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Abstract

Effective hydrogen storage and hydrogen purification play an important role in
the energy market. Hydrogen can be stored using physical and chemical methods, such
as the adsorption-desorption process based on adsorbents and the hydriding-
dehydriding process based on metal hydrides. Hydrogen also can be purified from
mixture gases physically using adsorbents and chemically using metal hydrides. In this
thesis, we examine storage and purification system optimisation strategies through
numerical simulations using both adsorption on highly microporous materials and
absorption in hydrides.

In our work on hydrogen storage by physisorption, we examine the use of flow-
through cooling in an adsorption-based storage delivery tank in order to improve the
system efficiency. We also examine the performance of a chemical storage system
based on metal hydrides using a lumped parameter model to investigate system
performance. An analytic solution was obtained and used as a benchmark for
lumped/distributed parameter models. In addition, distributed parameter models have
been developed to examine the thermal effect during hydriding on the system
performance. In view of the large reaction heat released during hydriding, the coiled-
tube heat exchanger is applied into the metal hydride hydrogen storage tank. Complete
3D models have been used to investigate the performance of metal hydride reactor
equipped with complex heat exchanger. Reduced 2D models for coiled-tube heat
exchangers have been examined and validated.

Phase change materials such as paratfin RT35 can be used to store the heat energy
during phase transition process. We examine their use in conjunction with various metal
foams including aluminium foam and copper foam to improve thermal conductivity.
These composited phase change materials were integrated to the metal hydride storage
system for performance optimization.

Hydrogen can be separated and purified from the gaseous mixtures physically

using the adsorption phenomena or chemically through hydration of metallic materials.



Pressure swing adsorption (PSA) is widely used for hydrogen purification. In our work
on hydrogen purification by physisorption, we developed and validated a modeling
strategy for a system using zeolite SA based on the extended Langmuir isotherm model
and a 1D computational fluid dynamics (CFD) approach in order to simulate the PSA
system. The performance of a vacuum pressure swing adsorption (VPSA) system was
compared with that of the PSA system. The results show that VSPA can be used
effectively to purify hydrogen. The validated PSA model was used to generate a dataset
for training an artificial neural network (ANN) model. The trained ANN model and a
multi-objective optimization function were used to obtain optimal operation conditions
for the performance optimization of hydrogen purification system. Finally, we
examined a chemical process based on metal hydrides to purify hydrogen. A lumped
parameter model for the metal hydride hydrogen purification system has been
developed and validated, the performances of this system are researched through
parametric study.

Keywords: Hydrogen storage, hydrogen purification, metal hydride, adsorbent,

optimization

Vi
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Chapter 1 Introduction

1.1 Problem statement and motivation

In order to achieve sustainability, challenges such as our limited reserves of fossil fuels,
the environmental consequences of their use (specifically pollution and global warming
associated with greenhouse gas (GHG) emissions) should be dealt carefully.
Renewable energy sources, such as hydropower, solar energy, wind power and
geothermal energy, can be used effectively to mitigate the environmental issues

associated with energy utilization.

Hydrogen, which can be produced from renewable energy and fossil fuel''l, has been
proposed as an energy vector to displace fossil fuels in such systems as vehicles,
submarines, planes and rockets. Due to the low volumetric energy density of hydrogen
and the fact that hydrogen is almost always found chemically bound to other elements
on earth, effective storage and purification technologies are required to introduce the
use of hydrogen in energy systems. In general, hydrogen is stored using methods such
as compression!?, cryocompressionl®], liquefaction, physical adsorption, chemical
absorption and chemical hydrogen carriers. Large amounts of hydrogen from
production sites to their end-users are often brought by trucks. Compression and
liquefaction of hydrogen are typically used, depending on the distance between the

production plant and the end-users.

The sorption processes, including the physical adsorption process and the chemical
absorption process, are exothermic. A significant amount of heat is generated in the
sorption process while a lot of heat is absorbed in the desorption process. The thermal
effect caused by the adsorption heat or the reaction heat can impact the performance of

hydrogen storage and purification.

