. They operate similarly and under similar circumstances as the double
membrane gasholder [35].

2.3.1. Modelling of a double membrane gasholder
Multiple studies by different authors have been conducted to increase the storage efficiency of the dou-
ble membrane gasholder. All studies are though directed towards using a double membrane gasholder
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Figure 2.6: Schematic diagram of the composition of a double membrane gasholder, reproduced from [31] 1- Outer membrane

2- Air chamber 3- Inner membrane 4- Air relief valve 5- Gas chamber 6- Gas relief valve 7- Gas drainage pipe 8- Compressor
gas inlet 9- Air supply passage 10- Compressor air inlet 11- Ultrasonic probe

in combination with anaerobic digestion. Kube [33] focuses on designing the pressure regulation sys-
tem of a single double membrane gasholder and managing a whole system of interconnected storages.
He elaborates on determining the pressure gradient between storages in different scenarios. Ahmadi
et al. [35] set up an anaerobic digester’s flexible and configuration-dependent heat model framework.
Each part of the gasholder was associated with an energy balance including convection, conduction,
radiation and longwave infrared heat losses. The same was done by Avila-Lopez et al. [36]. At last,
Yuki-Junoir et al. [4] set up an anaerobic digester’s mass and energy balances, including a double
membrane gasholder, creating a numerical tool for dynamic simulation. This permitted the simulation
of the storage behaviour during inflation, full load and deflation operation states.

As mentioned earlier, none of the studies aim to use the double membrane gasholder as a hydrogen
storage method. Furthermore, although multiple energy balances have been set up, none seemed
complete. The boundary work, done by the expansion or compression of the different compartments,
has not been included in any of the studies. If the volume variations are significant enough, the work
term can influence the outcome of the energy balance. Moreover, the condensation term of the water
presentin the compartments was also never mentioned. Again, adding this term could lead to a different
outcome of the energy balance. Finally, none of the works have considered the permeation of various
molecules through the membranes due to a difference in the chemical potential of the molecules in
different compartments.

2.3.2. Membrane gas separation

A membrane for gas separation is an interphase between two gasses. It acts as a selective barrier,
regulating the transport of gases among gas mixtures [37, 38]. The feed flows over the membrane.
Part of the gas permeates through the membrane. This is called the permeate. Another gas can
sweep the permeated gas, although this is not necessary. The fraction of the gas mixture that does not
pass through the membrane is called the retentate [38]. Figure 2.7 shows a schematic representation
of a membrane.
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Gas separation membranes are used to separate gasses from a gas mixture when the particle
diameter is several Angstrom (A, 10~1°m) while the difference in particle sizes is minimal. There are
multiple mechanisms for gas permeation; see Figure 2.8. The mechanism depends on the type of
membrane (porous vs dense) and, if present, the size of the pores in the membrane. When the pores
of a porous membrane range from 0.1-10 um, gasses permeate the membrane via convective flow;
no separation occurs [39]. For pores smaller than 0.1 um, the pore diameter is as large or smaller
than the mean free path of the gas molecules. Knudsen diffusion is the governing diffusion mechanism.
The transport rate of a gas is inversely proportional to the square root of its molecular weight [39, 40],
meaning low molecular weight gasses diffuse faster than heavier ones. At last, when the pores of the
membrane are extremely small (5-20 A), the permeation mechanism is achieved by molecular sieving.
This kind of transport includes both diffusion in the gas phase and surface diffusion, the diffusion of an
absorbed species on the surface of the pores [39, 41]. The pores are small enough so large molecules
cannot pass through the membrane, and thus, separation occurs [37, 40].

Porous membranes Dense membranes
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Figure 2.8: Mechanisms for the permeation of gasses through porous and dense gas separation membranes, reproduced from
[39]

For a dense membrane, molecules can’t pass directly between the polymer chains in contrast to
a porous membrane [37]. The separation through dense membranes happens through the solution
diffusion mechanism [39, 41-43]. There are three steps in the solution diffusion model, Figure 2.9.
First, the molecules are absorbed at the boundary between the feed and the membrane. Then, the
activated diffusion through the membrane follows. The diffusion depends on the polymer’s free volume
[41, 44]. The molecules’ desorption or evaporation on the membrane’s other side is the last step [37, 40,
45]. The driving force behind the solution diffusion mechanism is the difference in chemical potential
between the feed and the permeate [40, 42]. Molecules will diffuse from a high chemical potential
region to a low chemical potential region. The solution diffusion model assumes that the fluids on both
sides of the membrane are in equilibrium with the interface of the membrane material [42]. Therefore,
the chemical potential gradient must be continuous throughout the membrane. Furthermore, the model
assumes that the pressure inside the membrane is uniform and that the concentration gradient across
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Figure 2.9: Solution diffusion mechanism, reproduced from [40]

the membrane represents the chemical potential gradient [40, 42].

Using the above assumptions, the permeated gas through the solution diffusion mechanism can be
quantitatively measured using Fick’s first law of diffusion and rewritten into Equation 2.2 [42, 43, 46].
The derivation can be found in Baker [42].

pif - pip

- — P
Ji= P 5

(2.2)

Here J; is the flux of the gas i [cm? (STP) of component i/(cm? s)], which represents the volume of
gas transported through the membrane per area of membrane per second. While p; is the partial
pressure of component i [cmHg], the f and p subscript represent the feed and permeate side of the
membrane. Here, cmHg is a pressure unit called centimetres of mercury. It represents the pressure
pushing down due to the gravity of any volume of liquid mercury, which is 1cm high at 0 °C. While P;
is the permeability coefficient [cm? (STP) cm/(cm? s cmHg)]. In literature, its unit is commonly Barrer.
The SI unit for permeability is mol (STP) m/(m? s Pa). The conversion of the three units can be found
below.

1ocm® (STP)cm 3,348 % 10-16 mol (STP) m

1 Barrer = 10~
cm? s cmHg m?2 s Pa

The permeability coefficient of a membrane can be expressed as the product of the solubility coefficient
(mol (STP)/ (m? Pa)) and the diffusion coefficient (m?/s), Equation 2.3 [42, 43].

B = DS (2.3)

The membrane’s selectivity is used as a metric to measure the separation performance of a membrane
between gas A and gas B [39, 42, 43]. It is defined as the ratio of the permeability coefficient of gas A
over gas B, Equation 2.4.

Pn  Da Sa
= — = — — 2-4
BT B T Dg Se (24)

The diffusivity ratio is the selectivity towards mobility, reflecting the different sizes of the two molecules
[39]. The solubility ratio reflects the relative condensability of the two gases. If the mobility selectivity
ratio is dominant, the membrane favours the passage of small molecules. In contrast, when the solu-
bility term is dominant, the membrane favours the passages of large and more condensable molecules
[39].
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2.3.3. Influence of external factors on the permeation properties of membranes
The temperature of the polymer membrane greatly influences the magnitude of the mobility selectivity
term. The difference in solubility coefficient (S;) is far less marked [47]. If a polymer is below its glass
transition temperature (T}), it is considered as glassy’, and the polymer is rigid [39]. With increasing
temperature, the flexibility and mobility of the polymer chains increase, increasing the free volume in the
polymer and thus the mobility selectivity term [41]. The polymer takes a flexible 'rubbery’ state above
its glass transition temperature [39]. It is thus clear that the transport parameters of a membrane are
temperature-dependent [43]. This is also seen in the fact that permeability, diffusivity and solubility are
typically all described by Arrhenius- van 't Hoff equations in case the polymer does not undergo a phase
transition [41, 43, 47, 48]. Pressure can also influence permeation properties. However, as long as
the pressure variations stay in a reasonable range (about 10 atm), the permeability of gases in rubbery
or glassy polymers is unaffected [41]. This is far above the operating range of a double-membrane
gasholder; see section 2.3. The presence of water in a gaseous mixture leads to increasing permeability
in some hydrophilic polymers [44, 48]. A hydrophilic polymer will take up some condensated water,
causing swelling. This will increase the free volume of the polymer. A hydrophobic polymer is naturally
water-repellent and is thus not affected.

2.3.4. Permeability of hydrogen in polymers
There is a lot of interest in the permeability of hydrogen through polymers. Mainly because specific
polymers, such as PVC, are considered future materials for hydrogen transport [44, 49]. The require-
ments for hydrogen transportation are similar to those for hydrogen storage: minimise leakage and
degradation. Both Kane [44] and Hermkens & Jansma [49] found no mechanism for the degradation of
polymers in the presence of hydrogen unless some other reaction catalyst, such as heat, humidity, or
radiation source is present. In the tables below, some data on hydrogen permeability through polymers
is presented; more data can be found in Kane [44], San Marchi [50] and Tanaka et al. [51].

Table 2.2: Relationships for the temperature dependence of hydrogen transport properties for some common polymers, reproduced from [50].

Table 2.1: Hydrogen permeability for some common plastics, reproduced from [50].

Material | Temperature (K) | Permeability 109 / [2tHz
LDPE 298 3.3
PP 293 13.8
PS 298 7.58
PMMA 308 1.24
PVC 298 0.58
PTFE 298 3.3
PVF 308 0.18

Material

Temperature range (K)

Pre exponential factor P, 103 / [-12:Hz

] | Activation energy of permeation / [n'i—

J

m-s-MPa ol
PP 298 - 343 99.9 38.5
PVC 298 - 353 0.651 34.5
PTFE 293 - 403 0.0185 21.4
Poly(butadiene) 298 - 323 0.959 27.6
Neoprene 288 - 323 3.93 33.9

2.3.5. Experimental determination of the permeability coefficient

Several techniques are available to determine the permeability coefficient of a gas in a polymeric mate-
rial. All methods clamp the membrane in a module, ensuring the only possible fluid flow is through
the membrane. The most straightforward approach is static permeation with pure penetrants [48].
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Here, the feed consists of a pure gas at high pressure, which permeates through the membrane to
a low-pressure chamber filled with the same gas. The flux is determined by keeping the chamber at
a constant volume and measuring the increasing pressure or by holding the chamber at a constant
pressure and determining the volume increase [48]. Keeping the pressure constant provides a stable
flux through the membrane. However, it may seem contradictory to let the pressure at the permeate
side increase as this will lead to an unsteady flow. Still, if the pressure variations are negligible with
respect to the pressure difference over the membrane, pseudo-steady state conditions can be reached.
Another static method considers equal pressure but different concentrations at the feed and permeate
side. An initial concentration gradient over the membrane is set. Permeability can be calculated by
determining the concentration at the permeate side over time [48]. Again, the measurements proceed
in an intrinsic non-steady mode as the concentration gradient varies over time. Nevertheless, pseudo-
steady state conditions can be reached if the concentration at the permeate side remains sufficiently
small enough to neglect the effect on the driving force reduction. There are also multiple dynamic per-
meation techniques available. These techniques employ a sweeping gas at the permeate side. The
permeability follows from the mass balance and concentrations of the sweep gas [48]. The composi-
tion of the permeate stream is usually determined by mass spectrometry or gas chromatography [48].
Specific sensors may also be used if the permeability of a particular penetrant must be determined.



Goal & System description

The literature review aimed to determine the critical parameters related to hydrogen storage and the
import aspects of membrane gasholders. The first important finding is that at standard conditions, the
ideal gas law can be used to predict the behaviour of hydrogen.

The literature study found that hydrogen is a difficult substance to store due to its properties. The
first is its very low volumetric energy density; hydrogen is a gas under most conditions. This leads to
difficulties in storing large amounts of hydrogen in pure form. Current forms of storage are either under
extremely high pressure or at extremely low temperatures or use chemical interactions between hydro-
gen and another substance. Storage of pure hydrogen at atmospheric conditions is an unconventional
way of storage. The last was also affirmed in section 2.3. Here, it was found that membrane gasholders
are usually used to store biogas. Using them to store hydrogen can be considered a novelty.

The research on modelling membrane gasholders has focused chiefly on the thermal management
of biogas storage. None of the studied papers mentioned the permeation of molecules through the
polymer membranes. The permeation of hydrogen or other gases through the membranes of the gash-
older can significantly impact the storage’s safety. It was found in subsection 2.1.2 that the flammability
range of hydrogen is extensive. The permeation of hydrogen to the air compartment or oxygen to the
hydrogen gas compartment can lead to a flammable or explosive mixture. Therefore, the permeation
through the membranes has to be studied. The driving force for permeation is a difference in chemical
potential between the fluids on either side of the membrane. This can be translated into a difference in
the partial pressure of each substance. Consequently, the pressure and composition of each compart-
ment must be known at every instance to construct a complete model.

The study into permeation through polymer membranes also showed that hydrogen does not lead
to the degradation of the membranes. The hydrogen embrittlement phenomenon discussed in subsec-
tion 2.1.3 can thus be disregarded.

This research will focus on extending prior research by modelling a double membrane gasholder
for hydrogen storage. This is an innovation; gasholders operate around atmospheric pressure, an
unconventional storage pressure for gaseous hydrogen. Furthermore, gasholders are not commonly
used to store hydrogen but natural gas. The main function of the storage is to serve as a buffer for the
downstream compressor station. The electrolyser system is directly coupled to a solar park, leading
to intermittent hydrogen production. The compressor has a constant inlet debit. It is turned on when
the storage reaches its maximum capacity and turned off when fully drained. This mode of operation
minimises the power cycling of the compressor. The main goal of this work is to ensure that the en-
visioned storage, a double membrane gasholder, is a suitable option for integrating into this process.
The main research question is: "Does the design and operation of double membrane gasholders meet
the requirements for efficient and reliable hydrogen storage under dynamic storage conditions?”. This
question will be answered by building a model in Python. This will be a 0-D model. This tool should be
able to predict the behaviour of the storage as a reaction to weather circumstances and the intermit-
tent production and demand of hydrogen. By enabling the tool for different weather input data, it can
be used for various locations to facilitate informed decision-making regarding the storage facility. The
tool will contain the appropriate mass and energy balances for the components of the gasholder. The
mass balances, taken around the air/gas compartments, will consider all matter entering and exiting

15
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each compartment, including the fluxes due to the membrane permeation. The energy balances will
be taken for the compartments and the membranes. They will include energy transfer due to mass
transport, thermodynamic work and heat transfer (conduction, convection and radiation). These bal-
ances provide a comprehensive understanding of the system dynamics, allowing for informed decision-
making in system design and operation. The permeation through the membranes is an important factor
to consider regarding the purity and safety of the storage. Due to the amount of considered gasses,
multicomponent diffusion will be considered. Maxwell-Stefan diffusion is used to describe the perme-
ation of molecules through the membranes. The outcoming results will indicate for which time interval
the hydrogen can be stored before the purity of the hydrogen is compromised due to the permeation
of other types of molecules. This will ultimately lead to the correct and optimised management of the
produced hydrogen by XINTC for direct use or storage.

3.1. System description

The model will be built around a single gasholder. It is based on Figure 2.6, but a few simplifications
have been made. First, only the air and gas chambers were considered, and the storage floor was
assumed to be made out of concrete. The additional volume of the air supply passage or the gas
drainage pipe has been neglected. Therefore, the volume of the gasholder is the sum of the air and
gas compartments. It has also been assumed the outer membrane is rigid. This means that the total
volume of the storage is constant, proving a relation between the volume of the components. Although,
when fully blown up, the compartments are semi-ellipsoidal in reality, they are seen as hemispherical
here to facilitate volume and area calculations. At last, possible folds in the membrane have been
neglected. It has been assumed that the full surface area of the membrane is in contact with the gas
compartments. The above assumptions facilitate the modelling of the gasholder but possibly make the
results deviate from reality.

@

s)
@)

@ ®

Figure 3.1: Simplification of the double membrane gasholder. 1- Air relief valve 2- Hydrogen relief valve 3- Hydrogen outlet
valve 4- Hydrogen compressor 5- Air compressor A- Air compartment B- hydrogen compartment

From now on, the air and hydrogen compartments will often be called compartments A and B, re-
spectively; see Figure 3.1. The company provided the storage capacity of the gasholder: 400 m?. This
is also the maximum volume of compartment B. This leads to a radius of around 5.76 m of compartment
B and an inner membrane area of around 208 m2. Compartment A has been assumed to have a radius
of 5.9 m, leading to a maximum volume of around 430 m? and an outer membrane area of 218 m?.

Furthermore, it has been assumed that the minimum volume of compartment B is 5% of its maximum
volume or 20 m3. The company provided the thickness of the membranes: 0.8 mm and 1.1 mm for
the inner and outer membranes, respectively. The maximum allowed pressure in compartment A was
assumed to be 141325 Pa, while a slightly higher pressure is allowed in compartment B: 151325 Pa.



Derivation of the differential
equations describing the gasholder
system

4.1. Mass Balance

The mass balances are taken around the control volumes delimited by the gas compartments A and B;
see Figure 4.1a and Figure 4.1b. Due to condensation, two phases may form in the control volumes:
gas and liquid. The mass balances are written for every molecule considered in the system. The
general mass balances can be rewritten considering every molecule.

ANA L aNA
dt _izl dt (4.1)
dNB L dnB
e J 42
dt & dt (4.2)

Here, N indicates the number of moles in the system, while the superscripts indicate the control
volume considered. The subscript 7 indicates the considered molecule. Due to condensation, two
phases may form in the control volumes: gas and liquid. It is assumed that the mol flows through the
different valves and the membranes consist solely of gas, meaning the liquid phase does not permeate
through the membranes. In reality, the condensed water could form suspended water droplets in the
gas and thus be pulled along by the gas. It is very difficult to assess the amount of water being dragged
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Figure 4.1: (a) Control volume of gas compartment A, the arrows indicate the chosen direction of permeation; (b) Control
volume of gas compartment B, the arrows indicate the chosen direction of permeation

along. Therefore, this phenomenon has been neglected. Furthermore, it has been assumed that the
liquid fraction is very small compared to the gas fraction. It has been assumed that only liquid droplets
are present in the system in the system. One could thus say that the area of contact between the liquid
droplets and the gas phase is much larger than the volume of the liquid phase. The temperature of the
liquid phase will thus rapidly adapt to the temperature of the gas phase. The temperature of the two
phases has been taken as equal. Therefore, the gas and liquid phases are part of the same control
volume. The following balances can be set up.

szA \TA \TA \TA—B \TA—Env

dt = Ni,in - Ni,out - Ni,P - Ni,P (4-3)
dNB . . . .

dt = NEin - Nsout - NEreIieve + Nﬁ?B (4-4)

Here, N indicates a mol flow [mol/s]. The in, out, and relief subscripts indicate the inlets through
the compressors and the outlets through the valves. Subscript P indicates that the mol flow is due to
permeation, while the associated superscripts indicate the permeation direction.

4.1.1. Gas permeation

Due to concentration and pressure gradients over the membranes considered in the system, perme-
ation of the considered molecules is prone to happen. For permeation, N, O, and H, are considered.
The H,O has been left out in the gas and liquid phase. The mole fraction of H,O in the system is
assumed to be very small. Leading to extremely low gradients, and consequently, the permeation flux
will also be negligible. The system for permeation will consist of four components: a membrane and
three gasses. Fick’s law describing conventional mass transfer is incomplete, leading to wrong pre-
dictions in multicomponent systems [52]. Maxwell-Stefan diffusion applies to multicomponent systems.
It takes into consideration the intermolecular influence of the permeating species. When molecules
diffuse at different speeds, friction occurs between the species, altering the resulting diffusion speed.
The Maxwell-Stefan equation takes these frictions into account. The theory starts with the momentum
balance, which considers the driving forces and the intermolecular friction.

Fiwot = F; + Fif (4.5)

Here, F; 1ot is the total force on the molecules [N/mol], F; is the driving force on the molecules [N/mol],
and F; r is the friction force on the molecules. The theory then assumes that diffusion occurs in a steady
state, meaning the sum of the momentum balance, F; i1, becomes zero, leading to the following equality.
Here, the friction force has already been opened up.

ﬂ = Zgjxj(ui - Uj) (46)
J#i
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Here, ¢; ; [N s/(mol m)] is the friction coefficient between species i and j, x; is the mol fraction of species
j and u [m/s] is the diffusive species velocity. The driving force is, just as in Fick’s law, the negative
gradient of the total potential, which can consist of multiple contributions.

dy;
dz

The total potential is symbolised by ) [J/mol] while z [m] is the interphase thickness. To keep things
simple, the diffusion is considered one-dimensional, and the flow near interfaces assumes the film
model. This means that there only is a potential gradient over the film. Equation 4.6 is simplified to the
difference form of the Maxwell-Stefan equation.

sz = GiTi (W — 1) (4.8)
Jj#i

F,=— 4.7)

Here, the average values, indicated by the overline, over the film thickness, Az, are used. The Maxwell-
Stefan equation can also be rewritten using the species fluxes instead of the species velocities using
Ji = U;CT;.