The objective of this work is to study hydrogen storage and purification systems, using
validated numerical predictive tools, in order to optimize engineering processes

relevant to renewable energy and environmental engineering applications that rely on



gas-solid interactions (sorption phenomena). Various materials are used to store
hydrogen and purify hydrogen from the gaseous mixtures through physical and
chemical methods. Various models, including the lumped parameter model and the
distributed parameter model, are developed on different software platforms. These
validated models are used to investigate and search effective methods to improve
system performance. The parametric studies have been performed in order to identify
the critical parameters that aftect the performance of specific sorption-based processes.
We examine the use of heat exchanger configurations and processes for hydrogen
storage systems based on metal hydrides, and the use of phase change materials to store
reaction heat in order to optimize hydrogen storage performance. Artificial intelligence
and machine learning methods have been applied to determine optimum operation
parameters as a function of hydrogen puritication process. The purpose of thesis is to
simulate and optimize the hydrogen storage and purification system using adsorbents

and metal hydrides.

1.2 Research Background

The thermal effects associated with sorption-based physical or chemical processes must
be managed to optimize their performance depending on the intended use. They can
affect the storage capacity of materials-based storage systems and the performance and
efficiency of purification applications. It is directly relevant to their performance when
these processes are used to regulate heat, such as an air conditioning system based on

hydriding-dehydriding cycles of metal hydrides.

The method of physical adsorption is attractive for hydrogen storage, and activated
carbon adsorption hydrogen storage has been considered as one of the promising
storage methods. The adsorbent is chemically and physically modified to improve its
hydrogen storage capactiy *l. Adsorption heat is released when the adsorbent adsorbs
hydrogen, and the temperature of the adsorbent bed increases in the adsorption process,

which induces a negative effect on the hydrogen storage capacity of the system.

A first approach to the problem is to decrease the equilibrium temperature of the storage

tank to increase the storage capacity of an adsorption-based storage tank. The hydrogen



storage capacity of activated carbon tank cooled by room temperature water 1> ®, ice
water %7 and liquid nitrogen 8% have been investigated through various numerical
models, including the lumped parameter models [ ') and the distributed parameter
models > 1. The storage system geometry assumes a dewar container which encloses
liquid nitrogen and a tank containing activated carbons in which hydrogen will be store
(11 This coupled model is considered as a good method to optimize the empirical heat
transfer coefficient. The hydrogen storage tank packed with the activated carbon cooled
by liquid nitrogen shows better performance than that cooled by ice water and room
temperature water. The metal-organic framework (MOF) is a high specific surface area
material, which can be used as an adsorbent for hydrogen storage. The hydrogen
storage capacity of compacted MOF-5 is higher than that of MOF-5 powder '],

Based on the simple thermodynamic models, the analytical solutions of the lumped

temperature for adsorption-based hydrogen storage system !'*]

, compression-based
hydrogen storage systems '*l and metal hydride hydrogen storage system !>l have been
obtained, which can be used to validate the numerical model. In general, a numerical
model, either a lumped parameter model or a distributed parameter model, can be
validated by experimental data or analytical solutions obtained using simplified
boundary conditions and material properties. The analytical solutions can be

considered as a basic benchmark to validate the complicated two-dimensional and

three-dimensional numerical models.

The temperature of the adsorbent bed can be decreased not only by changing the
ambient temperature around the hydrogen storage tank, but also by the filling gas with
arelatively low temperature. The flow-through cooling method can be used to decrease
the temperature of the adsorbent bed and improve the hydrogen storage capacity.
Normally, the charging process ceases when the pressure in the hydrogen storage tank
reaches up to the target value. During the flow-through cooling process, the inlet valve
of the tank is kept open until the pressure reaches the target value, at which point the
outlet valve of the tank is changed from the closed condition to the open condition. The
low-temperature hydrogen is charged into the tank from the inlet, and the high-

temperature hydrogen flows out from the tank. The heat released in the adsorption



process is removed with the high-temperature hydrogen, and the temperature of the
hydrogen storage tank decreases. The pressure in the tank is maintained to the target
value in the flow-through cooling process. The flow-through cooling method is an
effective measure to decrease the temperature of the adsorbent bed and increase

hydrogen capacity.