Ay _ _
— 1/; I;Cc = Z Ci,j(iji - il'le) (49)

The flux of the species with respect to the interphase is J [mol/m?s], and ¢ [mol/m?3] is the average
molar concentration. The above equation is for an isothermal process. Often, in reality, a temperature
gradient exists within the diffusional film. Extra thermal diffusion terms should be added to the Maxwell-
Stefan equation to account for this gradient. However, these terms are small and will, therefore, be
neglected. The driving force remains the potential gradient but is taken at a constant temperature.
For the difference form of the Maxwell-Stefan equation, this means that the average temperature of
the film is used. The thermal diffusion terms are also present in the energy transfer over the film but
are again neglected. The driving force in the Maxwell-Stefan equation is system-dependent and can
consist of multiple contributions, such as the activity, electrical, pressure, centrifugal, gravitational, or
magnetic forces. Only the activity and pressure forces play a role in the membrane permeation in the
considered system. The gravitational forces have been neglected. The activity and pressure forces
can be combined into a single force containing the species’ partial pressure gradient.

dInz; dP
e 2
N——
activity force pressure force
Here, R is the gas constant [J/(mol K)], T is the temperature [K], x; is the mol fraction of species i,
V; the volume [m?] of species i, P the pressure [Pal], p; the partial pressure [Pa] of species i and z the
thickness of the film. The difference form of Equation 4.10 becomes:

RT Api
Di Az

—RT

1de; 1 dP] _ RT dp; (4.10)

x; dz +sz p; dz

@.11)

A membrane is a solid matrix. It is not considered as part of the mixture. Furthermore, it is stagnant,
meaning its flux is equal to zero. The difference equation for membrane permeation becomes

RT Ap;
T = D Gl = T) + G (4.12)
A

Here, the subscript M denotes the membrane. Introducing the Maxwell-Stefan diffusivity, B, ; [m?/s]
and the mass transfer coefficient, k; ; [m/s].

RT D, ;
b;; = C kij = Ao (4.13)
Equation 4.12 can be rewritten as
_ Ap; Tjdi — T Ji
—T,— = — + — 4.14
pi ; k/’i)jC kiﬁMC ( )



4.1. Mass Balance 20

For a gas mixture consisting of Ny, O,, and H, permeating to a polymer membrane, this gives the
following set of equations.

—7N, %pNz _ Zo,JIN, — f7'\‘2‘](32 + TH,JIN, — f7Nz‘]|'|2 I, _
PN, kn,,0,C kN, H,C kN, M€

o, BP0: _ TpJo, = Top I, | Trylo, = Toyhy | Jo, (4.15)
poz kOmNzc kaHZC kOLA4C

—Th, Af”"z _ TNy JH, — Tin‘]Nz + To,JH, — f7H2J02 JH, _
PH, Fp,,N,C k,,0,¢ kn,, v

Equation 4.15 is a set of three equations containing three unknowns: the molecule fluxes. This set
needs to be solved with different input parameters for the inner and outer membranes. The friction be-
tween the permeating molecules is often neglected when considering Maxwell-Stefan diffusion through
polymer membranes. The terms have minimal influence on the fluxes [52].

Nzi?'\r}ler _ Jli?,\r}ler 5 Ai,\'),ner (4.16)
N = g5 A @

The resulting molflows per molecule can be determined using the above equations. Here, Ay
represents the area [m?] of the inner or outer membrane.

4.1.1.1. Maxwell-Stefan diffusion coefficients
To solve Equation 4.15 for the fluxes of the components, the Maxwell-Stefan diffusivities B must be
known. The major problem with multicomponent mass transfer is that these are often unavailable. Most
data is reported as Fick diffusivities for binary mixtures [52]. This is the case for polymer permeation,
where data is often available for single parents. The available information is not sufficient enough to
asses Maxwell-Stefan diffusivities. Therefore, these diffusivities need to be determined differently.
The free volume theory can predict the Maxwell-Stefan diffusivities of multicomponent mixtures [53].
The theory’s central idea is that a molecular mixture contains ’'holes’: openings with a volume of the
order of a molecule. A molecule’s diffusion requires a large enough hole so that the molecule can move
to it. The chance of finding a hole large enough for the molecule is simply the volume of the molecule
over the available free volume, the sum of the volumes of all the holes. Furthermore, molecules are

considered as hard spheres.
$

112
—0.7-L

7 (4.18)

¢ = exp

Here, ¢ represents the chance of a molecule finding a ’holes’ larger than its volume, V! is the volume
[m?] of the molecule and V is the free available volume [m?].

Let’s start with a pure fluid. At low temperatures or high pressures, the fluid will assume a closely
packed structure, which contains no free volume. At higher temperatures or lower pressures, the fluid
will expand, and free volume will arise. These ideas help predict the self-diffusivity, the local rate
of diffusional mixing, of the considered fluid. This is done by following a radioactive tracer ‘1e’ with
properties identical to the fluid ‘1. It is assumed that the fluid molecules are arranged on a cubic
lattice and spaced out by the distance [ [m], which is close to the diameter of the molecule d; [m].
After a certain period, the molecules can move up one position. This randomly happens in one of six
directions: up, down, left, right, forward, or backward. This happens numerous times per second and
causes diffusion. If the movement of the molecule is not impeded, one could conclude that diffusion
is proportional to the frequency of the steps and the square of the lattice distance, which can also be
written as a product of displacement and velocity.

u1d1
6

Here, D; [m?/s] is the 'unimpeded’ self-diffusivity coefficient, and u; is the molecular velocity. It is
expected that the molecular velocity is of the order of the thermal velocity of the molecule.

u— 3T (4.20)
mi

P, ~ (4.19)
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Where kg is the Boltzmann constant [J/K], T' [K] is the temperature and m; the mass of a single
molecule. As it is assumed that the fluid has a cubic structure and the molecules are spheres, the
volume they actually occupy in the lattice is equal to d3. The mass of a molecule can, therefore, be
written as a product of the maximal density of the fluid and the volume it occupies in the fluid.

3kyT
po,1d1

1
i~z 4.21)

The order of magnitude of the ‘unimpeded’ diffusivities is around 108 m2s~!. This can be combined
with the idea that a molecule can only move when there is a free position; this leads to

D11, =D exp {—0.7‘/0’1} (4.22)
Vi

Here,D; 1. [M?/s] is the self diffusivity, V5 ; [m?] is the minimum volume of fluid 1 and V;; [m?] is the
free volume of fluid 1. The usage of the minimum volume is needed because we are no longer talking
about a single molecule but the whole fluid. Furthermore, only one fluid is considered to assess self-
diffusivity. The appropriate equation for the effective friction coefficient follows, where the 'unimpeded’
friction coefficient {; can be determined using Equation 4.13.

Cloefs = C1exXp Rﬁ“} (4.23)
f1
Additional assumptions are needed based on mixing rules to use the theory for a mixture. First, all
species in the mixture contribute to the free volume. The following equation can be set up if a ternary
mixture is considered.
Vi=z1V5 + a2V + a3V (4.24)

The superscript * denotes that the pure component is considered. In this case, the total free volume
is thus the sum of the free volumes per pure component. The second rule concerns a component’s
amount of volume ‘seen’. It is assumed that the free volume seen by a component is proportional to its
surface fraction, o. In a ternary mixture considering spherical molecules, this gives:

%2 %2 *2
S:lel 3 +.’E2V2 3 +£L’3V3 3

o xﬂ/l*% o uV;g o x3V;§ (4.25)
TS TS TS
The free volumes associated with the different species are then written as:
g1 g2 g3
Viio=—Vy Vio=—"Vr Vig=—V, 4.26
n=oVe V=2V Vs =0V (4.26)

The third rule is the usage of the minimal density of the mixture in Equation 4.21 instead of the compo-
nent density. The minimal density of the mixture is the molar averaged minimal density.
The second assumption is that the mutual coefficient is the geometrical average of the self-friction

coefficients.
Gij = VGiinGije (4.27)

Furthermore, the concentration of the radioactive tracers is very low. Only one molecule is considered.
Therefore, the tracers do not influence each other. The effective friction coefficients can be written as

N
Gioefs = ) TiGie,j (4.28)

j=i

A relation for the mutual friction coefficients can be set up by combining Equation 4.27 and Equa-
tion 4.28. c ¢
Gy = el iSieel] (4.29)
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Although the free volume theory is a very simple theory for fluid mixtures, it can also describe the
movement of small permeants through a stagnant polymer membrane. It can be extended to an infinite
number of components. The pre-exponential of the components can be estimated using Equation 4.21.
It is important to note that its molecular chain repeat element is considered the basic molecular unit for
the membrane. For PVC, this is CH,CHCI. The minimum volume of the considered molecules comes
from the assumption that fluids form a cubic matrix of hard spheres. The spheres will take up a volume
equal to a cube with a side length equal to the sphere’s diameter.

VS~ d? (4.30)

The minimum volume of the polymer membrane is unknown and will be fitted to obtain good results.
Krishna et al. [52] recommend starting with an estimated free volume of about 5% of the polymer
volume for glassy polymers (10% for rubbery polymers).

The above method describes how to approach the Maxwell-Stefan friction coefficients. It is based
on loose arguments, and the inputs need some tweaking to obtain results in accordance with reality.
The company has provided the permeability for pure hydrogen through the membrane: 3.2 x 10~1°
[mol m /(m? Pa s)]. It has been assumed that the permeability was measured at 283.25 K. Let's now
consider only the penetration of pure hydrogen through the membrane. Equation 4.15 reduces to:
Apn,  Jn

—7 = 2 4.31
H, ﬁHz kH27M6 ( )

The steps above were followed to find the friction coefficient between the hydrogen and the mem-
brane. Equation 4.13 is used to transform the coefficient into a mass transfer coefficient. The two
parameters available for variation are the mol fraction of H,, z1, and the free volume fraction of the
membrane. The following steps were taken to obtain the membrane’s minimal and free volume and
concentration of H,.

First, the amount of mol of chain repeat elements in the pure membrane was determined.

npve = 7]@:@ Wm (4.32)

Here, npyc [mol] is the number of mols in the membrane, ppyc [kg/m?] is the density of the chain repeat
element, Mpyc [kg/mol] is the molar mass of the chain repeat element and Vi [m?] is the volume of the
membrane. The mol fraction of the membrane follows from the input fraction of H, as only two species
are considered. This leads to the amount of mol of H, [mol] in the membrane and, subsequently,
the concentration in the membrane. The minimal volume of the H, is calculated using Equation 4.30
multiplying by the Avogadro constant and the amount of mol of H,.

Vo, = Vi Nanm, (4.33)

The real volume of the pure HZ,VQ‘Z, is determined using the ideal gas law. The free volume volume of H,,
Vin, difference between the actual and minimal volume of H,. The free volume of the polymer, Vipves
is the free volume fraction of polymer times the volume. The number of mols, the minimal volumes
and the molar masses lead to the combined minimal density, the last unknown to solve the system.
To translate the determined flux to a permeability coefficient Equation 2.2 is used. The resulting mol
fraction of H, and minimal volume fraction of the membrane are 0.0000004 and 0.05, respectively. The
resulting permeability coefficient is 3.38x10~'> mol m /(m? Pa s) at a temperature of 283.15 K. The
same method was applied for a system considering the polymer membrane, H,, N, and H,O. The mol
fractions of N, and O, have been taken as 0.00000008 and 0.00000005, respectively.

4.1.2. Condensation

Water traces are present in gas compartment B’s hydrogen inlet stream and gas compartment A’s air
inlet stream. It is initially guessed that the conditions in the gasholder fluctuate between 1-1.5 bar and
265-323 K. At these conditions, phase changes of water are prone to happen in the gas compartments.
Nitrogen, oxygen and hydrogen condense at around 130 K, 160 K and 35 K, respectively. The sys-
tem will never meet these conditions, and therefore, only the condensation of water will be considered.
Furthermore, the solubility of all other elements in water will also be neglected. The liquid phase con-
sists of pure water. Water condensation is the process where water vapour becomes liquid. This is
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an exothermic process, and it is, therefore, essential to consider with regard to the energy balance.
Condensation happens when the gas phase is saturated with water vapour. In other words, the gas
phase can not contain any more water. The saturation vapour pressure of water can be determined
using the Buck equations [54].

T T .
Pt = 611.21 exp [(18.678 - 234.5)(257.14 n T)] [Pa] forT >0°C (4.34)
T
Psat = 611.1 23. — P forT <0° 4.
sat = 611.15exp [( 3.036 333.7)(279.82+T)] [Pa] forT <0°C (4.35)

Here, Pt represents the saturation vapour pressure [Pa] at temperature 7' [°C]. With the saturation
pressure of water known, condensation can be determined. If the partial pressure of water vapour in
the considered compartment is larger than the saturation pressure, the excess water will condense.
Inversely, if the partial pressure of water vapour is smaller than the saturation pressure, water will
evaporate if present in the liquid phase. Thus, the vapour pressure of water will always converge
to the saturation pressure of water to equilibrate the system. To approach the amount of mol water
condensing, the following differential equation is assumed to hold

P20 — Psat - No (4.36)

N H,O,cond —
z Tcond Py

Here NHZO,cond is the mol flow rate [mol/s] of condensing water, pyoo is the partial pressure [Pa]
of water in the gas phase, psat is the saturation vapour pressure [Pa], 7 is a time constant [s], N, is
an initial mol constant equal to one mol and P, is an initial pressure constant equal to 101325 Pa.
The value of the time constant 7.,n¢ determines the condensation rate. It is important to note that this
relation assumes that the nucleation of water happens instantly. Furthermore, the solubility of all other
elements in liquid H,O has been neglected, meaning the liquid phase consists of pure H,0.

4.2. Energy Balance

The energy balance of a control volume indicates the rate of change of the amount of energy present
in the control volume at time t. It consists of the net rate of energy transferred by heat, the net rate of
energy transferred by thermodynamic work in the system, and the net rate of energy transfer due to
mass flow in the control volume. The general formula for the energy rate balance is the following:

dE V . V2
= Q- Wo+ > in(hin+ -2 + g2in) — Y _ 1iout(hout + 5% + gzou) (4.37)
A2—>PB’ th I?;PB' hmner Nﬁl;PB' g;ner
a
Inner membrane
i v v | NB ,h
NzBm' h?m : | Lout
—pi |
: NBJ TB: PB: VB: hB : :
i | B
. ! Nl relleveJhl
i |

Figure 4.2: Control volume for the example case of compartment B, the direction, origin and destination of permeation are
indicated by the arrows

Several control volumes have been defined in the system. The gas compartments form two con-
trol volumes. The membranes are treated as separate elements from the gas compartments and are
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represented by an additional control volume. This results in a total of four control volumes. In this
section, we will derive the energy balance for the control volume in gas compartment B. The control
volumes are illustrated in the diagram shown in Figure 4.2. The directions of permeation have been
determined beforehand and are indicated by the arrows. Similarly, it was determined beforehand that
a part of the water in the control volume would condense. As ideal mixing has been assumed, the
flows leaving the control volume have a temperature equal to that of the control volume, meaning their
specific enthalpies are also equal. In the energy balance equation, the specific enthalpy is expressed
in J/mol instead of J/kg, which means that mol flows are used instead of mass flows. It is assumed
that the kinetic and potential energies of mass are negligible. The general energy balance around the
control volume becomes

dEB
- QB WB + Z NzBmthln Z i outh Z rel|eve i

=1
A—B A—)B inner A—)B inner \7B B
— NP R, + NP RN + NG B hG® — N o cona b0 + (hHZO,G,m - hHgO,L,m) N§ 6.cond

(4.38)

The last term of the equation is necessary to account for the exothermic nature of water conden-
sation. This will add energy to the system. The inverse happens when water evaporates. This term
is also known as the latent heat of condensation or the enthalpy of condensation Ah%°" [J/ mol]. The
conservation of energy over compartment B can also be expressed as:

dFEB _ NB@ +quNB
dt dt dt
The specific internal energy of compartment B can be described as a function of temperature and
the molar volume vB(T8, VB).

(4.39)

OuB HuB
B _ T8 4
du 978 d ovB

This equation can be simplified using the following thermodynamic relations [55]

——dvB (4.40)

ouB

ﬁ = Cv,m (441)

du® g [ Op° B

ovg ~ |T <8TB)V 7 #.42)
uB =hB prv,? (4.43)

Equation 4.42 is equal to O for an ideal gas. The small amount of water in the control volume has
been neglected. Thus, combining equations 4.39, 4.40, 4.41 and 4.43 leads to

dEB _ BB dT® thN BVBdNB

dt CovTar dt M odt (444)
The overall energy conservation equation becomes
dT® dNB dNB .
N® \?m dt +hP—— dt pBUr% a B _WB_'_ZNzBmthln Z outhB
- (4.45)
Z zrelleve A—>BhH2 + A—|>:B i'{};er NA—)B |nner + AhcondNHZO cond

The second term in the L.H.S. of Equation 4.45, h® ddt , containing the enthalpy and the net rate of
change in moles of compartment B can be opened up using Equation 4.2 and Equation 4.3
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dNB :
h®—— ar ( NG hE, + NN—>BhN2 + N§, PR, Nﬁzo,condhazo)
(4.46)
+ Z ( %,in z out NEreIieve) x th
Now, given Equation 4.46, the following equation can be set up
dr® dNB .
N® \?m dt pBUr% dt ( NA%BhHZ + NA%Bh , T NO%BhOZ NEZO condhazo) +
Z ( i,in out NBreheve) x th = QB - e+ Z NzBmthm Z i, outhiB_ (4.47)
Z relleve A—>BhB + NA—>Bh|nner NA—>Bh|nner + AhcondNEQO,cond
This simplifies to
dT® dNB
NB B B B — B WB _ hB
Cy,m I —P Unm T Q +§ i,in zln ) (4.48)
NA—>B (hlnner hﬁz) A—>B (hmner hgz) + Ahconle-BIZO,cond
Using the following thermodynamic relationship [55]
2 2 6’0
ho — hy = / cpdT’ + / v—T () dp (4.49)

For an ideal gas, the last term on the right-hand side equals 0. Hence, Equation 4.48 simplifies to

dr® dNB
NB B B B — B Tln
gy P Um g = @ Z bin (4.50)
Jr(Tinner TB) % NA—)B % CE,NZ + (Tinner TB) % NA*EB % Cp o, + AhcondNHQO,cond
Equation 4.50 can be rearranged to give the net rate of change of compartment B.
dre 1 . g ANB
e NTCEm Q° — W8 4+ pPuf —— I + AhcondNHzo cond T
N ’ (4.51)
(Tin _ TB) % ZNEm % C L+ (Tlnner TB) NA—>B N, N, + (Tinner TB) > NA—>B % CEOZ

i=1

This is just an illustrative example of how the energy balance depends on system conditions. In-
stead of condensation, the liquid phase can evaporate. This changes the direction of the condensation
flow. The same holds for the molecules’ permeation through the membrane; the direction of perme-
ation can be opposite of what has been assumed in this example. The general control volumes are
shown in Figure 4.3a and Figure 4.3b. A general formula for the energy balances is complicated. For
compartment B, it can be written as

B

dT® 1 .
+ Ahcond NI-B|207cond +

dt ~ NB&,

N N

B A—B;A—B _ 1B

(" — Z iin Cp,i"'ZNi,F? (hi 7% = hy)
i1 i=1

. . g AN
|:QB - WB +p Um dt

(4.52)
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Figure 4.3: (a) Control volume of gas compartment A for the energy balance, the chosen direction, origin and destination of
permeation and condensation are indicated by the arrows; (b) Control volume of gas compartment B for the energy balance,
the chosen direction, origin and destination of permeation and condensation are indicated by the arrows

Where

The same can be done for the energy balance of compartment A

dTh

Tat NAqﬁ\m

N

ZNA A

i=1

Where

1,inCp,i

LAE _ RS for N5® > 0 (4.53)
B, for NP <o '
dN
[QA At U"‘T + AR N gona + (T = TH)x
N (4.54)
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i=1 ;
pae _ [B for NGB <0 (4.55)
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The energy balance around the membranes is more straightforward. It is assumed that there is no
exchange of matter. Furthermore, the membrane does not perform any thermodynamic work as it
does not change in volume. Its thermal expansion has been neglected. Therefore, the right-hand side
of Equation 4.38 reduces simply to the net heat transfer rate. Moreover, this also simplifies the left-
hand side of the equation, as the internal energy of the membrane is only dependent on the change in
temperature of the membrane. Hence, the energy balances are reduced to the following

dTinner Qinner

dt - Ninner . Ci?,rr]ner (457)
Q
= Tninner . cUmer (4'58)
JdTouter Qouter
dt = NOUter . C\(l)’[#]er (459)
__ @ (4.60)

outer , .outer
m cy

4.2.1. Thermodynamic Work

Thermodynamic work is how a thermodynamic system interacts with its surroundings, exchanging en-
ergy through various processes. Pressure-volume work is a specific type of work that is of interest
when considering a fluid in a compartment. It occurs when the volume of a fluid changes. The follow-
ing equation describes it

2
W:/ pdV (4.61)
1

The quantity of work a fluid does depends on its initial and final state and the system’s path from one
point to another. The differential of pressure-volume work is
av

W = P (4.62)

4.3. Net rate of change in pressure in the compartments

It is assumed that the gasses present in the compartments follow the ideal gas law. The net rate of
change in pressure depends on the net rate of change in temperature, volume, and the amount of
moles in the same compartment.

ap _ dM
o d‘t/ (4.63)
This can be expanded to give the following relationship:
dP _ RTYY + NRG — PG (4.64)

dt 1%

4.4. Net rate of change in volume of the compartments

The volume increase in the compartments is difficult to assess. The floor is assumed to be rigid, a solid
assumption, as it is made out of concrete. Therefore, the volume of compartment B can only increase
by pushing the inner membrane, its boundary layer. Pushing the inner membrane works against the
pressure and gravity force. Here, the gravity force is ignored. Thus, in equilibrium, the pressure force
due to the pressure in compartment B is equal to that in compartment A. A system will always move to
equilibrium, mechanically and chemically. An increase in pressure in compartment B will thus lead to
an increase in the volume of compartment B to reach mechanical equilibrium in the system.
dVe FPs—Pa Wy

275 4.65
dt TP P() ( )

The change in volume in compartment B has been approached with Equation 4.65. Here, 7p is a
time constant [s] regulating the speed at which the system moves to equilibrium, 1} is an initial volume
constant, 1 m3, and P, is the same initial pressure constant, 101325 Pa, as in Equation 4.36. In reality,
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volume change depends on many factors, more than just pressure. If one looks at the ideal gas law, the
simplest equation of state, the volume depends on pressure, temperature and amount of mols. This
leads to a similar equation as Equation 4.64. A problem arises when defined like this as the system
becomes unsolvable. One would find that the net change in volume equals the net rate of change in
the volume of the compartment. A true answer but not solvable. Therefore, the above relation has
been set up.

As the outer membrane has been assumed to be rigid, the total volume of the gasholder does not

change; see section 3.1. This means the following equation holds for the volume change in compart-
ment A.
dVa _ _dVs

TR (4.66)



Heat transfer

Heat transfer is the energy exchanged between materials due to a temperature difference, flowing from
the hotter material to the colder material. Like thermodynamic work, heat transfer is a path-dependent
process function. There are three modes of heat transfer: conduction, convection, and radiation [56—
58]. Conduction is the transfer of energy through two objects that are in contact. It also happens in
one material if its temperature is not uniform. Fourier’s law of conduction describes this method of heat
transfer.

. d
0=kl (5.1)

Here, k [W/ (m? K)] represents the thermal conductivity, A [m?]is the contact area, and dT'/dx [K] is the
temperature gradient in the x direction. Convection is the transfer of energy from one place to another
by the movement of fluids. There are two types of convection: natural and forced convection. Natural
convection occurs when buoyancy forces cause fluid motion, while forced convection is caused by fluid
motion induced by external means. The following primary relationship represents convection.

Q = heA(T — Ty) (5.2)

Here, he [W/ (m? K)] is the heat transfer coefficient, A [m?] is the heat transfer area, T [K] is the object
temperature and T; [K] is the fluid temperature.

Radiation is the transfer of energy by electromagnetic waves. Unlike conduction and convection, it
requires no intervening medium to propagate. All objects above absolute zero emit thermal radiation.
The net rate of radiative heat transfer between two objects is a more nuanced and intricate form of heat
transfer than other forms. It depends on surface temperatures, surface radiation properties, and the
geometry of the configuration.

To determine the net rate of heat transfer for every component in the system, the appropriate set of
conductive, convective and radiative heat transfer equations must be set up. This is done component
per component.

5.1. Dimensionless numbers of importance in heat transfer
Dimensionless numbers are crucial in analysing fluid behaviour, flow, and transport phenomena. They
are used in the thermal modelling of different convective and conductive heat transfer [56—58].

The Nusselt number is the ratio of total heat transfer over conductive heat transfer at the boundary
layer of a fluid. It is an essential parameter to determine the heat transfer coefficient h¢ [W / (m? K)].

_ hele

N
YT

(5.3)

The Nusselt number is described with Equation 5.3 where L [m] is the characteristic length, and & [W/
(m K)] is the thermal conductivity of the fluid. Typically, the Nusselt number is expressed as a function
of the Rayleigh and the Prandtl number, Nu = f(Ra, Pr), for natural convection and a function of the
Reynolds and the Prandtl number, Nu = f(Re, Pr), for forced convection. The Prandtl number is the

29
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ratio of momentum diffusivity over thermal diffusivity—in other words, the kinematic viscosity over the
thermal diffusivity.

Pr= g - % (5.4)

In Equation 5.4, v [m?/s] is the kinematic viscosity, o [m?/s] the thermal diffusivity, ¢, [J/(kg K)] the
specific heat capacity at constant pressure, x [(N s)/ m?] the dynamic viscosity of the fluid and k [W /
(m K)] the thermal conductivity of the fluid.

The Grashof number is the ratio of buoyancy forces to viscous forces acting on a fluid. When
studying situations involving natural convection, it often arises as a significant factor.

_ BgL3|AT|
=

Gr (5.5)

Here, 5 [1/K]is the fluid’s volume expansion coefficient. It is approximately equal to ﬁ for an ideal
gas. g [m /s?] is the gravitational acceleration due to Earth, v [m?/s] is the kinematic viscosity, L. [m]
is the characteristic length and AT [K] is the temperature difference between the surface and bulk
temperatures.

The Rayleigh number of a fluid is dimensionless and is associated with buoyancy-driven flow, also
called free convection. It is defined as the product of the Grashof number with the Prandtl number. The
value of the Rayleigh number characterises the flow regime: a value in a low range indicates laminar
flow, while a value in a higher range indicates turbulent flow. If the value of the Rayleigh number is
smaller than a particular critical value, there is no fluid motion. The heat transfer takes place through
conduction instead of convection.

Ra = Gr x Pr (5.6)

The Reynolds number is primarily used in forced convection correlations. It is the ratio between the

inertial and viscous forces and determines the flow regime. Atlow Reynolds numbers, flows are laminar,

while at high Reynolds numbers, flows are turbulent.

_ pule _ ulc (5.7)
7 v

In Equation 5.7, p [ kg/m?] is the fluid density, « [m/s] the fluid speed, L [m] is the characteristic length,

1 [(N s)/ m3] the dynamic viscosity of the fluid and v [m?/s] is the kinematic viscosity of the fluid.

The Richardson number is used in heat transfer by convection to indicate the importance of natu-
ral convection relative to forced convection. It is defined as the ratio of the buoyancy term over the
flow shear term and can be written in terms of the Grashof and Reynolds number. If Ri < 0.1, the
buoyancy forces are negligible, and the forced convection dominates. If Ri > 10, the buoyancy forces
are dominant; thus, forced convection is insignificant. If 0.1 < Ri < 10, natural and forced convection
occur. o

r

Re

5.2. Radiation between grey surfaces
Thermal radiation is a complex process, and various fluxes are pertinent to its analysis [56—58]. There-
fore, some critical fundamentals related to thermal radiation will be addressed here. The emmissive
power, E [W/m?], is the rate at which radiation is emitted from a surface per unit area. It is defined by
the Stefan-Boltzmann law as

E = 0T g tace = €Eb (5.9)

u

Here, o is a constant equal to 5.6697 x 10~8 [W/(m?K%)], T is the surface temperature [K] and ¢ is
the emissivity, a surface property indicating the ratio of its emissive power to that of a black body. The
emissive power of a blackbody is represented as E,. The surface also receives radiation; the net rate
at which radiation is incident upon the surface per unit of the surface area is called irradiation, G [W/m?].
The surface will reflect part of the irradiation while the rest will be absorbed. In reality, irradiation can
also be transmitted, passing through the medium of the irradiation. In the case considered here, all
surfaces are assumed to be opaque, meaning none transmit any radiation. As all irradiation must either
be absorbed or reflected, the following equality is deduced

pta=1 (5.10)
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Here, p is the fraction of the reflected irradiation and « is the fraction of irradiation absorbed, equal
to the emissivity ¢ of a real surface. Now the radiosity, J [W/m?], can be defined. The radiosity of a
surface accounts for all the radiation leaving the surface, including the reflected irradiation.

J=FE+pG (5.11)
This makes it possible to define the net radiative flux from a surface, ¢ [W/m?].
¢g=J—-G=E+pG -G =eoT* - aG (5.12)

Given Equation 5.11 and rearranging Equation 5.12 to substitute for G gives

J=E+p(J—q) (5.13)
Solving for ¢ and using Equation 5.10 with o = ¢, the following equation can be determined
g=——(oT* - J) (5.14)
1—e€

This leads to net radiant energy leaving a surface

€A

Qzl—e

(oT* — J) (5.15)

Where A is the surface area [m?]. The net radiant energy exchanged between two surfaces is defined
as
Q2 = Ay Fia(J1 — Jo) = AsFpi(J1 — Jo) (5.16)

Here, A [m?] is the area of the considered surface, and F is the so-called shape or view factor.
For example, F, represents the fraction of energy leaving surface one that is intercepted by surface
two. The shape factor is a geometrical concept and depends only on the surface’s size, shape, and
orientation. For the here-considered system, the heat transfer by radiation will be solved using the
electrical network analogy, which is particularly useful when dealing with grey surfaces. It starts with
rewriting Equation 5.16 into

. Ji—J
Qu="7" (5.17)

A1 F12

From here, it is possible to define the space resistance Ri2 = 1/(A;Fi2) between two radiosities.
Equation 5.15 can be rewritten into

. By -
g=1r"" (5.18)
€A
This defines R = (1 — €) /e A as the surface resistance between an object’s black body emissive power
and its radiosity. Now, if we consider the thermal radiation between two enclosed grey surfaces, the

following electrical circuit can be drawn

Ebl J1 ‘l2 Eb2
= WA WA WA o
1—g 1 1-g
14, A Fyy &4,

Figure 5.1: Equivalent electrical circuit for radiation exchange in an enclosure of two grey surfaces

The heat transfer from 1 to 2 follows from the addition of the resistances in series.

. Ebl — Ebg O'T14 — O’T24

Q12 = 7 = (5.19)
—€1 1 + 1—eo 1—ey + 1 T 1—eo
e1A1 A1 F12 €2 Az €141 A1 F12 €2 Az
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Therefore, the only unknowns are the emissivity of both surfaces and the shape factor. The emis-
sivity is a material constant. The appropriate electrical network with corresponding shape factors must
be determined to resolve the heat transfer by radiation. To facilitate determining the shape factors, the
reciprocal rule can be used

A1 Fig = Ax oy (5.20)

5.3. Compartment B

Compartment B is the compartment storing the hydrogen gas. It is in direct contact with the inner mem-
brane and the storage floor, which is assumed to be well insulated and, therefore, does not exchange
heat with the gas. Furthermore, hydrogen is the main component in the compartment. It is transparent
to thermal radiation and neither emits nor absorbs radiation. Hence, only the heat transfer due to con-
vection between the inner membrane and the gas will be considered. The convection is assumed to be
natural as the volumetric flow rate of the in- and outlet of compartment B is negligible compared to the
compartment’s maximum volume. Furthermore, the inner membrane is seen as a horizontal isothermal
disc. The amount of heat exchanged depends greatly on whether the disc the discs cools or heat the
gas. Due to buoyancy, hot air rises. Thus, if the disc is cooling the gas compartment, it is always in
contact with the hot air, leading to a higher temperature difference and, thus, more heat exchange. The
inverse is true if the plate is heated. The minimal temperature difference will lead to a small amount of
heat transfer. The correlations for natural convection from a uniform horizontal disc are given by Jaffer
[59]. Here, the radius of the disc is the characteristic length. For a heated plate facing up or a cooled
plate facing down:

— 1,5 0. a5’
Nu, = 0.637 {(1 - %)0*’ + (OiifﬁRaI“)o"’} (5.21)

For a heated plate facing down or a cooled plate facing up:

Nu, = (5.22)

1732050817 1/°
1363 | 1.36300/7 ( Ra )
(7/5) .
4 2 (1+%)\/(1/3)

The Rayleigh, Ra, and Prandtl, Pr, numbers can be determined using Equation 5.6, Equation 5.4 and
Equation 5.5 as they are only dependent on process conditions and geometrical parameters. Using the
found values and Equation 5.3, an average heat transfer coefficient between the gas in compartment
B and the inner membrane can be determined. This leads to the following equation.

QB sinner = EB,inner x AT (TB - Tmner)

hy ' | 5.23
= —hg inner X W(R'”“er)z % (TB — qinner) ( )
The net rate of energy transferred by heat to compartment B is thus
B
Q QBalnner (5.24)

= EB,inner X W(Rinner)2 X (TB — Tinner)

5.4. The inner membrane

The inner membrane is in contact with both gasses in compartments A and B. Hence, heat is exchanged
by convection between the membrane and the two gases. Furthermore, the membrane was assumed
to be uniform in temperature, meaning no conduction inside the membrane occurs.

5.4.1. Convection between the inner membrane and gas compartment A

The heat exchanged with the air compartment depends on the air’s flow speed. The convection can
either be natural, forced or mixed. To determine the flow speed inside the compartment, the following
assumptions have been made based on the work of Avila-Lopez et al. [36] in which the mean air speed
was estimated from the volumetric flow rate of the air (V) and the mean cross-sectional area (Asow)
of the compartment. First, it was assumed that the compartment could be approached by a cuboid
with a squared base of the same area as the inner membrane, see Figure 5.2. The mean height of the
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Air flow Ay

Figure 5.2: Assumed configuration for the determination of the air speed

cuboid is the ratio between the actual volume of the compartment, in this case, V2, and the area of the
membrane, which is also the area of the base of the cuboid.

_ya

h = 5.25

™ (5.25)

Thus, using the geometry of the cuboid Figure 5.2, the mean cross-sectional area through which
the air flows is equal to ~

Afiow = h\/ Aeq (5.26)

The volumetric flow rate of the air can be determined from the mass balance using the ideal gas law.
The mol flow through the pressure relief valve of compartment A is assumed to determine the volumetric
flow rate through the compartment.

. NA RTA
VA = % (5.27)
The mean air speed is then determined
7A
u = A‘; (5.28)
ow

Using the geometry parameters and the properties of the air in compartment A, dependent on its compo-
sition, the Grashof and Reynolds number can be determined using Equation 5.5 and Equation 5.7. This
finally leads to the Richardson number necessary to decide on the convection regime, Equation 5.8.

5.4.11. Natural convection

The convection between the inner membrane and the air in compartment A is natural if the Richardson
number exceeds 10. In this case, the membrane is assumed to be an isothermal flat plate. Equa-
tion 5.21 or Equation 5.22 should be used depending on whether the membrane temperature is superior
to the gas temperature.

5.4.1.2. Forced convection
If the Richardson number is smaller than 0.1, the convection between the inner membrane and the air
in compartment A is forced. The flow regime is essential when considering forced convection over an
isothermal flat plate. A laminar boundary layer forms from the leading edge. This layer transforms into
a turbulent boundary layer at Rex. The transition from laminar to turbulent flow significantly influences
the heat transfer coefficient.
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Figure 5.3: Forced flow along a flat plate, showing boundary layer growth and the development of a turbulent boundary layer
at distance xy

To determine the average heat transfer coefficient, it must be evaluated over the laminar and the
turbulent part of the flow

- 1 Xir XL
he = E |:/ hc,laminardl’ + / hc,turbulentdm] (5-29)
0 Xtr

According to Mills [56], this leads to the following correlation for the average Nusselt number. Where
the Reynolds number at which transition occurs (Rey) is equal to 5 x 10°.

Rey
R€|_

0.8
Nu = 0.664Re$ Pr3 + 0.036Rel8 Pro-43 [1 — ( ) 1 : 0.7 < Pr < 400 (5.30)

For flows with Re < 5 x 10°, the flow is considered laminar, Equation 5.30 reduces to
Nup = 0.664Re Pré ; Pr>0.5 (5.31)

In both cases, the characteristic length L, necessary in determining the Reynolds number, is taken
as half of the plate’s diameter, thus the membrane’s radius.

5.4.1.3. Mixed convection
Both natural and forced convections happen simultaneously if 0.1 < Ri < 10. In this case, both
processes need to be considered. The direction of the buoyancy force relative to the direction of the
flow strongly influences the effect of buoyancy on the heat transferred. In the case considered here,
the buoyancy is in a perpendicular (vertical) direction compared to the airflow (horizontal). This means
the flow is transverse. Incropera et al. [57] give the following correlation for transverse flow over a
horizontal plate.

Nt = N—uiﬁ n N—uﬁlﬁ (5.32)
Where subscripts F and N represent forced and natural convection.

5.4.2. Radiation towards floor
The floor of the storage is assumed to be well-insulated. Therefore, it does not exchange heat with its
environment.

Qinnerafloor =0 (5.33)

As the gas in compartment B is assumed to be fully transparent to thermal radiation and the two mem-
branes from an enclosure, the radiation scheme between the inner membrane and the floor is repre-
sented by Figure 5.1. Therefore, the heat transferred from the inner membrane to the floor through
thermal radiation is determined using Equation 5.19. This gives

4 _ T4
Q_ _ U(Tinner Tfloor) (5 34)
inner—floor = 7 —¢ - i 1 T— oo .
EinnerAinner Ainner inner— floor 6ﬂoorAfIc'or

The shape factor can be determined using the reciprocal rule, Equation 5.20. The floor is flat and
does, therefore, only radiate to the inner membrane (Ffoor—sinner = 1)

AinnerFinnerafloor = AﬂoorFroorainner = Aﬂoor (5-35)
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5.4.3. Radiation towards outer membrane

As the gas in compartment A is assumed to be fully transparent to thermal radiation and the two mem-
branes from an enclosure, the radiation scheme between the inner and outer membrane is represented
by Figure 5.1. Therefore, the heat transferred from the inner membrane to the outer membrane through
thermal radiation is determined using Equation 5.19. This gives

O-(Tiﬁner — Tc;luter) (5.36)

1 —€inner 1 1—é€outer

Qinneraouter =

6innerAinner AinnerFinnerHouter €outer Aouter

Due to the geometry of the system, see Figure 2.6, it was assumed that the side of the inner mem-
brane facing the outer membrane is always concave. Therefore, the inner membrane only radiates to
the outer membrane and hence Finner—souter = 1.

5.4.4. Conclusion heat transfer inner membrane
The net rate of energy transferred by heat to the inner membrane consists of four elements: the heat
transferred by convection with the gas in compartments A and B, and the radiative heat transfer with
the outer membrane.

The heat transfer by convection from the gas in compartment B is determined by Equation 5.23.
In contrast, the heat transfer by convection from the gas in compartment A to the inner membrane
depends on the convection type. The steps described above should be followed to determine the flow
speed in gas compartment A. From this, the kind of convection and the appropriate Nusselt number
follow, leading to the average heat transfer coefficient and, thus, the total energy flow.

QAainner = HAJnner X Ajnner X (TA - Tinner) (5.37)

The heat transferred by radiation towards the inner membrane from the floor is the inverse of Equa-
tion 5.34, and the heat transfer by thermal radiation from the outer to the inner membrane is the inverse
of Equation 5.36. Therefore, the total heat transfer towards the inner membrane becomes

anner = QB—)inner + QA—)inner - C2inner—>outer - Qinner—>floor (538)

5.5. Compartment A

The heat transfer towards the gas in compartment A is only due to convection, as it is assumed the
gas is transparent to radiative heat transfer. The energy flow received by gas compartment A due to
convection with the inner membrane is the inverse of the energy flow determined with Equation 5.37.

QinnerﬂA = _QA%inner (539)

A new heat transfer coefficient must be calculated to determine the energy exchanged between
gas compartment A and the outer membrane due to convection. This is done using the methodology
described in section 5.3. The only difference is the usage of the area of the outer membrane as the area
of the squared base of the cuboid. Again, the convection can be natural, forced or mixed depending
on the flow speed of the gas. The total energy flow from compartment A to the outer membrane is:

QA—)outer = EA,outer X Aouter X (TA - Touter) = _Qouter—>A (5.40)
The total heat flow towards gas compartment A becomes
QA = QinneraA + QouterﬁA (5-41)

5.6. The outer membrane

The heat transfer mechanisms between the outer membrane and the surroundings constitute a highly
intricate and multifaceted process. It consists of multiple flows of energy by convection and thermal
radiation.

5.6.1. Convection between the outer membrane and gas compartment A
The outer membrane exchanges heat by convection with the gas in compartment A. The total energy
flow is calculated using Equation 5.40.
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Figure 5.4: Thermal radiation scheme of a gasholder

5.6.2. Convection between the outer membrane and the ambient air

The outer membrane and the air will exchange heat by convection. The type of convection is dependent
on the presence of wind. If no wind is present, the convection is assumed to be natural, meaning that
uwind = 0. The membrane is then viewed as a flat horizontal plate. If the temperature of the membrane
is greater than the ambient air temperature (7°U" > TEW) Equation 5.21 should be used. In the
oppsoite case (T°U'" < TEW), Equation 5.22 should be used. In both cases, the characteristic length L,
necessary in determining the Rayleigh number, is taken as half of the plate’s diameter, thus the outer
membrane’s radius.