The flow-through method has been used to mitigate the thermal effects during filling
and improve hydrogen storage capacity ['®'®l. Corgnale et al. "% have examined the
hydrogen storage capacity of a tank that uses flow-through cooling. The material
gravimetric capacity of a 2.5 L tank filled with MOF-5 is about 11% under optimized
conditions (target pressure: 8.5 MPa, minimum temperature in the tank: 110K),
exhibiting better performance than those of the carbon materials (MaxSorb"™). Ubaid et
al. "I applied the flow-through cooling method to a 20 m® cryo-adsorptive hydrogen
tank packed with MOF-5 and investigated its hydrogen storage capacity. The pre-
cooling method is used in compressed hydrogen storage systems [, and can also be
used in adsorptive hydrogen storage systems. The effects of flow-through cooling and
pre-cooling on the hydrogen storage capacity of the 51.4 m?® adsorptive hydrogen

delivery tank have been investigated !'%),

The reaction heat in the metal hydride hydrogen storage reactor is larger than the
adsorption heat in the adsorptive hydrogen storage tank. The thermal effects in the
metal hydride tank have a significant impact on the hydrogen storage performance due
to the relatively low thermal conductivity of the metal hydride bed and the large amount
of reaction heat released. In general, metal hydrides are classified as ABs type, AB type,
AB:2 type, and so on. The hydrogen storage properties of metal hydrides can be

improved by adding specific elements 2% 2!],

The heat and mass transfer in the metal hydride reactor has been studied by many
researchers 1?24 The geometry and structure of the metal hydride reaction bed must
be carefully designed to achieve an acceptable performance of hydrogen storage.
Various heat exchangers have been applied to the metal hydride tank to improve the
hydrogen storage performance. Chung et al. ! have studied the hydriding and

dehydriding processes of the LaNis metal hydride reactor based on the Comsol software



platform. The expansion volume, which is usually ignored in most cases, has been
considered in their model. The model was validated by comparing simulation results
with the published data *!. In order to enhance the heat transfer in the metal hydride
bed, a concentric heat exchanger with fins was used in the Mg2Ni metal hydride reactor.
Their results showed that the reaction rate in the desorption process increased when the
reactor was adopted with a heat exchanger pipe and fins [*’). Then, the heat pipes were
taken into consideration in the metal hydride reactor. The effect of heat pipes on the
absorption and desorption time of a metal hydride tank (contained 295g LaNis) has
been studied experimentally. Their results showed that the heat pipe could be used to
improve the reaction rate during absorption and desorption. When the hydrogen supply
pressure is set to be 10 atm, the hydriding time can be reduced by more than half. When

the outflow rate is set to be 1 L/min, the dehydriding time is increased by 44% (*8!,

The major parameter affecting the hydrogen storage process of a sodium alanate metal
hydride storage system equipped with a honeycomb structured heat exchanger is the
wall length of the honeycomb cell when external cooling is used >, Then, the multi-
tube reactor structure is designed for the hydrogen storage system using sodium alanate
hydride, where the longitudinal fin has been taken into consideration, the parametric
studies are performed to obtain the main parameters influencing the system

391 The honeycomb structure heat

performance and improve system efficiency !
exchanger has also been applied to a hydrogen storage system using MOF-5 as
adsorbent. This heat exchanger works with electric heating equipment in order to

improve the hydrogen desorption performance 'l.

Heat pipe is widely used in many fields due to its excellent performance of heat transfer.
There are some phase change materials in this device. These special materials can be
considered as the carrier to transfer the heat energy from the high-temperature zone to

the low-temperature zone.

In general, the heat pipe heat exchanger works based on the space difference while the
phase change material heat exchanger works based on the time difference. There is no
obvious dynamic displacement for the materials in the phase change material heat

exchanger. When the phase change material heat exchanger works, the phase transition



occurs in the same position at different times. As the thermal conductivity of the phase
change materials is usually low, the metal foam % and the heat transfer fluid pipe [**!
can be used to improve the heat transfer in the phase change materials. The phase
change material heat exchanger can be applied for the metal hydride reactor and the
battery. As for the metal hydride reactor, the phase change material heat exchanger can
be used to adsorb the reaction heat during hydriding in order to decrease the
temperature of the metal hydride reactor and improve the hydrogen storage capacity of
the system, and release the heat energy during dehydriding to increase the rate of
dehydriding. The materials transfer from the solid state to the liquid state during
hydriding, and from the liquid state to the solid state during dehydriding. As for the
battery, the phase change material heat exchanger is used to present the severe

temperature rise and make sure the battery to be safe 343!,

Gkanas et al.’7l have studied various three-dimensional models for metal hydride
reactor and presented three designs of the cooling tubes, including the plain embedded
tubes, the transverse finned tubes and the longitudinal finned tubes. Wu et al. %]
investigated the hydrogen storage performance of the Mg-based metal hydride reactor
equipped with the helical coil heat exchanger and studied the various helical coil heat
exchangers. The coiled-tube heat exchanger has been used in high-pressure hydrogen
storage system using metal hydrides 3% %) Assuming the coiled-tube as several parallel
ring tubes, a reduced two-dimensional model for the LaNis metal hydride reactor with
the coiled-tube heat exchanger was developed for simplification, the simulation results
of the reduced two-dimensional model agreed with those of the completed three-