When the wind is blowing, meaning uwing # 0, the convection is assumed to be forced. The mem-
brane is considered to be a flat horizontal plate. The value of the associated Reynolds number decides
if Equation 5.30 or Equation 5.31 should be used.

Determining the average Nusselt number leads to the average heat transfer coefficient and, hence,
to the total energy flow from the ambient air to the outer membrane.

- 7 Env outer
QEnv%outer,convection = henv,outer X Aouter X (T =T ) (5.42)

5.6.3. Radiation exchange with inner membrane

The outer membrane exchanges heat through thermal radiation with the inner membrane as the gas
in compartment A is transparent. The flow of heat from the inner membrane to the outer membrane is
calculated using Equation 5.36.

5.6.4. Long wave radiation exchange with environment

The outer membrane will exchange heat through thermal radiation with its surroundings. The surround-
ings are divided into three parts: the sky, the ground and the surrounding environment. The surrounding
environment contains all objects near the gasholder, such as another gasholder, solar panels, etc. All
surroundings are assumed to have the same uniform temperature Tg,,. Only the radiosities of the
components other than the gasholder have been considered for simplicity. Furthermore, the thermal
radiation between the components other than the gasholder has been ignored. This leads to the ra-
diation scheme visible in Figure 5.4 and the following relation for the net transfer of thermal radiation.

4 4
g (Touter Tground)
+ 1—eouter 1
Aouter €outer AouterFomer,sky Aouterﬁouter AouterFouter,Env Aouterﬁouter Aouter Fouter,ground

o (Tc?uter - Ts4ky) U<Tc§1uter - Ténv)

1—é€outer 1 1—€outer 1

(5.43)

QouteraEnv,radiation =
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Figure 5.5: Schematic representation of the enclosure and the view factors from an external surface to the sky, surroundings,
and ground, reproduced from [36]

To determine the view factors necessary for Equation 5.43, the same method as Avila-Lopez et
al. [36] use is followed. They base their findings on the Thermal Analysis Research Program (TARP)
manual [60]. TARP has been developed for the thermal analysis of buildings *. It states that the view
factors of an object towards the ground, surroundings and sky can be approached based on the tilt
angle of the external surface 6, see Figure 5.5. The tilt angle is the angle between the Z-axis and the
normal to the surface. The TARP manual states that the view factor between a surface and the ground
is

Fsurface,ground = 0.5(1 — cos ) (5.44)

This means that the sum of the other view factors, to the surroundings and the sky, is 0.5(1 4 cos 6.
The split factor, v = 1/0.5(1 4 cos 8), is then introduced, leading to the following equations for remaining
view factors.

Fsurface surroundings = [1 — 1/0.5(1 4 cos 6)][0.5(1 + cos 0)] (5.45)
Fsurtace,sky = [V/0.5(1 + ¢c0s 6)][0.5(1 + cos 6)] (5.46)

Of course, the gasholder is a hemisphere and only consists of one surface. Due to the curvature
of the surface of a hemisphere, it is impossible to determine a tilt angle between the surface and the
ground. Hence, the gasholder is taken as a cone of which the radius of the base and the height
are equal. This leads to a tilt angle of 135°or %w. The view factors become Foyter,ground = 0.146,
Fouter,env = 0.065 and Foyter,sky = 0.789.

5.6.5. Shortwave solar irradiance absorbed by the outer membrane

The shortwave solar irradiance absorbed by the outer membrane depends on the solar irradiance on
the Earth’s surface at the location of the gasholder, the absorptivity, the outer membrane area and the
view factor between the outer membrane and the sky. The solar irradiation reflected by the ground and
the surroundings is ignored.

qun—muter = Gsurfaceaouteeruter,soIarFsurface,sky (5-47)

Here, Isuace IS the total solar irradiance on the surface of the outer membrane in [W/m?2], aouter iS
the fraction of solar irradiation absorbed, Aouer is the area of the outer membrane [m?] and Fisurface,sky
is the view factor between the cover and the sky, determined with Equation 5.46.

11t is still used in the open source software EnergyPlus, see [61]
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5.6.6. Conclusion heat transfer outer membrane

The net rate of energy transferred by heat to the outer membrane consists of six elements: the heat
transferred by convection with the gas in compartment A, Equation 5.40, the outside air, Equation 5.42
the radiative heat transfer between the outer membrane and the inner membrane, Equation 5.36, the
external surroundings, Equation 5.43 and the sun, Equation 5.47.

-~ outer . . . . . .
Q = QA—muter+QEnv—>outer,convection+QRain—>outer+Qinner—>outer_Qouter—>Env,radiation+qunaouter (5-48)

5.7. Heat transfer model limitations

Although the heat transfer will reasonably estimate real-world heat exchange in the system, a margin
of error still exists. Several assumptions have been made in chapter 5. First, the correlations to assess
the Nusselt numbers are empirical models for specific cases. The used cases do not always represent
the reality of the modelled system. For example, the assumption that the membranes of the gasholder
can be represented by flat plates heated up or down could over- or underestimate the total heat ex-
changed. In reality, the membranes would form a hemispherical shape if gas compartment B were now
considered, with the inner membrane being hotter than the gas. Due to buoyancy, the hot gas rises
to the top of the compartment. If the inner membrane were flat, it would be in contact with the hottest
part of the gas mixture, but due to the hemispherical shape of the membrane, the parts near the base,
which are nearly vertical, are in contact with colder parts of the gas increasing the heat transfer. The
total heat transferred is thus underestimated. The opposite is true: the transferred heat is overesti-
mated if the gas is warmer than the membrane. The precise use of correlations determined for this use
case would give the best results. Furthermore, the radiative heat transfer between the outer member
and the environment depends on estimated values for the view factors. The temperature values of the
ground and the environment are also unknown. They have been assumed to be equal to the ambient
air temperature.

Furthermore, the model considered the storage floor well insulated, meaning it exchanged no heat.
In reality, the floor may act as a heat sink, as concrete’s heat capacity and density are high. This means
that the concrete slab can absorb a lot of energy. It would cool down the system during the summer,
while the stored energy would be released during the winter, heating the storage. Considering the
concrete floor in the thermal model would flatten the peaks in temperature throughout the year.

Finally, several weather phenomena have been neglected. All forms of precipitation could have a
significant influence. Rain would be the most interesting due to its many occurrences at the specified
location during the year. Rain or any other form of precipitation introduces an extra heat transfer term
for the outer membrane, which can either be conductive or convective depending on whether the matter
rests or flows over the cover.



Collection and pre-processing of input
data

In chapter 4 and chapter 5, it has become clear the system depends on many unknown variables. These
variables can be time- and location-dependent, which is the case for the necessary weather data. These
variables can also be constants depending on the material type used or the molecules considered. This
chapter will cover collecting and pre-processing the unknowns necessary to the model.

6.1. Weather data

The research aims to determine the behaviour of a double membrane gasholder used for hydrogen
storage in reaction to weather conditions; finding appropriate weather conditions is essential. The
data should represent the range of weather phenomena for the location in question and, at the same
time, give annual averages that are consistent with the long-term averages. This type of data is called a
typical meteorological year (TMY). A TMY contains hourly data for one year consisting of solar radiation
values and meteorological elements. Each month is randomly selected out of at least 12 years. For
this project, the TMY has been taken from the Photovoltaic Geographical Information System provided
by the European Union [62]. This data can be downloaded directly as an Excel file or by an API in
Python using the IOtools package from the PVLIB library [63]. From the returned TMY, the following
data has been used:

* The air temperature T, [°C]

» The relative humidity of the air RH [%]

« The global irradiance on the horizontal plane G (k) [W/m?]

« The bean/direct irradiance on the horizontal plane is always normal to sunrays Gb(h) [W/m?]
- Diffuse irradiance on the horizontal plane Gd(h) [W/m?]

* The wind speed at a height of 10 meters W Sy, [m/s]

* The surface air pressure Py [Pa]

6.1.1. Effective sky temperature

Data for the effective sky temperature, Ty, used in Equation 5.43, is often unavailable as it is difficult
to measure. It is an experimentally determined index. Simple correlations exist approaching the effec-
tive sky temperature [64]. In this case, there has been chosen for an empirical model developed by
Aubinet [65]. Aubinet based his correlation on meteorological data gathered at Gembloux in Belgium,
which is close to Eerbeek, the location of the hydrogen storage, and has similar weather conditions.
Furthermore, Aubinet accounted for the cloud coverage in his correlation. The occurrence of clouds is
not rare in the Netherlands and has a strong effect on atmospheric radiation. H,O molecules absorb
solar and the Earth’s radiation, heating the sky. The model has a correlation coefficient of 0.958.

Tey = 94 4 12.6In P, — 13K, + 0.341 Ty (6.1)

39
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Here, P, is the partial pressure of water in the air [Pa], K; is the clearness index, and T [K] is the
temperature of the ambient air. It is defined as the global solar irradiation on the horizontal plane over
extraterrestrial solar irradiation on a horizontal plane, E, [W/m?2].

G(h)
K; = 2
= (62)
The extraterrestrial radiation is approached by the following correlation [66]
R 2
Eq = Esc ¥ ( §V> (6.3)

Esc, 1367 [W/m?], is the solar constant. R,, [m] is the average distance Earth-Sun distance throughout
the year while R [m] is the actual Earth-Sun distance depending on the day of the year. The ratio
between the average Earth-Sun distance over the actual distance is approached using:

Rav\ > 0.00128 .
( §V> = 1.00011 +0.034221 cos b+ ~ < == +0.000719 cos 2b + 0.000077 sin 2b
(6.4)
b= 27‘_7DOY
365

DOY stands for day of the year, indicating the integer from 1 to 365 representing the day of the year.
The partial pressure of water vapour is calculated using the saturation pressure of water in the air,
Equation 4.34 and the relative humidity of the air.

H
Py = Psat * % (6.5)

6.1.2. Total solar irradiance on the gasholder

The total solar irradiance on the outer surface of the gasholder, Igyace is challenging to determine for
a hemisphere. Furthermore, it depends on several factors, including the position of the sun taken from
the considered location.

The hourly position of the sun at a specific location can be extracted using the PVLIB package [67].
The command pvlib.solarposition.get_solarposition returns a data frame containing the solar
azimuth angle [°] and the solar zenith angle [°] for every required timestamp. The solar azimuth angle
indicates the horizontal angle from the north, indicated by 0 °. If the sun is positioned precisely in the
east, this angle will equal 90 °. The zenith angle is the elevation angle of the sun. It describes the
altitude of the sun.

To facilitate the calculation of the total solar irradiance on the gasholder’s surface, it has been
represented as a pyramid. Its square base is fixed to the ground and covered by the other sides.
Therefore, it is never exposed to solar irradiance. The four triangles forming the pyramid’s sides are all
equal in size. The total area of the triangles is the outer membrane surface area. It has been assumed
that the triangles are tilted 45 °, and their tangent vectors point towards the four windrooster directions.
In other words, their azimuths are equal to 0 °, 90 °, 180 °, and 270 °, respectively.

Using the pvlib.irradiance.get_total_irradiance command, it is then possible to determine
the total irradiance falling on each plane. This command requires surface tilt and azimuth angles,
the solar zenith and azimuth angles, and the direct normal, global horizontal and diffuse horizontal
irradiance. It returns a data frame containing the total in-plane irradiance and its beam, sky diffuse,
and ground-reflected components. The total in-plane irradiances on each of the four planes can be
added and divided by four. The planes have the same total surface to find the total irradiance falling
on the surface of the gasholder.

6.1.3. Corrected windspeed at gasholder height

The wind speed data collected in the TMY are given at a height of 10 meters. This standard measure-
ment needs adjustment to represent the windspeed at the gasholder height. At low altitudes below
60 meters, the wind follows a logarithmic profile. The log-wind profile, an empirical relationship, is
commonly used to determine the vertical distribution of the horizontal wind speeds.

Uy = urglog [120/ /ZZOO] (6.6)
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x <
Figure 6.1: Geometry of the hemisphere

Here u, [m/s] is the wind speed at height =z [m], u1, is the wind speed at the height of 10 meters, and
zo is the surface roughness length [m]. It is assumed that the gasholder is positioned in an open area.
Therefore, the surface roughness is 0.1 m, representing low crops and occasional large obstacles. The
wind speed has been determined at the surface average height of the hemisphere. The average height
of the surface of a hemisphere is determined by summing the height of all the points on the hemisphere
and dividing by the total number of points, giving the following integral.

ffs zdA
7f [ dA (6.7)

Polar coordinates were used to solve Equation 6.7. The definition of the axis and the angles can be
found in Figure 6.1. The denominator double integral equals the disc’s surface area forming the base:
7R2. The height z of the hemisphere’s surface equals /R? — 22 — y2.
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(6.8)

6.2. Hydrogen production

The hydrogen entering compartment B is produced from electricity from a nearby solar farm. The solar
farm consists of 2100 panels. It has been assumed that the panels are oriented to the south, their
azimuth angle equals 180°, and their tilt angle equals 35°. The total power output per solar panel can
be determined using the same solar angles described in subsection 6.1.2 and the same method to
determine the total irradiance falling on each solar panel.

I,
Poc = Ipoa Poco (1 + 7 (Teen — Tret)) (6.9)

ref

Here, Py is the total power output of the panel [W], I, is the reference irradiance equal to 1000 W/m?2,
Ppeo is the reference power rating [W] of the solar panel at the reference temperature, Tief, 25 °C, v is
the temperature coefficient [%] and T [°C] is the cell temperature of the panel. This formula is called
by the pvlib.pvsystem.pvwatts_dc command. The inputs are the total solar irradiance on the panel,
the reference power rating and the cell temperature. GKA182N144 solar panels [68] have been used
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in the simulations. The reference power of the panels equals 580W, and their gamma value equals
-0.0003%. The panels’ temperature is determined using the pvlib.temperature.faiman command.
The inputs are the total irradiance falling on the panels, the air temperature and the wind speed. To
obtain the power output of all the panels, the power output should be multiplied by the number of
panels. The panels are directly coupled to the electrolyser. It has been assumed that the losses in the
cables are negligible. The electrolyser uses 60 kWh of electricity to produce one kilo of hydrogen. The
hydrogen production can thus be determined using the following formula:

PDC x 2100 ]\4|-|2
60 x 1000 3600

NHzproduced = (6-10)
Here, My, is the molar mass of hydrogen [kg/mol]. The division by 3600 is necessary to obtain the mol
flow of hydrogen produced, N produced i Mol per second. Before entering the system, the hydrogen is
cooled to 3°C to remove part of the water present after production. It enters the system with a grade
of 2.5. Traces of O, and H,0 are present. Their concentration is assumed to be 2000 PPM and 3000
PPM, respectively.

Table 6.1: Table containing the mol fractions of the considered molecules in the hydrogen inlet stream, NIE of compartment B

Molecule N, O, H, H,O gas H,0 liquid
Mol fraction [-] | O | 0.002 | 0.995 | 0.007480946284774646 0.003

6.3. Hydrogen demand

The storage’s hydrogen outlet is connected to the hydrogen compressor, which works at a constant
input debit of 400 Nm?/h. The ideal gas law and the associated pressure and temperature values for
normal conditions can be used to translate this into a mol flow. This results in a mol flow leaving gas
compartment B of the storage, J\'TOBUt of approximately 2.57 mol per second. The composition of the
hydrogen stream leaving compartment B depends on the gas mixture inside the gasholder, assuming
that the gases in the compartments are well mixed and that the fluids exiting the storage consist solely
of gas. The compression process starts once the storage is fully filled to prevent shutting off the com-
pressor as much as possible. It is stopped once the storage is completely empty. The storage is empty
once gas compartment B is at 5% of its maximal value.

6.4. Air inlet and air composition

Compartment A is used to pressurise the storage. The air enters at a constant mol flow. This mol flow,
N,ﬁ is assumed to be 3 mol per second. It is essential to take an air inlet superior to the hydrogen
outlet; if not, the air in compartment A can not pressurise the system as more gas is leaving the system,
leading to a loss in pressure. Its composition is dependent on the weather conditions. The relative
humidity of the air, together with the air temperature and pressure, dictates the mol fraction of H,O in

the air.

psat,HZO,air % RHHZO,air
Pair 100

Using the air temperature [°C] and Equation 4.34, the saturation pressure of H,O in the air, Psat 1,0 air
[Pa], can be determined. The relative humidity, RH [%], determines the actual partial water pressure
in the air. The partial pressure of h,O in the air divided by the air pressure, Pj; [Pa] returns the mol
fraction of H,0O in the air, 21,0 air.

On average, there is 0.6 PPM of H, in the air [69]. It has been assumed that if the air contains
no H,0, it consists of 784999.4 PPM of N, and 215000 PPM of O,. The presence of H,O in the air
reduces the mol fractions of N, and O, by the same amount. The mol fraction of H, is assumed to
remain unchanged.

(6.11)

TH,0,air =

6.5. User determined variables

The model’s initial conditions are user-defined variables. The default initial temperatures are the outside
air temperature for gas compartment A and the outer and inner membranes, but these can also be
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Table 6.2: Table containing the assumed mol fractions of the considered molecules in the air

Molecule N, 0O, H, H,O gas | H,0 liquid
Mol fraction | 0.7849994 - ™22 | 0 215- 22" | 0. 0000006 | 4,0 ai 0

2 2

Table 6.3: Physical constants used in the model

Description Symbol Value Unit
Universal gas constant R 8.31446261815324 | J/(mol-K)
Normal pressure Prorm 101325 Pa
Atmospheric pressure Pim 101325 Pa
Normal temperature Trorm 273.15 K
Boltzmann constant kg 1.380649x 1023 JIK
Avogadro constant N4 6.022140857 x10%3 mol—!
Stefan-Boltzmann constant o 5.6697x 108 W/(m2-K*)

entered manually. The gas in compartment B is initially considered at 276.15K, the temperature at which
the H, enters the system. The initial volume of compartment A is a user-defined variable. It is entered
as a percentage. The volume of compartment A determines the volume of gas compartment B. The
initial compositions are the air composition for gas compartment A and the hydrogen inlet composition
for gas compartment B. The number of mols in the compartments is determined using the ideal gas
law with the given temperature, pressure and volume. The tool has been built to provide results at
any location. It is necessary to provide latitudinal and longitudinal coordinates of the desired storage
location. These coordinates will be used to provide the weather data for the location. The user must
also provide a starting day and the number of days to simulate.

6.6. Constants

A large number of constants have been gathered. They have been divided into three groups and three
tables: Table 6.3, Table 6.4 and Table 6.5.

Table 6.4: Molar Masses and Molecular Diameters

Description Symbol Value Unit
Molar mass of N» Mo 28.01340 | g/mol
Molar mass of O, Moo 31.99880 | g/mol
Molar mass of Hy Mpo 2.01568 g/mol
Molar mass of H,O My20 18.01528 | g/mol
Molar mass of PVC chain unit | Mpyc 62.5 g/mol
Diameter of N, molecule dn2 364x1012 m
Diameter of O, molecule dos 346x1012 m
Diameter of H, molecule dio 289x10~12 m
Diameter of PVC molecule dpve 0.6x10° m
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Table 6.5: Properties of Gases at 275 K, all values have extrapolated from the reported in [56]

Description Symbol Value Unit
Heat capacity of H, at constant pressure Cp,H, 30.2654352 J/(mol-K)
Heat capacity of H, at constant volume Cy H, 21.9509725 J/(mol-K)
Thermal diffusivity of H, OH, 9.55x107° m3/s
Prandtl number of H, Pry, 0.67 -
Thermal conductivity of H, kn, 0.1895 W/(m-K)
Density of H, PH, 0.08927790439324858 | kg/m?
Heat capacity of N, at constant pressure Cp.N, 29.2319829 J/(mol-K)
Heat capacity of N, at constant volume Co.N, 20.9175202 J/(mol-K)
Thermal diffusivity of N, N 9.475x107° m?3/s
Prandtl number of N, Pry, 0.69 -
Thermal conductivity of N, kn, 0.02505 W/(m-K)
Density of N, PN, 1.2419465013492943 kg/m?
Heat capacity of O, at constant pressure Cp,0, 29.278902 J/(mol-K)
Heat capacity of O, at constant volume Cv,0, 20.964439 J/(mol-K)
Thermal diffusivity of O, ao, 1.36x107° m?/s
Prandtl number of O, Pro, 0.69 -
Thermal conductivity of O, ko, 0.0254 W/(m-K)
Density of O, PO, 1.4193799128550255 kg/m3
Heat capacity of H,O vapor at constant pressure Cp,H,0 33.328268 J/(mol-K)
Heat capacity of H,O vapor at constant volume Cy,H,0 25.0138053 J/(mol-K)
Thermal diffusivity of H,O vapor QH,0 0.0015026788321167868 | m?/s
Prandtl number of H,O vapor Pry,0 0.8154014598540147 -
Thermal conductivity of H,O vapor kn,0 0.018308029197080293 | W/(m-K)
Density of H,O vapor PH,0 0.005506649185041584 | kg/m?
Heat capacity of liquid H,O at constant volume Cy,H,0,1 75.97043576 J/(mol-K)
Thermal diffusivity of liquid H,O QaH,0,1 1.7x10°6 m?3/s
Prandtl number of liquid H,O Pry,0, 12.9 -
Thermal conductivity of liquid H,O kr,0.,1 0.556 W/(m-K)
Latent heat of condensation H,O Rcond 40660 J/mol




Gasholder control

As mentioned, the gasholder is pressurised by filling compartment A with air. This inner membrane is
free to move, equilibrating the pressure in both compartments when compartment B, filled with hydro-
gen, is not at its maximum volume. The pressure in the compartments is controlled using analogue-
controlled pressure relief valves. The relief valves are opened when an overpressure is detected. Two
proportional-integral-derivative (PID) controllers determine the opening of the valves. The PID con-
troller is a widely used control loop mechanism that uses feedback [70]. It is employed in a variety
of applications that require continuously modulated control. The controller continuously calculates an
error, e(t), which is the difference between the desired value, the set point, and the current measured
value, the process variable. The control signal, «, entirely depends on the error.