dimensional model *'],

Metal foam (MF) can be used in the metal hydride (MH) tank to increase the effective
conductivity of metal hydride bed and improve the hydrogen storage efficiency.
Laurencelle et al.[*?! validated their 1D model for the metal hydride reactor equipped
with aluminium foam by the experimental data, and the impact of different aluminium
foams cell sizes on the performance of metal hydride system was studied. Mellouli et
al. 3! presented a 2D mathematical model and showed their simulation results agreed

well with the work of Laurencelle *?! and the effects of different metal foams,



including zinc, copper and aluminium foams, on the mass of absorbed hydrogen were

studied.

Phase change materials (PCM) can be used to store the heat energy during the phase
transition process and received wide attention 4. Phase change materials were
introduced into the metal hydride hydrogen storage system (> 43471 The effects of the
physical parameters of phase change materials , the configuration of metal hydride tank
471 ‘and the heat transfer fluid pipe between metal hydride bed and phase change
materials **! on the metal hydride system have been studied. Metal foam (MF) was
widely used in metal hydride (MH) beds to increase its effective thermal conductivity
(48-301 " Therefore metal foam (MF) can be used in conjunction with phase change
materials (PCM) to improve the heat transfer performance 1*?! . Phase change materials

(PCM) composited with metal foam (MF) can be applied to the metal hydride (MH)

system P!,

Metal hydrides, which were traditionally used for hydrogen storage 2!, have recently
been proposed for hydrogen purification ’¥¢% Talaganis et al. [} set up a lumped
model for hydrogen storage using metal hydrides. A validated model was then
developed to simulate and analyse hydrogen purification processes 3. Saitou et al. 34!
carried out an experimental investigation to study the performance of the hydrogen
purification system using FeTioosMmo.os sintered pellets pressed with copper. Minko
et al. 333 developed a mathematical model to analyse metal hydride system, and
investigated the effect of the thickness of the porous bed on the hydrogen purification
systems. Then the hydrogen purification reactor equipped with aluminium foam was

studied 7% Dunikov et al. I**! discussed the influence of impurities on hydrogen

absorption in different ABs type metal hydride reactors.

The hydrogen purification process plays an important role to obtain high purity
hydrogen and maintain good performance of fuel cell applications. The common
processes used for hydrogen purification include pressure swing adsorption, cryogenic
separation and membrane separation technologies. Pressure swing adsorption is a
widely used method to separate and purify hydrogen from gaseous mixtures. In general,

pressure swing adsorption system using adsorbent materials is more widely used than



that using metal hydride.

Various adsorbent materials, such as zeolite 6% activated carbon 19-%°) and CuBTC
[70.711 "have been used as the adsorbent to separate and purify hydrogen by pressure
swing adsorption process. Layered bed (49672731 3 so-called combination of different
adsorbent materials, can be considered as an effective method to improve the
performance of the hydrogen purification system. Of course, some novel adsorbent
materials " and new technology methods [">7! are also being studied in order to

improve the hydrogen purity and the hydrogen recovery.

In general, there are three steps to study the hydrogen purification pressure swing
adsorption system based on the adsorbent, as follows: the adsorption isotherms
equation, the breakthrough curve model and the pressure swing adsorption cycle model.
The adsorption isotherm of the adsorbate on the adsorbent bed is the basis of the
breakthrough curve model. The breakthrough curve model can be used to obtain a
breakthrough time when the impurities are detected in the product outlet. The
adsorption time in the hydrogen purification pressure swing adsorption process is

designed to be lower than the breakthrough time in order to obtain high-purity hydrogen.