t
de
U= kpe +k; / 6(7') dr + kqg— (71)
~~~ 0 dt
Proportional term S~
Integral term Derivative term

Here, u is the current control signal, e is the current error, 7 is the variable of integration, and k,, k;,
and k4 are the proportional, integral and derivative gain, respectively. The proportional gain multiplies
the error by a constant. A high proportional gain leads to a fast response to a change in error and
system oscillations. If the proportional gain is too high, a system can become unstable. Increasing the
proportional gain reduces the steady-state error of the controller but will never eliminate it [70]. The
integral term can eliminate the steady-state action. It represents the accumulated offsets corrected over
time. For small integral gains, the response slowly creeps towards the reference value. It moves faster
to the desired value at a higher gain, but the system becomes more oscillatory. It is often sufficient only
to implement a proportional and integral gain in the controller to obtain an adequate response leading
to a Pl controller. The derivative gain reduces the oscillations and the settling time of a system.

The PID controllers were tuned by brute force. First, the integral and derivative gain were set to zero.
The proportional gain was increased until an adequate response was observed. After that, the integral
gain was increased. If the results were sufficient, a Pl controller was used; otherwise, the derivative
gain was increased, leading to a PID controller.

7.1. Actuator delay and boundary conditions

The PID controllers determine the pressure relief valves’ desired outlet flow [mols/s]. First, the valves
are connected to the outside air; thus, the pressure in the system will always be equal to or higher than
the pressure of the valve’s outlet. This means there’s only one direction in which flow is possible in the
valves: exiting the system. When the PID controller determines that the pressure in the compartment
is too low, the adequate response of the control system is to shut the valve entirely. This is a critical
boundary condition that must be implemented in the system. To do so, it has been chosen to work with
a percentage of valve openings. The valves can open between 0% and 100%. To transform the output
of the PID controller, a flow in mol per second, the following assumptions have been made:

» The fluid flows, initially, through an infinitely large area; thus, it is assumed its flow speed is
approximately 0

45
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* The fluid is incompressible

+ The valve can be represented as a small channel with area A [m?]
» The Bernoulli principle is applicable

» The elevation in the channel is constant

The Bernoulli principle for an incompressible fluid can be written as
1
P+ pV? + pgz = constant (7.2)

Here, P [Pa] is the pressure, p [kg/m?3] is the density of the fluid, V' [m/s] is the speed of the fluid, g
[m/s?] is the acceleration due to gravity and z [m] is the elevation above the reference plane. With the
above assumptions, the following equality can be set up:

1
P = Pam + §pVath

2(Pc - Patm) (7'3)

P

:>Vatm:

Here, P, [Pa] is the pressure inside the gas compartment and Pun, [Pa] is the atmospheric pressure.
With the determination of the flow speed through the valve, the desired opening area follows

-V

A=N v (7.4)
Here, A [m?] is the desired flow area, N [mol/s] is the desired mol flow determined by the PID controller,
v [mol/m?] is the molar volume of the fluid, and V' [m/s] is the flow speed of the volume. The desired
opening percentage is just the ratio of the desired flow area over the maximum flow area of the valves
times 100. This can not exceed 100%. Due to the nature of the code, the time interval is one second;
another boundary condition has been added to account for actuator speed. It is unrealistic for a valve
to open or close fully within one second. Therefore, it has been assumed that the valve opens and
closes in 10 seconds, meaning that the maximum change in opening percentage is + 10%.

7.2. Regimes

During the gasholder’s operation, several possible control regimes have been defined. Each regime
determines the PID controller’s set point pressure. Also, the proportional, integral, and derivative gain
values change per regime. The first regime defined is empty storage. The storage is defined as empty
when the volume of gas compartment B is at 5% or less of its maximum value. The PID controller of the
pressure relief valve of compartment A is tasked to keep the pressure in the compartment at 106325
Pa. The pressure relief valve in compartment B is unnecessary as it is not at its maximum loading
capacity. Its desired opening is set at 0%. The same parameters are used when the gasholder is in
the stand-by regime.

The gasholder enters the stand-by regime when the hydrogen production and demand are equal to
zero, and the gasholder is neither full nor empty. This will happen during the nights when the hydrogen
compressor is shut off. The pressure is kept low, 106325 Pa, to minimise permeation through the
membranes and the duty of the air blower of compartment A. The stand-by regime has two controllers.
The previous regime decides which controller is used. The controller’s gains are different to ensure
adequate reaction to the pressure change. The controller can enter the stand-by regime after the
inflation or deflation regime.

In the case where hydrogen is produced, multiple regimes are possible. The first is the inflation
regime. During this regime, the hydrogen production entering the system is greater than the hydrogen
demand exiting it, while the load in gas compartment B is not at its maximum. The PID controller
for the pressure relief valve of compartment A maintains the pressure at 141325 Pa, the maximum
allowable pressure of the compartment. The relief valve of compartment B is desired to be closed.
The volume of compartment B will continuously increase until it reaches its maximum volume. This
means that the storage enters the full storage regime: the hydrogen compressor at the system’s exit
will be activated, and the storage will deliver hydrogen at a flow rate of 2.57 mol per second. During
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the full storage regime, both relief valves are controlled by a PID controller. The desired pressure is
141325 Pa in compartments A and B, respectively. Due to the activation of the compressor leading to
hydrogen demand, the gasholder can enter the deflation regime. If the hydrogen demand exceeds the
hydrogen production, the total amount of mol in compartment B will decrease, deflating the storage.
Only the controller for the pressure relief valve of gas compartment A is active; its set point is 111325
Pa. This slight overpressure ensures that the hydrogen will flow smoothly to the compressor. Once
the storage enters the deflation regime, it can not exit until it is completely empty or full again. These
conditions have been added to prevent the controller from increasing the pressure after the storage
has been fully drained. The storage is mostly drained at the end of the day when the sun is still shining
and thus H, being produced. There will still be a small amount of hydrogen produced. This is not
enough to fully blow up the storage; thus, it can be done at low pressure. This avoids pressure drops
and saves compressor energy. More hydrogen can also be produced during the deflation regime than
the compressor demand. This will increase the pressure in compartment B. Therefore, going from the
deflation regime to the full storage regime is possible. This happens when, during deflation, the gas in
compartment B reaches its maximum volume and a pressure greater than 141325 Pa. A last boundary
condition has to be added. The hydrogen production can stop just before the storage is completely filled.
The pressure in the system is that of the inflation regime. The system will go into the stand-by regime,
lowering the pressure to 106325 Pa. Due to the decrease in pressure, the volume of compartment B
increases. This could lead to the volume of compartment B reaching its maximum value. In this case,
the deflation regime is also started.



Results

This chapter will lay out the simulation results. They are divided into different sections: Condensation,
section 8.1, Control system section 8.2, Maxwell-Stefan diffusion section 8.3, Heat transfer section 8.4,
Purtiy section 8.5, Efficiency section 8.6 and Loaction comparison section 8.7.

8.1. Condensation

Short simulations were run to verify whether the water present in the system was prone to condensation.
Water condenses when its partial vapour pressure in the air exceeds its saturation pressure. The
saturation pressure of water depends heavily on the temperature of the gas. Furthermore, the amount
of water entering gas compartment A depends on the relative humidity, temperature, and pressure of
the outside air. It has been chosen to run four different simulations over two days. Every model element
has been included: H, production and demand, mass and energy balances and heat transfer. This is
also defined as normal operation. The simulations were started on the first of January, April, July, and
October to account for the various weather conditions during the year. The simulations were first run
without adding a condensation term. Only the gas phase was considered.
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Figure 8.1: Partial and saturation pressures of H,O in gas compartment A if no condensation were considered. In the regions

where the partial pressure of H,0 is higher than the saturation pressure, condensation is expected. All aspects of the model
have been considered. Simulations ran for two days in each season of the year. (a) Winter: 01-01 to 01-03 without

condensation; (b) Spring: 04-01 to 04-03 without condensation; (c) Summer: 07-01 to 07-03 without condensation; (d) Autumn:

10-01 to 10-03 without condensation

Figure 8.1 shows the results of four short simulations of two days considering no condensation
during different seasons. Only the partial and saturation pressure of H,O in gas compartment A is
shown because more water is present in the air than in the hydrogen inlet stream. The hydrogen is
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cooled to 3°C before entering the system. The hydrogen stream entering the system consists of 0.3%
of water vapour. Condensation is more prone to happen in gas compartment A. All four subfigures
show that condensation will occur in the system. The partial pressure of H,O, indicated by the blue
lines, is at some point during the two-day simulations higher than the saturation pressure, shown by the
dashed red line. This means that the water present in the system will condense. The condensed water
will evaporate again when the partial pressure in the compartment is less than its saturation pressure.
A good example is seen in Figure 8.1d between 10-02 06 and 10-02 18. the partial pressure of H,O in
the compartment lays well above the saturation pressure. H,O will condense. From the above results,
it can be concluded that condensation and evaporation will happen in the system. Equation 4.36 was
used to consider the phase change of water in the system. The time constant r.,nq determines the rate
at which the condensation happens.
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Figure 8.2: Partial and saturation pressures of H,O in gas compartment A if condensation were considered with 7¢ong = 0.1s.
In the regions where the partial pressure of H,O is higher than the saturation pressure, condensation is expected. Once water
has condensed, it will evaporate if the partial pressure of H,O in gas form is less than the saturation pressure. All aspects of
the model have been considered. Simulations ran for two days in each season of the year. (a) Winter: 01-01 to 01-03 with
condensation; (b) Spring: 04-01 to 04-03 with condensation; (c) Summer: 07-01 to 07-03 with condensation; (d) Autumn: 10-01
to 10-03 with condensation

The condensation time constant, 7¢ong, was set to 0.1 s. The results are shown in Figure 8.2. The
system reacts to the new input. Let's again look at the conditions for the two-day simulation that runs
in October: Figure 8.1d and Figure 8.2d. It can be seen that the partial pressure of H,O lies closer to
the saturation pressure of the compartment. Water in the system condenses to adjust to the changing
conditions. In general, in all the four subfigures of Figure 8.2, it can be seen that the partial pressure of
H,O vapour does not exceed the saturation pressure by a large amount anymore. The small difference
is not unrealistic. There is a continuous flow of air through the comportment. It is thus logical that
the system is not in equilibrium at every instance. Phase changes in the system contribute to the

overall energy balance of the system; see section 4.2. Condensation is exothermic, while evaporation
is endothermic.
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Figure 8.3: Comparisons of the temperature evolutions in gas compartment A with and without condensation. (a) Winter:
01-01 to 01-03 temperature comparison between the experiments with and without condensation; (b) Spring: 04-01 to 04-03
temperature comparison between the experiments with and without condensation; (c) Summer: 07-01 to 07-03 temperature

comparison between the experiments with and without condensation; (d) Autumn: 10-01 to 10-03 temperature comparison
between the experiments with and without condensation

Itis clear from all subfigures in Figure 8.3 that the addition of phase change in the system influences
the temperature profile. It seems that condensation restrains the negative peaks in temperature. The
system without condensation achieves a lower temperature while cooling than the system considering
condensation. This is logical. The saturation pressure of H,O in the air decreases with decreasing
temperature. More water vapour will thus condense when the system cools down. Water condensation
is an exothermic process that adds heat to the system. The system will thus cool down less. The
water will later evaporate, reducing the temperature of the system. This can, for example, be seen in
Figure 8.3b just after the sharp decrease in temperature at around 04-01 12. The water just condensed,
slowing the cooling of the system. After the system heats up again, the water has to evaporate again,
slowing the heating of the compartment. It can be concluded that the addition of condensation is a
necessary feature, although, for each season, the temperature profiles with or without condensation
follow a similar trend.

The total amount of condensed water in the system per season is shown in Figure A.1. It can be
observed that during the warmer periods of the year, the spring and summer, water condenses, forms
a liquid phase and then evaporates again. This is in line with the assumption that the volume of water is
very small. However, during the colder seasons, autumn and spring, large amounts of water condense,
forming a substantial liquid phase. During normal operation over longer periods than 3 months, the
liquid phase would continue to exist between the autumn and the winter. this would lead to an even
larger liquid phase of around 240 L in compartment A. The current minimal volume of compartment A
is around 30 m3 or 30000 L. The volume of the liquid phase is still negligible relative to the total volume
of the compartment, but the liquid phase cannot be considered droplets anymore. this will ultimately
change the energy balance as the liquid phase must be considered a separate phase with its own
balances. Furthermore, the mass of water must be supported by the inner membrane, changing the
pressure in the compartments. This can be avoided by draining the water once it forms.

8.2. The control system

Short simulations were run to demonstrate the different regimes and verify that the control system works
appropriately. The simulations contain all elements of the model. Four cases were studied, one for each
season in the year. The simulations were started using the default temperatures and pressures; see
section 6.5. The volume of compartment A was set at its maximum. The simulations were run for two
days each. The start dates are the first of January, April, August, and October.
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Figure 8.4a represents the characteristic curve of the gasholder during the first two days of the year.
It can be observed that the controller directly acts to the empty storage regime and brings the pressure in
both compartments to around 5000 Pascal’s gauge (Pag) or 50 millibar gauge (mbarg). The pressure is
kept constant until around 7 o’clock in the morning. The sudden rise in pressure is due to the electrolyser
starting to produce hydrogen. This means the inflation regime has started, and the controller of pressure
relief valve A maintains the pressure in compartment A at 400 mbarg. Subsequently, the pressure in
comparison B also becomes 400 mbarg. The inner membrane is free to move, and thus, the pressure
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Figure 8.4: Characteristic curve of the gasholder for cycles in the four seasons: the dashed lines represent the pressures in the
compartments: blue for the pressure in compartment A and yellow for the pressure in compartment B. The red line represents
the volume of compartment B; it should be read on the right axis. Simulations ran for two days; all model elements have been
considered. (a) Winter: 01-01 to 01-03; (b) Spring: 04-01 to 04-03; (c) Summer: 07-01 to 07-03; (d) Autumn: 10-01 to 10-03

in both compartments will equilibrate. The small decrease in volume of compartment B, observable at
the start of the inflation regime, is because the controller reacts faster than the electrolyser produces
H,. It will try to reach the assigned pressure quickly, closing the air relief valve and increasing the
number of mols in the system and the pressure. The pressure in compartment A rises quicker than in
compartment B, meaning the volume of compartment B has to shrink to equilibrate the pressures. This
is visible in all subfigures of Figure 8.4 when the inflation regime is started. During the inflation regime,
the volume of compartment B rises once the desired pressure is reached. At 01-01 14, the production
of H, stops. The storage has not yet been fully filled. Thus, the compressor station is not yet activated.
There’s neither demand nor production of H,, and the system enters the stand-by phase. The pressure
drops quickly and then is maintained at 50 mbarg by the system. During the pressure drop, the volume
of compartment B increases, which is logical as it decompresses.

After the second inflation regime, in Figure 8.4a, the volume of compartment B reaches its max-
imum volume, defined as its maximum storage capacity. The compressor station is then turned on,
starting the storage drainage. The deflation regime starts. The control system controls the pressure
of compartment A to 100 mbarg. The pressure in compartment B also drops quickly due to drainage
of the storge. Once both pressures equilibrate, the volume of compartment B shrinks. The controller
keeps the storage in the deflation regime until the minimum volume of compartment B is reached. Once
the storage is fully drained, there are two possibilities: no more hydrogen is produced, meaning the
gasholder enters the stand-by regime, or hydrogen is still being produced, meaning the gasholder stays
in the deflation regime. In this case, the storage enters the stand-by regime.

The other option is visible in all other subfigures. Let’s take Figure 8.4b. The storage is drained twice
in two days. The first time it is drained, the electrolyser still produces hydrogen as the controller keeps
the pressure in the compartments at 100 mbarg. Due to system drainage, the pressure in compartment
B is lower than in compartment A. Once the storage is empty, the controller has to react to the new
conditions. This causes the small spikes to be visible every time the system’s drainage is completed
while hydrogen is still produced. There’s another interesting feature in this graph. In the second cycle,
the pressure in compartment B rises after the system’s drainage has started. This happens because
the production of hydrogen is greater than the demand. The system recognises this but keeps the
gasholder in the deflation regime. This is also visible in Figure 8.4c. Only here is so much hydrogen
produced that the storage is filled again. The controller enters the full storage regime until there is
a greater demand of H, than production. Both pressure relief valves are controlled in this regime to
maintain the pressure in the compartments 400 mbarg. Valve B is open for about 20 minutes, venting
excess hydrogen from the system. The hydrogen production during the system’s drainage also explains
the time variations observable between the different drainage regimes. Hydrogen is still being produced.
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Its quantity varies per day and per time instance. The drainage in the summer takes longer than, for
example, in the winter as more hydrogen is produced. The last interesting observation is that the
storage is fully filled twice in two days during spring and summer, while in the autumn and winter, this
only happens once. This is logical as the production of hydrogen is dependent on the power production
of solar panels. The panels produce more during sunny days.

Overall, the exact same phenomena, as described for Figure 8.4a, is visible in all the other sub-
figures. The controller stabilises the pressure at the desired values within an appropriate time. The
control system reacts accordingly to the system’s changing inputs. the values used as gains for the
controllers are presented in Table 8.1.

Table 8.1: Proportional, Integral and Derivative gain values of the PID controllers determining the pressure for the different

regimes

Regime & valve Proportional gain | Integral gain | Derivative gain | Regulated pressure [mbarg]
Empty storage valve A 0.5 0.00001 2 50
Stand-by deflation valve A 15 0.0001 2 50
Stand-by inflation valve A 0.5 0.00001 2 50
Inflation valve A 1 0.000001 2 400
Full storage valve A 0.5 0.00001 0.5 400
Full storage valve B 0.5 0.00001 0.5 400
Deflation valve A 1 0.00001 2 100

8.3. Maxwell-Stefan diffusion

To verify the statement made in subsection 4.1.1 concerning the influence of the friction between the
different permeating molecules to be negligible, multiple experiments have been run with the complete
Maxwell-Stefan (MS) diffusion and the same experiment with the partial Maxwell-Stefan diffusion. It
was chosen to compare both methods without considering the in and outlet flows of the system. This
means that no hydrogen is entering or leaving the system. The gas in compartment B is at a standstill.
Here, the effects of diffusion should be distinctive, as they are the only way gas compartment B’s
composition changes. Initially, gas compartment A was filled at 50% of its maximum capacity. The
starting regime of the gasholder is the stand-by regime.
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Figure 8.5: Number of mols of H, in compartment B. The simulation was run for 5 days. The gas in compartment B was at a
standstill. The only way molecules leave or enter the compartment is through the membrane. (a) Maxwell-Stefan diffusion with
friction between permeating molecules considered; (b) Maxwell-Stefan diffusion only considering the friction between the
permeating species and the membrane

Figure 8.5 shows the evolution of the number of mols of H, in gas compartment B for both the ex-
periment considering the full Maxwell-Stefan equation and the experiment considering only the friction
between the H, and the membrane in the Maxwell-Stefan equation. The difference between the two
graphs is not visible to the naked eye. Both graphs start at around 9290 mols of H,. The amount of
mols degrades to around 9250 mols over five days. The difference in the number of mols of N, and
O, is also not visible; see Figure A.2 and Figure A.3 respectively. Therefore, it has been decided to
subtract the amount of mol H, in gas compartment B for the partial MS diffusion from the amount of
mol of H, in compartment B for full MS diffusion.
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Figure 8.6: Difference in the amount of H, in compartment B between a simulation considering all frictions terms of
Maxwell-Stefan diffusion and a simulation considering only the friction between the permeating species and the membrane.

Figure 8.6 shows the difference in the number of mols of H, in comparison B determined by the
model using full and partial MS diffusion. Care is advised when reading the y-axis; the numbers on
the axis must be multiplied by 10~1%; see the upper left corner. From the graph, two things can be
understood: using the partial MS diffusion, only containing the friction term between the membrane
and H,, overestimates the flux through the membrane, and this difference is negligible. A difference
of 1.75x10719 mol after five days is insignificant. Around 40 mols of H, have already permeated in
the same period. The same conclusion can be drawn from the difference difference in the number of
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mols of N, and O, in compartment B; see Figure A.4 and Figure A.5 respectively. In these cases, the
difference is positive rather than negative, which is logical as the direction of permeation is inversed.
The partial form of the MS diffusion overestimates the amount of mol permeating from compartment A
through the inner membrane to compartment B, leading to a higher amount of mol in the compartment.
The errors after five days are around 4x10~!! and 2x10~'' mol for N, and O, restively. The relative
error, the difference divided by the total permeated amount, is of the same order of magnitude for the
three considered permeated molecules. The author has no explanation for the apparent linear trend in
the error for N, and O,. This trend is not visible in the difference of H,.

From these tests, it can be concluded that solely considering the friction between the membrane
and the permeating molecule is an adequate way to model diffusion. From now on, only partial MS
diffusion is considered in the code as it requires less computational power. It runs seven times faster.

The fluxes of the molecules through the membranes can be used to determine the effective Fick
permeability per molecule. This value can be compared to the real Fick diffusion provided by the
company; see subsubsection 4.1.1.1.
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Figure 8.7: Calculated effective permeability for H, through the inner membrane for the stand-by case only considering partial
MS-diffusion

Figure 8.7 shows the permeability of H, through the inner membrane versus time. This permeability
is in line with what was expected. The determined permeability of 3.38 x10~!® [(mol m) / (Pa m? s)]
in subsubsection 4.1.1.1 is slightly lower than the average permeability read from the graph. This is
because it was determined at 283.15 K. In most instances, the inner membrane temperature is slightly
higher; see Figure A.6. Diffusion increases with temperature. The permeabilities for N, and O, are
visible in Figure A.7 and Figure A.8, respectively. They are a factor of ten lower than the permeability
of H2.

8.4. Heat transfer
The results of the five-day simulation, which only considers partial MS diffusion described in section 8.3,
were used to verify that the tool’s heat transfer part behaves appropriately.

Figure 8.8 shows the temperature profiles in the gasholder when the gas in compartment B is at
a standstill. It is visible that the gas in compartment B starts at 276.15 K. The other elements start
at the ambient air temperature. All temperatures quickly converge to the same value to balance the
system. This is logical as the higher the temperature difference between elements, the higher the heat
flux between the elements. The quick dip in temperature is the system adjusting its pressure. The
controller of relief valve A drops the pressure from 100 mbarg to 60 mbarg. The controller’s gains may
not be suitable for this type of experiment. A pressure drop is accompanied by a drop in temperature.
For compartment A, the pressure drops because more mols exit the system through the relief valve
than mols enter the system. This reduces the system’s enthalpy more than the decrease in volume
(the gas performs negative work), which heats up the system. In compartment B, the expansion of the
gas dominates. The total number of mols is nearly constant for a small period of time as the valves are
closed and the diffusion of the molecules through the inner membrane is very low.
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Figure 8.8: Temperature evolution in the compartments when the gasholder is at a standstill, no H, is produced or taken from
the storage. Compartment A is filled at 50% of its maximum volume.

Once the day starts and irradiance starts to fall on the gasholder, the gasholder starts to heat up.
The outer membrane heats the fastest because it is the element of the solder that receives the solar
radiation. The gas in compartment A heats up the slowest. This is because the compartment has
continuous airflow. Hot air leaves the system while cool air, at ambient temperature, enters the system.
This can be seen in Figure A.11. The ambient air temperature is lower than the gas temperature in
compartment A. The continuous airflow in the compartment prevents the compartment from heating
up any further. With the current constants, it seems that the radiative heat exchange between the
membranes is dominant over the convective heat transfer between the gases and the membranes.
The inner membrane temperature exceeds the temperature of the gasses in compartments A and
B while the gasholder warms up. The gas in compartment B is at a standstill. The only possible heat
exchange is through mass transfer, which is nearly negligible due to the low diffusion rates or convective
heat transfer with the inner membrane. It continues warming as long as the temperature of the inner
membrane is greater than the temperature of the gas in compartment B, which is to be expected. The
gasholder starts to cool once the day ends and the night starts. The outer membrane cools the fastest.
It loses energy through radiative heat transfer to the environment and the sky. This subsequently
means the cooling of the inner membrane and the gas in compartment B. The gas in compartment
A is less affected. The ambient temperature of the air dominates the temperature evolution in the
compartment due to the continuous airflow; see Figure A.11. The ambient temperature is superior to
the gas temperature in compartment B.

Generally, the gasholder’s reaction to weather conditions while at a standstill is as expected. The
outer membrane is the most affected, which is logical as it is the part of the gasholder in contact with
the outside world. The gas in compartment B is at a standstill and thus only exchanges heat with the
inner membrane, which is visible in the graph. The ambient air temperature mostly determines the gas
temperature in compartment A. There is a continuous airflow in the compartment used to pressurise
the gasholder.

Figure 8.9 shows the temperature profile in the gasholder during normal operation. A production
and a demand of H, have been considered in this case. When compared to Figure 8.8, some major
differences are visible. These differences, as shown by the peaks in the gas temperature profiles in
compartments A and B, are due to the gasholder regimes and the controller changing the pressures in
the compartments. Itis interesting to compare the temperature profiles to the characteristic curve of the
gasholder, Figure 8.4a. It can be seen that once the sun starts to shine around 01-01 08, the produc-
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Figure 8.9: Temperature profile of the gasholder during normal operation from 01-01 to 01-03

tion of H, starts. The gasholder enters the inflation regime, increasing the pressure in the storage. To
increase the pressure in the gasholder, the controller shuts the pressure relief valve of compartment A.
This means that the number of mols entering the system is greater than the number of mols leaving the
system, increasing the enthalpy and, thus, the compartment’s temperature. This explains the peak in
the temperature profile of gas compartment A. The heat transfer to other elements, and the continuous
airflow through the compartment quickly smoothens the peak. The inverse of this temperature peak is
visible once the H, production stops. The gasholder enters the stand-by regime, reducing the system’s
pressure to 50 mbarg. To attain the new pressure, the controller of valve A opens the valve, letting more
airflow out of compartment A than in. This reduces the enthalpy and, thus, the temperature of compart-
ment A. Due to heat transfer, the first temperature peak of gas compartment A entrains small peaks
in the temperature profiles of the other elements of the model. During the inflation phase, the temper-
ature in compartment B remains rather constant. Although mols are entering the system, increasing
its enthalpy, they enter at 276.15 K. The gas also has to perform thermodynamic work by increasing
the volume of the compartment, decreasing the energy in the compartment. These terms balance out,
and the compartment’s temperature remains stable during inflation. Once the hydrogen production is
halted, a big decrease in temperature in gas compartment b is also visible. The compartment is at a
standstill; thus, heat transfer and thermodynamic work are the only energy exchange. By decreasing
the pressure in compartment A, compartment B will expand to balance out the pressure. This is visible
in Figure 8.4a. The increase in volume means the gas performs work, decreasing its temperature.

Both the negative peaks in temperature gas compartments A and B cause the temperature of the
inner membrane to drop as well due to heat transfer. The outer membrane is less affected as it changes
energy with the environment and prevents it from cooling significantly.

At night, the compartments’ temperatures pull towards each other and seem to find equilibrium. The
outer membrane loses a lot of energy during the night due to radiation from the sky. The temperature
of the inner membrane and, thus, also of gas compartment B is dominated by the temperature of the
outer membrane during the stand-by regime. The temperature of compartment A is a bit higher than
that of the rest of the elements of the gasholder due to the continuous airflow through the compartment.

At the start of the second inflation regime, the temperature profile of compartment A again peaks
as the pressure increases. The peak in the temperature profile of gas compartment B is larger than
during the start of the first inflation regime. This is because the volume of the compartment decreases
more, performing a larger amount of negative work; see Figure 8.4a. Once compartment B is fully filled,
the system enters the deflation regime. This induces a decrease in pressure in the system due to the
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regulation of valve A. Due to the small volume of compartment A is at its minimum volume, and the
system’s temperature changes rapidly. Itis also rapidly brought up to temperature again. The decrease
in temperature of the gas in compartment B is less steep. It continues until the system is fully drained
as more mols leave the system than enter the system, reducing the enthalpy of the system. After the
system is fully drained, the temperature of compartment B rises again due to the exchange of heat
with the inner membrane. A small dip in the temperature of compartment A is visible once the deflation
regime ends and the standby regime starts. Control valve A adjusts the system pressure from 100
mbarg to 50 mbarg. Mols leave compartment A, reducing its enthalpy.

Overall, the temperature evolutions in the system make sense. The effects of the different regimes
changing the pressures in the system are visible and as expected. The last thing to notice is that the
peaks decrease the temperature in the system, causing it to reach temperatures below 273.15 K. At
these temperatures, water starts to form ice. This has not been accounted for in the model.

8.5. Purity
8.5.1. Safety limits

Hydrogen is a dangerous gas to store. Its flammability range is vast, as described in subsection 2.1.2.
Only 4% or 40000 PPM of oxygen is needed for a combustible hydrogen-oxygen mixture. To verify
the safety margins of the storage, different experiments were run to determine the maximum storage
time before combustion risks arose. The interesting case is the long-term storage of hydrogen. This
happens, for example, when the compressor station is broken. There is no demand for hydrogen out
of the system. In this case, the electrolyser will be switched off, leaving the gas in compartment B
at a standstill. Diffusion through the membrane will cause the composition of the gas to change. An
increase in temperature means an increase in the permeation flux. Therefore, these experiments were
conducted during the warmer periods of the year. They were started on the first of July. The original
amount of hydrogen in the storage also influences the results, as a low storage volume would mean
that less permeation is needed to change the composition of the mixture. The initial conditions of all the
experiments were exactly the same. The outside weather conditions determined the compartment’s
composition, temperatures and pressures. The only variable that changed between the experiments
was the initial volume of the compartments

8.5.1.1. Compartment B initially 10% filled

The initial conditions of the first experiment considered compartment B to be filled to 10% of its maximum
volume. We are only interested in the composition of gas compartment B as the air in compartment A
is constantly blown through by the air inlet. The simulation was run for 62 days.
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Figure 8.10: Amount of mols of H,, right axis, and O,, left, in gas compartment B initially 10% filled axis vs time

Figure 8.10 shows the amount of mols of H, and O, in gas compartment B. As expected, the amount
of H, declines due to the permeation through the inner membrane. The inverse happens for O,. The
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number of mols increases due to the permeation of O, through the inner membrane from compartment
Ato B.
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Figure 8.11: Mol fraction of H,, right axis, and O,, left axis, in gas compartment B initially 10% filled vs time

Figure 8.11 shows the effect on the mol fractions in the compartment. After 62 days, the concen-
tration of O, is around 5500 PPM. This is nowhere near the 40000 PPM needed to form a combustible
mixture with H,. Although the profile for the mol fraction of O, in compartment B is not fully linear, a
linear fit could approach the number of days after which O, represents 40000 PPM of the mixture. In
62 days, the concentration of O, has increased by nearly 4000 PPM.

4000
62
Here, xo, [PPM] is the mol fraction of O, in the mixture and Nyays is the number of days the compart-

ment is at a standstill. If this equation is solved, it would take 589 days before the oxygen concentration
reaches 40000 PPM.

zo, = 2000 + X Ndays (81)

8.5.1.2. Compartment B initially 25% filled

Figure 8.12 shows the amount of mols of H, and O, in gas compartment B. The same amount of mols
have permeated as for the case where compartment B is initially filled at 10% instead of 25%; see
subsubsection 8.5.1.1.

Due to the larger volume of compartment B, the permeation of O, has less influence on the com-
position of the gas mixture; see Figure 8.13. After 62 days, the concentration of O, has reached 3750
PPM, an increase of 1750 PPM from its initial value. Using the same method as Equation 8.1, the gas
mixture would take approximately 1346 days to reach a combustible composition. Of course, the mol
fraction profile’s linear approximation is incorrect. With time, more and more H, will permeate, meaning
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Figure 8.12: Amount of mols of H,, right axis, and O,, left, in gas compartment B initially 25% filled axis vs time
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Figure 8.13: Mol fraction of H,, right axis, and O,, left axis, in gas compartment B initially 25% filled vs time

the number of mol in gas compartment B shrinks. The concentration difference over the membrane is
larger for H, than for N, and O, as the air in compartment A is continuously flushed, meaning there is
nearly no hydrogen present in compartment A. This, combined with the fact that H, has a higher per-
meability through the membrane than N, and O,, means its absolute flux is also higher. The shrinking
of the number of mols means that the permeation of O, has a greater effect. The combustible mixture
will thus be reached faster than the suggested timescale here. The linear approach indicates that it will
still take a long time.

8.5.2. Product purity requirements

The flow leaving gas compartment B to the electrolyser undergoes a cleaning step before being com-
pressed and delivered to the client. This cleaning step is necessary to remove excess oxygen and
water from the product. Thus, nitrogen is the main impurity problem, as it is not removed post-storage.
The maximum allowed contamination of N, in the final product is 300 PPM; see subsection 2.1.6. If it
is assumed that all the excess H, and O, can be removed and the only impurity is N,.
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Figure 8.14: Molfraction of N, is gas compartment B initially 10% filled vs time

Figure 8.14 and Figure 8.15 represent the molfractions of N, in gas compartment B versus time with
the compartment being 10% and 25% percent filled. If the threshold of 300 PPM of N, is enforced and
the other impurities, O, and H,O, are left in the product, it can be observed that after about three days,
the gas in compartment B does fulfil the requirements anymore when initially filled at 10% of its volume.
It happens exactly on 07-03 at 15:31. When the storage is originally filled at 25%; this takes until 07-06
10:46. This time period is very short compared to the time required for the mixture to be combustible,
determined in subsection 8.5.1. This is logical as 300 PPM is substantially less than 40000 PPM.
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Figure 8.15: Molfraction of N, is gas compartment B initially 25% filled vs time

From this, one can conclude that if no downstream N, cleaning is available, one should not worry
about reaching explosion limits as the product will long before be contaminated with N, and, therefore,

should be discarded.
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Figure 8.16 shows the profile of the concentration of N, in gas compartment B for normal opera-
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Figure 8.16: Concentration of N, in gas compartment B vs time. The simulations represent the normal operation during the
four different seasons. Every aspect of the simulation was considered. (a) Winter: 01-01 to 03-31; (b) Spring: 04-01 to 06-30;
(c) Summer: 07-01 to 09-30; (d) Autumn: 10-01 to 12-31

tion during the four seasons. A trend can be observed. The concentration of N, seems to hit higher
values in the year’s colder months. This is logical as there are fewer sun hours per day during these
colder months, meaning that, generally, less H, production. The storage inflation thus takes more time,
meaning the N, has more time to permeate.

It can be observed that during the normal operation of the gasholder, the concentration of N, hits
maximally around 200 PPM. This is less than the maximum allowed concentration of 300 PPM. Only in
April, Figure 8.16b, the concentration of N, surpasses the threshold of 300 PPM. This is because the
weather data determined in section 6.1 returns a value of 0 W/m? for the global horizontal, direct normal
and direct horizontal irradiance from 04-18 to 04-20. Therefore, no H, is produced during this time, and
the storage is left at a standstill for a long time. This is also visible in Figure A.9 and Figure A.10. The
storage should be fully emptied as the product is unusable without downstream cleaning.

8.6. Storage efficiency

Due to the diffusion through the membrane and pressure relief valve B, hydrogen can leave the system.
This hydrogen is lost and can not be recuperated. Analysing these losses is interesting. Ultimately, the
efficiency of hydrogen storage can be determined.



8.6. Storage efficiency 66

(a)

3500

3000

N
ul
o
o

2000

1500

Number of mols of H, lost
=
o
o
o

v
o
o

o

2023-01-01 2023-01-15 2023-02-01 2023-02-15 2023-03-01 2023-03-15 2023-04-01
Date / [YYYY-MM-DD]

(b)

17500

15000

12500

10000

7500

Number of mols of H, lost

5000

2500

2023-04-01 2023-04-15 2023-05-01 2023-05-15 2023-06-01 2023-06-15 2023-07-01
Date / [YYYY-MM-DD]

In Figure 8.17, the total number of mols lost per season can be observed. It can be seen that the
absolute number of mols of H, lost during the colder seasons is less than during the warmer seasons.
For example, in the winter, 2500 mols of H, will be lost, while in the summer, the number of mols of H,
lost is 8000. This difference is logical. First of all, the diffusion through the membranes increases with
temperature. More mols will thus be lost through permeation during the warmer periods. But this is
not the main reason for this difference. During summer, more hydrogen is produced. This means the
storage is filled more often, activating the full storage regime, which activates the pressure relief valve
in compartment B. This was already visible in Figure 8.4, there was only one drainage cycle during the
winter and autumn, while two drainage cycles are observable in the spring and summer. This figure can
also explain the large loss of H, at the start of the summer. It is observable that the gasholder entered
the full storage regime after the deflation started. This means the pressure relief valve for compartment
B is active to prevent overpressures in the system. In 20 minutes, the system loses 1000 mol of H,,
a flow of 0.83 mol/s. The steep rises in the H, losses are moments when the pressure relief valve of
compartment B is opened, venting excess H,.

The losses don’t necessarily mean the storage is less efficient in the summer than in winter. Fig-
ure A.12 shows the total amount of mols produced per season during normal operation in Eerbeek. It
can be observed that during the summer, twice as much hydrogen is produced compared to in the win-
ter. A logical finding is that solar irradiance is stronger in the summer, producing more power from solar
panels. The storage efficiency is defined as the total amount of H, produced minus the total amount of
hydrogen lost during operation; the result is divided by the total amount of H, produced.

All hydrogen lost is emitted into the atmosphere. In subsection 2.1.4, it was determined that the
global warming potential of hydrogen is equal to 11.6. This means that emitting one kilo of hydrogen
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Figure 8.17: Total losses of H, in the system during normal operation in Eerbeek during the 4 seasons. (a) winter; (b) spring;
(c) summer; (d) autumn

equals emitting 11 kilo of CO,. Using the molar mass of H, and the amount emitted per season, the
environmental impact of the storage can be determined. It will be very small, but interestingly, even
a process storing green hydrogen has a carbon footprint. This highlights that a fully climate-neutral
economy is extremely difficult to create.

Table 8.2: Table containing the absolute values of H, lost and produced, the storage efficiency, and the carbon footprint of the
storage per season in Eerbeek

Season | Amount of H, lost | Amount of H, pro- | Storage efficiency | Equivalent
! [mol] duced / [molx10°] | /[%] amount of CO,
emitted / [kg]
Winter | 3400 1.92 99.82 79.5
Spring | 16900 4.77 99.65 395
Summer | 8075 4.09 99.80 189
Autumn | 3553 1.81 99.79 83.1

8.7. Location comparison
As the tool is built to simulate the behaviour of storage at different locations worldwide, it is interesting
to compare the results of the simulations for two different locations. Additional simulations have been
run. The chosen location is the centre of Spain, with a latitude of 41.22414580285254 and a longitude
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of -3.948451093547769. All elements of the simulation have been considered. The default values
generated by the weather conditions have been used as initial conditions. The only difference in input
between the two simulations is the location data. The results of these simulations will be compared
with those run in the previous chapters.
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Figure 8.18 shows the total amount of mols produced by the electrolyser during operation in Spain.
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Figure 8.18: Total H, produced during normal operation in Spain during the 4 seasons. (a) winter; (b) spring; (c) summer; (d)
autumn

In Spain, the amount of produced H, is greater than that produced in Eerbeek during every season.
This is an expected finding as Spain is known to be a more sunny country than the Netherlands. The
hydrogen is produced through a solar-powered electrolyser. The major differences are found during
the winter and autumn. The production of H, nearly doubles. The exact values have been reported in
Table 8.3.
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Figure 8.19: Total losses of H, in the system during normal operation in Spain during the 4 seasons. (a) winter; (b) spring; (c)
summer; (d) autumn

As observed in section 8.6, more production is expected to bring more losses. This is visible in
Figure 8.19. The loss is greater per season in Spain as the solar irradiance on the solar panels is
greater. This means more hydrogen is produced in the same period of time, leading to greater inlet
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flows. Hence, hydrogen production is often greater than the electrolyser demand when the storage
drains after being completely filled. Consequently, the storage is sometimes completely filled while the
production exceeds the demand. In this case, the pressure relief valve B controller is activated, venting
excess H,. This is visible in Figure 8.4c and discussed in section 8.2. If the system’s performance was
based on the storage of H,, only the gasholder is considered, while the rest of the balance of the plant
(BoP) is neglected. It could be said that the storage performs better in Eerbeek than in Spain. The
storage has higher storage efficiencies in Eerbeek than in Spain during all seasons. This is not a fair
conclusion to draw. The main goal of the storage is to serve as a buffer. Long-term storage is not
envisioned. The storage is there to minimise the power cycling of the compressor further downstream.
Furthermore, the whole idea of the company is to produce H, and deliver it to customers. As mentioned
above, the production of H, is greater in Spain than in Eerbeek. This is also visible in the number of
compressor cycles per season at each location; see Figure A.13 and Figure A.14. The results have
been summarised in Table 8.3 and Table 8.4. In Spain, the storage is drained more often. This is
logical as more hydrogen is produced. This results in a higher number of compressor cycles during the
operation. It becomes interesting to compare the number of cycles and the total compressor runtime
per location. The combination of these two results leads to an average compressor runtime. The
average drainage cycle takes longer in Spain, meaning that more H, is ultimately produced for every
cycle. If the compressor only degrades per power cycle, this operation is desirable.
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Figure 8.20: Total water forming in the system during normal operation in Spain during the 4 seasons. (a) winter; (b) spring; (c)
summer; (d) autumn

At last, the amount of water forming in the system is compared; see Figure A.1 and Figure 8.20.
Similar trends can be seen as the ones mentioned in section 8.1. Again, a large volume of liquid
H,O is growing in compartment A. It may seem contradictional to expectations, but a larger volume of
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Table 8.3: Table containing the absolute values of H, lost and produced, the storage efficiency, the carbon footprint of the
storage, the number of drainage cycles of the storage, the total compressor runtime and the average compressor runtime per
season in Spain

Winter Spring Summer Autumn

Amount of H, lost [mol] 21900 27100 22000 11600
Amount of H, produced [mol x10°] 3.17 5.47 5.85 3.55

Storage efficiency [%] 99.31 99.50 99.62 99.67

Equivalent amount of CO, emitted [kg] | 512 663 514 271
Number of cycles 76 9 92 82

Total compressor run time / [h] 344 593 635 362
Average compressor run time / [h] 4.53 6.52 6.90 4.66

Table 8.4: Table containing the number of drainage cycles of the storage, the total compressor runtime and the average
compressor runtime per season in Eerbeek

Winter Spring Summer Autumn
Number of cycles 59 88 90 56
Total compressor run time / [h] 209 517 516 197
Average compressor run time / [h] | 3.54 5.88 5.73 3.51

H,O condenses in Spain than in the Netherlands. This happens because the fraction of H,O vapour
is greater in Sprain than in Eerbeek. Without the author knowing beforehand, the location chosen is
elevated, with an altitude of 957 m. This means the air pressure is lower in Spain than in the Netherlands.
At the same temperature, the air in Spain has a larger concentration of H,O than in Eerbeek. This can
be seen in Figure A.18, the average mol fraction of H,O in the winter in Eerbeek and Spain is 0.0064
and 0.0074, respectively. In the autumn, these are 0.0090 and 0.0096, respectively. This means that
H,O enters the system in Spain, leading to higher partial water pressure and, thus, more condensation.

Overall, running the operation in Spain is more beneficial than in Eerbeek. The main advantage is
the increase in production. Although the storage is less efficient in Spain, the compressor runs for a
longer period of time per season, meaning more final product is available. Being able to produce more
products with the exact same equipment is a considerable advantage. The higher amount of H, vented
means that the storage also becomes more polluting in Spain than in Eerbeek. This is something to
remember as the company supplies clean energy through green hydrogen. XINTC produces a modular
electrolyser whose capacity can easily be scaled. To prevent large amounts of vented H,, an additional
boundary condition can be added to the full storage regime. This regime could also activate a controller
regulating the electrolyser capacity. Limiting the electrolyser capacity could prevent the inlet flow from
being superior to the outlet flow. The pressure in the system could solely rise due to a temperature
increase. This minimises the losses of H,.



Conclusion

This work focused on modelling a double membrane gasholder as a hydrogen storage device at atmo-
spheric pressure. The storage serves as a buffer for the intermittent hydrogen production from solar
energy. The downstream compressor’s power cycling should be limited as much as possible. A con-
trol system was designed to accommodate this kind of operation. The system regulates the pressure
in the storage: multiple regimes have been defined to ensure efficient operation. The control system
ensures that it starts draining the storage once it has reached maximum capacity and stops when it is
emptied. Furthermore, the thermodynamic model of Yuki Junior et al. [4] has been elaborated. The
condensation of water has been considered. It was shown that the water in the system is prone to
condense, which influences the system’s energy. The water in the liquid phase will also evaporate in
later instances as the temperature in the compartments rises. The permeation of molecules through the
membranes in the system has also been regarded. The flux through the membranes was approached
using Maxwell-Stefan diffusion. The diffusion of molecules is essential to account for while storing
hydrogen. Hydrogen has a wide combustible range.

Furthermore, the purity requirements for hydrogen are stringent. The model showed that one should
not have to worry about safety issues. The hydrogen will long before being contaminated with nitrogen.
As no downstream cleaning for nitrogen is available, the hydrogen must be discarded before reaching
combustion limits. The results for regular operation show that this contamination limit is nearly never
reached. Only when there are multiple days of no sun hours does the nitrogen form a purity problem.
Incorporating heat transfer in the system meant an accurate estimation of the system conditions was
made at every instance. The model showed the influence of weather conditions on the storage. During
colder periods, more condensation is expected in the system, and less hydrogen is produced. This
means the storage makes fewer cycles, and the molecules have more time to diffuse through the
membrane. During the warmer periods of the year, more hydrogen is produced in the same amount of
time. This leads to more hydrogen losses due to venting through the pressure relief of compartment B.
Storage is less efficient in warmer locations with high solar irradiance. Although storage is less efficient,
choosing a location with long hours and high solar irradiance benefits the whole process. This results
in a larger amount of final product and is beneficial for the power-cycle efficiency of the compressor.

Overall, the model is capable of predicting the storage behaviour. It can be used to determine the
production of hydrogen and the number of cycles. The model also determines the composition of the
gas exiting the storage towards the compressor. These will depend on outside weather conditions.
Furthermore, the model is fully modular. It can be used at all locations around the world. The user only
has to provide the latitude and longitude of the desired location. Also, the model can run for multiple
gasholders at the same time. The gasholders can be interconnected or stand-alone.

The results indicate that a gasholder is a suitable storage system to accommodate the dynamic
storage of hydrogen. Its storage efficiency is high, at least 98% in the worst case, and the storage
responds well to the many drainage cycles. the permeation of molecules through the membranes only
forms a problem if the storage is at a standstill for more than two days while completely empty. This
happens long before safety becomes an issue.

The model has a flaw: the condensation builds up in compartment A, leading to a large volume of
water. This volume is too large for the assumptions to make sense. Therefore, a drain should be added.
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The drain would remove the liquid water from the storage. Furthermore, it was also suggested to com-
bine the control system regulating the pressure with the electrolyser controller. This could prevent
overpressures in compartment B and, thus, the venting of hydrogen, leading to fewer losses. Although
the model presents realistic results, increasing accuracy is still possible. The easiest way to increase
the model’s accuracy is by measuring the correct permeability constants associated with each mem-
brane. At the moment, they have been approximated by an engineering guess. The company provided
the permeability of H,. Based on these values, the permeability of N, and O, have been approached
using the free volume theory applied to the Maxwell-Stefan diffusion. An experiment mimicking exact
process conditions could provide more insights into the permeability ratios of the permeability. At the
moment, the permeability of H, is a factor ten higher than the permeability of N, or O,. The exact ratio
will vary with process conditions (temperature pressure, concentration, etc.), but the experimentally
determined ratio could indicate the right order of magnitude. An experiment determining the constants
used in the heat transfer part is also a simple way to improve the model. The correct emissivity and
solar absorption coefficient could greatly influence the temperature profile in the gasholder. The heat
transfer part of the model could also be elaborated, as mentioned in section 5.7.

Ideal mixing has been assumed throughout the model, meaning no concentration gradients exist.
The permeation of the gasses through the membranes will also lead to potential concentration gradi-
ents in the compartments. The diffusion occurs at the membrane’s surface, creating regions of lower
concentration at the feed side of the membrane and areas of higher concentration at the permeate side
of the membrane. This leads to a lower regional concentration gradient over the membrane, affecting
the permeation fluxes of the molecules. A one-phase turbulent CFD simulation could provide an under-
standing of the mixing in the compartments. If these simulations show that low mixing zones near the
membranes exist, a molecular simulation over the membranes of the compartments could give more
insights into the extent of this effect.

The model also assumes that no liquid leaves the system through the valves. This assumption is
not true. In reality, small droplets of water can be suspended in the air. They may be so small that other
forces balance out the gravitational pull. This is the case for mist. If the amount of water suspended in
the air is known, a Lagrangian particle tracking could indicate the amount dragged out of liquid water
dragged out of the system through the valves.
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A

Appendix: Additional graphs

This chapter contains the additional graphs not shown in chapter 8.
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Figure A.1: Volume of the liquid phase in the compartment during normal operation in Eerbeek. It can be observed that a large
volume of water forms in compartment A in the autumn and winter. (a) winter; (b) spring; (c) summer; (d) autumn
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Figure A.2: Number of mols of N, in compartment B for the simulation with full Maxwell-Stefan diffusion and partial
Maxwell-Stefan diffusion. No difference can be observed with the naked eye. (a) Full Maxwell-Stefan equation; (b) Only the
friction between N, and the membrane
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Figure A.3: Number of mols of O, in compartment B for the simulation with full Maxwell-Stefan diffusion and partial
Maxwell-Stefan diffusion. No difference can be observed with the naked eye. (a) Full Maxwell-Stefan equation; (b) Only the
friction between O, and the membrane
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Figure A.4: Difference between the model determined amount of N, in compartment B for full and partial MS diffusion
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Figure A.5: Difference between the model determined amount of O, in compartment B for full and partial MS diffusion
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Figure A.6: Temperature of the inner membrane for a period of 5 days started at 07-01. The gas in compartment B is at a
standstill; there’s no demand or production of H,. Compartment B was initially filled at 50% of its maximum volume.
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Figure A.7: Permeability of N, through the inner membrane for a period of 5 days started at 07-01. The gas in compartment B
is at a standstill; there’s no demand or production of H,. Compartment B was initially filled at 50% of its maximum volume.
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Figure A.8: Permeability of O, through the inner membrane for a period of 5 days started at 07-01. The gas in compartment B
is at a standstill; there’s no demand or production of H,. Compartment B was initially filled at 50% of its maximum volume.
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Figure A.9: Characteristic curve of the gasholder during normal operation in spring. It can be observed that the gasholder is

empty and remains in standby mode on the 18th and 19th of October as no H, is produced.



89

H, production / [mol/s]

2.5

N
o

=
u

=
o

o
n

0.0+

2023-04-17 2023-04-18 2023-04-19 2023-04-20 2023-04-21
Date / [MM-DD hh]

Figure A.10: H, production by the electrolyser. It can be observed that no H, is produced on the 18th and 19th of October
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Figure A.13: Total number of storage drainage cycles in Spain during the 4 seasons. The profiles seem linear in the spring and
summer as the storage is drained daily. (a) winter; (b) spring; (c) summer; (d) autumn
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Figure A.14: Total number of storage drainage cycles in Eerbeek during the 4 seasons. The horizontal part of the profiles
indicates that the storage was not drained on that particular day. In other words, it has not been filled out completely. (a) winter;
(b) spring; (c) summer; (d) autumn
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Introduction

Hydrogen is usually stored at high pressure or in
the liquefied form due to its low energy density
[5, 9]. The main goal for these types of storage
is the long-term storage of as much hydrogen as
possible. The main disadvantage of this storage
type is that hydrogen compression or liquefaction
requires a lot of energy [3, 9]. They may not be
suited for every end. If it is desired to store small
amounts of hydrogen for short periods of time, an-
other form of storage is needed. Storing the hy-
drogen in a double membrane gasholder may be
more suited. A double membrane gasholder is a
storage form often found in biogas plants. It is
used above the digester headspace to store the
produced biogas by anaerobic digestion. The gas
is stored just above atmospheric pressure; thus,
no heavy compression is needed.

A double-membrane gasholder consists of two
polymeric membranes that delimit two gas com-
partments. The upper compartment is filled with
air, and the gas is stored in the lower compart-
ment. The air compartment is continuously pres-
surised using a blower. It is used to pressurise the
whole storage. The blower injects air at a constant
mol flow into the system. Therefore, pressure re-
lief valves are needed to avoid over and under-
pressures. The valves open or close to control the
mol flow leaving the system.

While the transient operation of a double mem-
brane gasholder has been approached by Yuki Ju-
nior et al. [4], it has not been applied to hydrogen
storage but to biogas storage. This work will focus
on modelling the dynamic behaviour of a double
membrane gasholder serving as short-term hydro-
gen storage. The storage serves as a buffer for
the intermittent hydrogen production through solar
panels. In the here considered use case, it is con-
nected to a compressor requiring a constant debit
for operation. The storage’s main goal is to avoid
this compressor’s power cycling. The storage is,
therefore, fully blown up before the drainage starts.
this leads to the longest compressor run time per
cycle.

The model will include aspects not yet consid-
ered in prior research, such as condensation, per-
meation through the membranes and the thermo-
dynamic expansion work of the compartments. The
exchange of energy through heat transfer between
the elements of the gasholder will be based on the
works of Avila-Lopez et al. [36] and Ahmadi et al.
[35]. The model developed will predict operation
depending on external weather locations, enabling
comparison determining ideal storage location.

Model description

The gasholder was separated into different elements.
For each element, mass and heat balances were
set up. The storage was divided into two gas com-
partments and membranes; see Figure B.1. The
compartments were considered to be spherical to
facilitate volume and area calculations. In reality,
they are ellipsoidal. The gases in the compart-
ments were assumed to be mixed ideally, leading
to a 0-D approach. The compartments have been
defined as compartment A, the air-pressurised com-
partment, and compartment B, the compartment
storing the hydrogen. The molecules considered
are the basic constituents of air, N, and O, together
with H,) and H,. Condensation is prone to happen
in the gas compartments, leading to a liquid phase.
It has been assumed that only small amounts of lig-
uid form in the gasholder, it is present as droplets,
and, thus, that the contact area between the liquid
and the gas phase is far greater than the volume of
the liquid phase. This leads to a large exchange of
energy between the two phases. Due to the large
exchange of energy and the small volume of lig-
uid, one could assume the liquid phase to have
the same temperature as the gas phase. Further-
more, due to the assumption that the liquid phase
is small, it has not been considered part of the sys-
tem when deriving the heat transfer equations; the
gas phase exchanges heat with the membranes.

Operating around atmospheric pressure, the stor-
age will be placed outside without any external heat-
ing or cooling source. Therefore, no extreme tem-
peratures or pressures are expected. Atthese con-
ditions, only H,O will condense. The solubility of
other elements in h,O has been neglected, and
thus, the liquid phase consists of pure H50. It is
difficult to assess the condensation rate of H,O;
therefore, it has been approached using the follow-
ing equation.

PH20 — Pt No
Tcond Py

Here Ni,0.cond is the mol flow rate [mol/s] of
condensing water, pyoo is the partial pressure [Pa]
of water in the gas phase, psst is the saturation
vapour pressure [Pa], 7 is a time constant [s], Ny
is an initial mol constant equal to one mol and P,
is an initial pressure constant equal to 101325 Pa.
The value of the time constant 7¢,q determines the
condensation rate. It is important to note that this
relation assumes that the nucleation of water hap-
pens instantly. The saturation pressure of water
vapour has been determined using the empirical
Arden Buck equation [54].

Multiple molecules have been considered in this
work: N, O,, H,O and H,. All molecules but H,O

NHZO,cond = (81)
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Figure B.1: Simplification of the double membrane gasholder. 1- Air relief valve 2- Hydrogen relief valve 3- Hydrogen outlet
valve 4- Hydrogen compressor 5- Air compressor A- Air compartment B- Hydrogen compartment

have been considered for permeation. Fick’s law
of diffusion is lacking when describing the diffusion
of a multicomponent mixture. Therefore, Maxwell-
Stefan diffusion was applied to the model [52].

Maxwell-Stefan diffusion considers the intermolec-

ular friction between the permeating species through

the membrane.

Fi =Y Gjxi(u

J#i

(B.2)

Here, ¢; ; [N s/(mol m)] is the friction coefficient
between species i and j, «; is the mol fraction of
species j and u [m/s] is the diffusive species veloc-
ity. The driving force is, just as in Fick’s law, the
negative gradient of the total potential, which can
consist of multiple contributions. In the case con-
sidered here, the driving force is due to a concen-
tration and pressure gradient. The Maxwell-Stefan
coefficients have been approached using the free
volume theory [53]. First, only the peremeation
of pure H, was considered. The Fickian perme-
ability of H, through the polymer membrane was
taken as 2.3x10~' [(mol m)/(Pa s m?]. Based on
these results, the free volume fraction of the poly-
mer and the concentration of H, have been esti-
mated. These results were then extended to a
multicomponent system by including the concen-
tration of N, and O, in the membrane. When con-
sidering multicomponent diffusion through a mem-
brane, the intermolecular friction between the per-
meating species is often neglected, as its influence

on the total flux through the membrane is negligi-
ble [52, 53].

As seen in Figure B.1, compartment A has one
inlet flow and one outlet flow and is in contact with
two membranes. Its mass balance becomes:

NP _ on

g7 A NA—)B

- NA

i,0ut

NAPE™Y(B.3)

Here,
the amount of mol of component i in the compart-
ment, NAn [mol/s] is the mol flow of component 4

entering the compartment after compression, NZ out
[mol/s] is the mol flow of component i leaving the
compartment through the relief valve, NA—>B [mol/s]
is the mol flow of component i leaving the compart-
ment due to permeation to compartment B through
the inner membrane and NA*E”V [mol/s] is the mol
flow of component : Ieavmg the compartment to
the environment through the outer membrane.

Compartment B has one inlet flow and two out-
let flows, one through the pressure relief valve and
one to the hydrogen compressor. Molecules dif-
fuse through the inner membrane.

dNP _ ie

dt 7,INn N

i,0ut NzBreIieve + NA%B (B-4)

the amount of mol of component i in the compart-
ment, NBm [mol/s] is the mol flow of component i

entering the compartment after compression, NZ out
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[mol/s] is the mol flow leaving the compartment to
the compressor, Nfre”eve [mol/s] is the mol flow of
component i leaving the compartment through the
relief valve, and NA5"B [mol/s] is the mol flow of
component i enteridg the compartment through dif-
fusion through the inner membrane.

It is important to note that a permeation direc-
tion through the membranes is defined; all flows
exit compartment A. This means that when the re-

sulting molflow of permeation is negative, the con-

and
are. 1 B
dt NBcam

. . dN
[QB — WB 4 pBB +

dt
N
Ahconle_Bizo’cond + (Tm _ TB) X Z NEin X Cgi‘i'
i=1

N
> NIRRT~ hf)
i=1

sidered molecule enters compartment A instead of (B.10)
exiting it. Where

The resulting net change in the amount of mol pinner — for NASB <
per molecule per compartment can be added to h?ﬁB = { :3 ’ .AZ’PB (B.11)
give the resulting net rate of change of the total hi,  for Nip™= <0

mol amount.

The superscripts A and B designate the consid-
ered compartment, and the subscript 7 stands for

dNA dNA the considered molecule. % [K/s] is the net rate
T dtl (B.5) of change in temperature in the compartment, N
i=1 [mol] is the total amount of mol in the compartment,

dNB N 4NB evm [J/(Kmol)] is the specific heat capacity at con-
at Z dt (B-6) stant volume of the gas, @ [W] is the amount of

It has been assumed that molecules’ perme-

energy exchanged through heat transfer, W [W] is
the amount of energy exchanged through thermo-

ation through the membrane is instantaneous. They dynamic work, p [Pa] is the pressure in the com-

don’t have to migrate through the membrane, and
the membranes’ mass balances are simply zero
as they don’t exchange any matter.

The energy balances of the gas in the compart-
ments become:

ar* 1
dt — NAQ,

) . dNA
-

i,in“p,i

N
AREMENE  cona + (T = T%) x S NA A —
i=1

partment, vy, [m3/mol] is the molar volume of the
gas in the compartment, Ah®" [J/mol] is the la-
tent heat of condensation, T [K] is the tempera-
ture, ¢, [J/(K mol)] is the specific heat capacity at
constant pressure and h [J/mol] is the enthalpy.
It can be observed that for the permeating flows
through the membranes, the enthalpy is depen-
dent on whether the flow is exiting or entering the
compartment.

The energy balances around the membranes
are more straightforward as they don’t exchange
mass or perform thermodynamic work.

N N
Z NLA:PHB(}%AHB _ hf\) _ ZNﬁ?EnV(hﬁﬂEnv _ hf\)

i=1 i=1 JTinner

Qinner

B.7 B

&0 dt ~ [Ninner . .nner (B.12)

Where =
inner - A—B Q

RA—B _ hi"e", for Nijp'® <0 (B.8) = e (B.13)

' B, for NASB > 0 . o

70 7P dTouter Qouter 5 14

AE h?u'(er, for NZAI?EnV <0 dt = Nouter . cs%er ( . )
M= A A Eny (B.9) o

h‘i y for Ni,P o (B15)

outer . ~outer
m cy

Heat Transfer

It has been assumed that the storage floor is well
insulated and the gas is invisible to thermal radi-
ation. Therefore, the gas in compartment B only
exchanges heat with the inner membrane. It has
been assumed that this happens through natural
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convection.
QBﬂinner = EB,inner x AIMNer x (TB - Tinner) (B.16)

Here, QBﬁinne, [W] is the energy exchanged
through heat from the gas in compartment B to
the inner membrane, EBJnner [W/(m K)] is the heat
transfer coefficient between the gas and the mem-
brane, A"’ [m?] is the surface area of the inner
membrane and T [K] is the temperature of the in-
ner membrane and the gas in compartment B. The
heat transfer coefficient can be determined from
the Nusselt number. The Nusselt number is deter-
mined using the empirical correlation determined
by Jaffer [59] for natural convection on an isother-
mal circular plate. The correlation depends on
whether the plate is hotter or colder than the gas.

The gas in compartment A is constantly blown
through. The convection between the gas and the
inner or outer membrane can thus be either natu-
ral, forced, or both, depending on the flow speed
of the gas. The gas flow speed in the compartment
has been determined by the analogy described by
Avila-Lopez et al. [36]. It assumes that the com-
partment can be approached by a cuboid with a
squared base of the same area as the considered
membrane. The height of the cuboid follows from
the volume of the compartment, which is set equal
to the volume of the cuboid. Then, the
cross-sectional area of the cuboid is determined.
An estimated flow speed is determined by dividing
the volumetric flow rate leaving the compartment
by the cross-sectional area of the cuboid. This
method determines a different flow speed for the
inner and outer membranes as their areas differ.
The Richardson (Ri) number can be determined
using the flow speeds, gas characteristics, and ge-
ometry parameters. Its value determines the con-
vection regime. When the value of the Richard-
son number is smaller than 0.1, the convection
is forced. The Nusselt number is dependent on
the Reynolds number. The correlation provided by
Mills [56] for forced convection over an isothermal
horizontal plate is used. If the Richardson num-
ber exceeds 10, the convection regime is natural.
Jaffer’s equations [59] are used. Both natural and
forced convection happen simultaneously if 0.1 <
Ri < 10. In this case, the equation for mixed trans-
verse flow over a horizontal plate by Incorpera et
al. [57] is used.

Finally, the outer membrane exchanges heat
through convection with the outer air. When the
wind speed is not equal to zero, the convection is
assumed to be forced. Otherwise, it is considered
to be natural. The same correlations as above
have been used.

The two membranes exchange heat through ra-
diation with each other. The membranes are con-
sidered to be grey surfaces. Furthermore, it has
been assumed that the inner membrane is always
convex at the side in contact with compartment A.
A convex object does not 'see’ itself. The view
factor from the inner membrane to the outer mem-
brane is one.

4 _m4
J(Tinner Tfloor)
1—E€inner 1
€inner Ainner

Qinneraﬂoor = 1 —éfioor

€floor Afloor
17)

Here, Qinner—s fioor [W]is the heat exchanged through
radiation from the inner to the outer membrane, o
[W/(m? 4)] is the Stefan-Boltzmann constant, 7" [K]
is the temperature, € is the emissivity and A [m?]
is the area.

The outer membrane also exchanges heat through
radiation with the environment, both long-wave ra-
diation from the surroundings and short-wave ra-
diation from the sun. The surroundings are as-
sumed to consist of the ground, environment, and
sky. The environment contains all objects near the
gasholder. Only the radiosities of the components
other than the gasholder have been considered for
simplicity. Also, the thermal radiation between the
components has been ignored. The view factors
have been determined using the same method as
Avila-Lopez [36] and are based on the Thermal
Analysis Research Program [60]. It states that the
view factors of an object towards the ground, sur-
roundings and sky can be approached based on
the tilt angle of the external surface. The short-
wave radiation from the sun received by the outer
membrane depends on its surface, its solar ab-
sorptivity, the total solar irradiation on the outer
membrane and its view factor to the sky. The heat
transfer model does not include any form of precip-
itation.

AinnerFinnerﬁfloor

Collection and pre-processing of

input data

Weather data is essential to the model as the sys-
tem’s behaviour depends on it. The Photovoltaic
Geographical Information System provides (PVGIS)
the weather used [64]. Some additional modifi-
cations have to be made to obtain the necessary
data. First, the effective sky temperature is de-
termined using an empirical model developed by
Aubinet [65]. In the model, the sky temperature
depends on the partial pressure of water in the air,
the clearness index and the air temperature. The
clearness index is defined as the global solar ra-
diation on the horizontal plane over the extrater-
restrial solar irradiation on a horizontal plane. The
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extraterrestrial radiation is a function of Earth-Sun
distance depending on the time of the year [66].

The weather data provided by PVGIS returns
a mean wind speed at an elevation of 10 m. This
has been corrected to the average height of the
gasholder using the log-wind profile with a surface
roughness of 0.1 m.

To determine the total irradiance on the gash-
older, the gasholder has been approached as a
pyramid consisting of four triangular surfaces of
equal area titled 45°and oriented towards the four
cardinal points. The PVLIB python library provides
a command,
pvlib.irradiance.get_total_irradiance, which
uses the irradiation data provided by PVGIS and
the solar position, and the plane orientation to re-
turn the total irradiation on the plane [67]. As the
area of the triangles is equal, the total in-plane ir-
radiance of the four planes can be added, and the
total divided by four to obtain the irradiance falling
on the gasholder.

The irradiation on the solar panels has been
determined using the same Python command as
above. In this study, 2100 panels oriented toward
the south and tilted 35°have been considered. The
reference power of the panels is 580 W, and their
gamma value equals -0.0003%. Using the
pvlib.pvsystem.pvwatts_dc and the above infor-
mation, the total power output of the panels can de-
termined. Combining this with an electrolyser con-
suming 60 kWh per kilo of hydrogen produced, the
mol flow of produced hydrogen can be determined.
The produced hydrogen is assumed to have some
impurities, all in the gas phase: 2000 PPM of O,
and 3000 PPM H,0.

The air inlet composition is assumed to contain
0.6 PPM of hydrogen [69]. The composition of the
other components depends on the air’s water con-
tent. Water in the air reduces the mol fractions of
N, and O, by an equal amount. Their base mol
fractions are 0.7849994 and 0.215, respectively.

Gasholder control

Two PID controllers control the pressure relief valves

used in the model. The controllers can change the
opening of the valves + 10% per timestep. The
flow through the valves is determined through the

tive gain values change per regime. The first regime
defined is empty storage. The storage is defined
as empty when the volume of gas compartment B
is at 5% or less of its maximum value. The PID
controller of the pressure relief valve of compart-
ment A is tasked to keep the pressure in the com-
partment at 106325 Pa. The pressure relief valve
in compartment B is unnecessary as it is not at its
maximum loading capacity. Its desired opening is
set at 0%. The same parameters are used when
the gasholder is in the stand-by regime.

The gasholder enters the stand-by regime when
the hydrogen production and demand are equal to
zero, and the gasholder is neither full nor empty.
This will happen during the nights when the hydro-
gen compressor is shut off. The pressure is kept
low, 106325 Pa, to minimise permeation through
the membranes and the duty of the air blower of
compartment A. The stand-by regime has two con-
trollers. The previous regime decides which con-
troller is used. The controller’s gains are differ-
ent to ensure adequate reaction to the pressure
change. The controller can enter the stand-by regime
after the inflation or deflation regime.

In the case where hydrogen is produced, mul-
tiple regimes are possible. The first is the infla-
tion regime. During this regime, the hydrogen pro-
duction entering the system is greater than the hy-
drogen demand exiting it, while the load in gas
compartment B is not at its maximum. The PID
controller for the pressure relief valve of compart-
ment A maintains the pressure at 141325 Pa, the
maximum allowable pressure of the compartment.
The relief valve of compartment B is desired to be
closed. The volume of compartment B will contin-
uously increase until it reaches its maximum vol-
ume. This means that the storage enters the full
storage regime: the hydrogen compressor at the
system’s exit will be activated, and the storage will
deliver hydrogen at a flow rate of 2.57 mol per sec-
ond. During the full storage regime, both relief
valves are controlled by a PID controller. The de-
sired pressure is 141325 Pa in compartments A
and B, respectively. Due to the activation of the
compressor leading to hydrogen demand, the gash-
older can enter the deflation regime. If the hydro-
gen demand exceeds the hydrogen production, the
total amount of mol in compartment B will decrease,

Bernoulli equation, assuming the fluid isincompress—deﬂating the storage. Only the controller for the

ible. The PID controllers react to an error, the dif-
ference between the actual pressure in the com-
partment and the desired setpoint value.

During the gasholder’s operation, several pos-
sible control regimes have been defined. Each
regime determines the PID controller’s set point

pressure. Also, the proportional, integral, and deriva-

pressure relief valve of gas compartment A is ac-
tive; its set pointis 111325 Pa. This slight overpres-
sure ensures that the hydrogen will flow smoothly
to the compressor. Once the storage enters the
deflation regime, it can not exit until it is completely
empty or full again. These conditions have been
added to prevent the controller from increasing the
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Figure B.2: Partial and saturation pressures of H,O in gas
compartment A if no condensation were considered. In the
regions where the partial pressure of H,O is higher than the
saturation pressure, condensation is expected. All aspects of
the model but condensation have been considered

pressure after the storage has been fully drained.
The storage is mostly drained when the sun is still
shining at the end of the day, thus producing H,.
There will still be a small amount of hydrogen pro-
duced. This is not enough to fully blow up the stor-
age; thus, it can be done at low pressure. This
avoids pressure drops and saves compressor en-
ergy. More hydrogen can also be produced during
deflation than flow, leaving the storage due to the
compressor demand. This will increase the pres-
sure in compartment B. Therefore, going from the
deflation regime to the full storage regime is pos-
sible. This happens when, during deflation, the
gas in compartment B reaches its maximum vol-
ume and a pressure greater than 141325 Pa. A
last boundary condition has to be added. The hy-
drogen production can stop just before the storage
is completely filled. The pressure in the system
is that of the inflation regime. The system will go
into the stand-by regime, lowering the pressure to
106325 Pa. Due to the decrease in pressure, the
volume of compartment B increases. This could
lead to the volume of compartment B reaching its
maximum value. In this case, the deflation regime
is also started.

Results

First, it was proven that condensation is a neces-
sary phenomenon to consider. To do so, simula-
tions were run without considering phase change.
The saturation pressure of water vapour in com-
partment A was plotted versus the calculated par-
tial pressure in compartment A.

Form Figure B.2, itis clear that condensation is
a necessary addition to the model. Water vapour
will condense once its partial pressure in the gas
exceeds its saturation pressure. This is the case
between 0.1-01-01 10 and 01-01 14. During this
period, a liquid phase will form in the compartment,
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Figure B.3: Partial and saturation pressures of H,O in gas
compartment A if condensation were considered with
Teond=0.1 s. In the regions where the partial pressure of H,O
is higher than the saturation pressure, condensation is
expected. All aspects of the model have been considered

which in later instances will evaporate again if the
partial pressure of water is lower than the satura-
tion pressure. The condensation of water vapour
will heat the system as it is an exotherm process;
the evaporation of water will cool down the system.

From Figure B.3, it is clear that adding the con-
densation term changed the system’s behaviour.
In the same period, between 0.1-01-01 10 and 01-
01 14, the partial pressure of water vapour lays
just above the saturation pressure of water vapour.
this is due to the vapour condensing. The evapora-
tion of the liquid phase is also visible just after that
period. The partial pressure of water vapour in the
air lies just below the saturation pressure due to
evaporation. The chosen value of 7¢,nq gives a re-
alistic model performance. Logically, the lines do
not exactly fall upon each other as the air in the
compartment is continuously blown through, and
condensation nor evaporation happens instantly.

To prove that intermolecular friction between
the permeating species was negligible when con-
sidering Maxwell-Stefan diffusion. Two simulations
were run where the gasholder was only partially
filled; the hydrogen compartment was filled at 50%
of its maximum capacity. One simulation contained
the full Maxwell-Stefan equation, and the other sim-
ulation only considered the friction between the mem-
brane and the permeating species. It has been
chosen to compare the mol amount of H, over time.
H, is the smallest permeating molecule considered;
therefore, it will have the highest permeation rate.
Furthermore, the concentration gradient of H, is
the highest as compartment B contains nearly pure
H, while compartment A contains nearly none. The
storage was held in the standby phase. No in or
outlet was considered for compartment B. The only
way H, molecules leave the system is through the
membrane.

Figure B.4 shows the difference in the mol amount
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Figure B.4: Difference in the amount of H, in compartment B
between a simulation considering all friction terms of
Maxwell-Stefan diffusion and a simulation only considering the
friction between the permeating species and the membrane.

5500 0.994

5000
0992 _

1T

s

& 4500

= 0.990
5

n of H

© 4000
s

i

2 S
& 3500 0.988 &

Mol Fi

S
= 3000 0.986

2500
0.984

2000

0230722 20030801 20230808 2023:0815
Date / [YYYY-MM-DD]

Figure B.5: Mol fraction of H,, right axis, and concentration of
O,, left axis, in gas compartment B initially 10% filled versus
time. The gas in the compartment is at a standstill, meaning
molecules only leave or enter the control volume through the

membrane.

between the two runs. After five days, the differ-
ence is around -1.75x 10~ mol. The total amount
of mol of H, permeated in that time is around 40.
The difference is thus negligible compared to the
total amount. From this, it can be concluded that
this assumption holds. Only the friction between
the membrane and the permeating species is con-
sidered in this model.

Now that the permeation through the membrane
is proven to work as expected, the purity of the gas
in storage can be assessed. O, will diffuse from
compartment a to compartment b through the inner
membrane. Mixing H, with O, is dangerous due to
the mixture’s large combustion range. Only 4% of
oxygen is needed to form an explosive mixture [16,
17]; this is equal to 40000 PPM. The standby case
has been simulated again, but his time gas com-
partment B was only filled at 10% of its maximum
value.

Figure B.5 shows the evolution of the mol frac-
tions of H, and O, in the system. The mol fraction
of H, decreases while the concentration of O, in-
creases. This is logical due to the direction of the
diffusion through the membrane. After 62 days,
the concentration of O, is around 5500 PPM. this
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Figure B.6: Concentration of N, in gas compartment B
initially 10% filled versus time. The gas in the compartment is
at a standstill, meaning molecules only leave or enter the
control volume through the membrane.

is nowhere near the 40000 PPM needed to form
a combustible mixture. Although the profile for the
mol fraction of O2 in compartment B is not fully
linear, a linear fit could approach the number of
days after which O, represents 40000 PPM of the
mixture. In 62 days, the concentration of O2 has
increased by nearly 4000 PPM. This linear fit indi-
cates that it would take 589 days before the oxy-
gen concentration reaches 40000 PPM. The linear
approach is not completely true to reality, but it in-
dicates that it will take a long time before safety or
purity issues arise.

If now, for the same run, the concentration of
N, is of interest, Figure B.6, a different story is
visible. The maximum allowed contamination of
N, in the final product is 300 PPM [25] if distribu-
tion to fuel cells is wished. This concentration is
reached after three days. From this, one can con-
clude that if no downstream N2 cleaning is avail-
able, one should not worry about reaching explo-
sion limits as the product will long before be con-
taminated with N2 and, therefore, should be dis-
carded. It has been assumed that both O, and
H,O downstream postprocessing are available and
that their concentration does not raise any purity
concerns. The 300 PPM limit is never exceeded
during normal operation if H, is produced every
other day.

The developed model can also compare stor-
age behaviour at different locations. It has been
chosen to run four simulations per period of three
months representing the different seasons of the
year at alocation in Spain, Cabezuela, and Eerbeek,
Netherlands. The results are visible in Table B.1.

The first thing to note is that the amount of H,
produced is greater during every season in Spain.
This is an expected result. Spain is known to be
a sunnier country than the Netherlands. As elec-
tricity generated by solar panels produces the hy-
drogen, the amount of sun is directly linked to the
amount of hydrogen produced. The losses also in-



Table B.1: Table containing the major results for all seasons during normal operation in Cabezuela, Spain and Eerbeek, the

Netherlands
| Winter | Spring | Summer Autumn
Cabezuela, Spain
Amount of H, lost [mol] 21900 27100 22000 11600
Amount of H, produced [mol x10°] 3.17 5.47 5.85 3.55
Storage efficiency [%] 99.31 99.50 99.62 99.67
Equivalent amount of CO, emitted [kg] | 512 663 514 271
Number of cycles 76 91 92 82
Total compressor run time / [h] 344 593 635 362
Average compressor run time / [h] 4.53 6.52 6.90 4.66
Eerbeek, the Netherlands
Amount of H, lost [mol] 3400 16900 8075 3553
Amount of H, produced [mol x10°] 1.92 4.77 4.09 1.81
Storage efficiency [%] 99.82 99.65 99.80 99.79
Equivalent amount of CO, emitted [kg] | 79.5 395 189 83.1
Number of cycles 59 88 90 56
Total compressor run time / [h] 209 517 516 197
Average compressor run time / [h] 3.54 5.88 5.73 3.51
crease in Spain. The loss is greater per seasonin  Conclusion

Spain as the solar irradiance on the solar panels
is greater. In the same amount of time, more hy-
drogen is produced. Thus, hydrogen production is
more likely to exceed the hydrogen demand at the
start of the drainage cycle. The major losses come
from overpressures in compartment B. These can
only happen when the storage is fully filled. During
an overpressure, the PID controller controls the
relief valve of compartment B. It will vent out ex-
cess hydrogen to reduce the pressure in the com-
partment. It is thus logical that more losses oc-
cur when more hydrogen is produced. The losses
don’t increase linearly. This is visible through the
lower storage efficiency in Spain. The storage ef-
ficiency is defined as the total amount of hydro-
gen produced minus the hydrogen lost and the to-
tal over the total amount of hydrogen produced.
Looking solely at storage performance, one could
say that storage works better in Spain than in the
Netherlands, but this is not a fair conclusion. The
main goal of the storage is to minimise the power
cycling of the downstream compressor. The re-
sults show that the average compressor run time
per cycle is substantially higher in Spain than in
the Netherlands. This would mean a more efficient
use of the compressor over its lifetime. The pro-
duction of hydrogen is also desired as it is the final
product. Producing more products with the same
equipment is a distinct advantage. Production in
Spain would, therefore, be favoured.

This work focused on modelling a double mem-
brane gasholder as a hydrogen storage device at
atmospheric pressure. The storage serves as a
buffer for the intermittent hydrogen production from
solar energy. The downstream compressor’s power
cycling should be limited as much as possible. A
control system was designed to accommodate this
kind of operation. The system regulates the pres-
sure in the storage: multiple regimes have been
defined to ensure efficient operation. The control
system ensures that it starts draining the storage
once it has reached maximum capacity and stops
when it is emptied. Furthermore, the thermody-
namic model of Yuki Junior et al. [4] has been
elaborated. The condensation of water has been
considered. It was shown that the water in the sys-
tem is prone to condense, which influences the
system’s energy. The water in the liquid phase
will also evaporate in later instances as the tem-
perature in the compartments rises. The perme-
ation of molecules through the membranes in the
system has also been regarded. The flux through
the membranes was approached using Maxwell-
Stefan diffusion. The diffusion of molecules is es-
sential to account for while storing hydrogen. Hy-
drogen has a wide combustible range.
Furthermore, the purity requirements for hydro-
gen are stringent. The model showed that one
should not have to worry about safety issues. The
hydrogen will long before being contaminated with
nitrogen. As no downstream cleaning for nitrogen
is available, the hydrogen must be discarded be-



112

fore reaching combustion limits. The results for
regular operation show that this contamination limit
is nearly never reached. Only when there are mul-
tiple days of no sun hours does the nitrogen form
a purity problem. Overall, the model is capable of
predicting the storage behaviour. It can be used
to determine the production of hydrogen and the
number of cycles. The model also determines the
composition of the gas exiting the storage towards

the compressor. These will depend on outside weather

conditions. Furthermore, the model is fully modu-
lar. It can be used at all locations around the world.
The user only has to provide the latitude and lon-
gitude of the desired location. Storage behaviour
and performance per location can be compared.

One of the major next steps for this work is to
validate the model by comparing it with experimen-
tal results. As itis, it remains unvalidated. Further-
more, extending the control system to regulate hy-
drogen production from the electrolyser could be
beneficial. By switching off part of the electrolyser,
hydrogen production can be decreased when over-
pressures are present in the system, thus reduc-
ing the total amount of hydrogen lost through vent-
ing by the pressure relief valve. At last, an exten-
sion of the model is needed as temperatures be-
low zero Celcius have been returned. This means
that the water in the system will form ice. This ei-
ther needs to be considered or avoided by heating
the compartment.
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