Park et.al "”) measured the adsorption isotherms of CO2, CO, N2, CHa, Ar and Hz on
activated carbon and on zeolite LiX as a function of pressures and considered various
adsorption isotherm models, such as the Langmuir, Toth and Sips models, to model the
uptake as a function of pressure. Based on the adsorption isotherm data "7, the dual-
site Langmuir model was selected and used in the four-bed and two-bed pressure swing
adsorption system "8 In most cases, the adsorption isotherms of pure gas on the
adsorbent bed are measured. The parameters for the adsorption isotherm model, such
as the Langmuir adsorption isotherm equation, can be fitted from the experimental data.
Then, the extended adsorption isotherms, such as the extended Langmuir adsorption
isotherm equation, can be used to predict the adsorption isotherms of gaseous mixtures
on the adsorbent. The parameters used in the adsorption isotherm equation for pure gas
are as the same as those for gaseous mixtures. Kloutse et.al directly measured the
gaseous mixtures adsorption on CuBTC 7" and MOF-5 178, their adsorption data can

be considered as an benchmark to check the adsorption isotherm models.



1) have presented the breakthrough curve experiment of carbon dioxide

Casas et.al
and hydrogen mixtures on the activated carbon adsorbent bed, which is considered to
be a necessary step for the pressure swing adsorption system. Based on the published
experimental data %, a one-dimensional model for the breakthrough curves of the
gaseous mixtures on zeolite adsorbent bed has been developed and implemented on the
Comsol software platform (3. Then, the model of breakthrough curve for a layered bed
of activated carbon and zeolite was validated by comparing its simulation results with
other works [®¥l. Xiao et.al studied the thermal effects on the breakthrough curves of

pressure swing adsorption (84!

. The pressure swing adsorption cycle is difficult to
simulate on the Comsol software platform, the Aspen/Adsorption software is
considered to develop the pressure swing adsorption model. Based on previous works
(83841 the pressure swing adsorption cycle model for the hydrogen purification system
using CuBTC as adsorbent was completed, and applied to optimize the performance of

the system by a parametric study 7],

As the nature of the adsorbent materials is important for hydrogen purification systems,
new classes of adsorbent materials can be used to improve the performance of pressure
swing adsorption processes. Based on the process schedule of the pressure swing

(2] have investigated new

adsorption cycle in precious work 8 Jamali et.al
combinations of materials involving CuBTC, activated carbon and zeolite for hydrogen
purification systems. Zhang et al. 12 have compared the performance of the double bed
pressure swing adsorption system with that of the single bed pressure swing adsorption
system. Their results show that the hydrogen recovery and productivity of the double
bed pressure swing adsorption system are higher than that of the single bed system.
Moon et al. [*! have analyzed the hydrogen recovery performance of an eight-layered
bed pressure swing adsorption process using activated carbon and zeolite, and
compared the performance between the four-layered bed and the eight-layered bed
system. The eight-layered bed hydrogen purification system showed higher hydrogen
recovery than that of a four-layered bed hydrogen purification system. The use of
porous membranes has been considered in pressure swing adsorption processes for
hydrogen production, and various hybrid schemes were analyzed in order to optimize

system performance ). Zhu et al. "% have proposed a two-train elevated-temperature



pressure adsorption process in order to produce hydrogen from coal-fired shifted gas.
Song et al. ®%) have used heat integration technology to recover the wasted heat for
reducing the energy consumption of a steam methane reforming system coupled with
pressure swing adsorption process. Golmakani et al. ¥l investigated three methods:
pressure swing adsorption, vacuum swing adsorption (VSA) and temperature swing
adsorption (TSA) for hydrogen purification. Their researches showed that the VSA
process could be considered economical method to produce pure hydrogen (>99.99%)

from syngas streams for fuel cells application.

Various methods have been used to optimize a pressure swing adsorption system in
order to improve their performance 7?1, Huang et al. ®! carried out the optimization
routines of the PSA process for hydrogen purification in gPROMS software. Based on
the hydrogen purification model validated by comparing its simulation results with
other works (¢!, Tao et al. " have used the Sequential Quadratic Programming method
to optimize the vacuum pressure swing adsorption (VPSA) cycle. Makarem et al.®!!
used artificial neural network to predict behavior of a VPSA system for oxygen
production. Artificial neural network appears to be a good tool to save time for

simulations of complex systems.

Machine learning technology has received wide attention in many fields. Artificial
neural network is an effective method for predicting and optimizing system
performance in various fields, such as estimation of solar radiation %, prediction of

the performance of gas turbine ! or the products of biomass gasification process [,

research of gas adsorption > %¢1 absorption 7 and separation 71 Morse et al. (%]
have simulated and predicted adsorption isotherm behavior by neural networks. The
carbon dioxide/methane selectivity of MOFs has been studied using the artificial neural
network (8], Ma et al. 88 applied artificial neural networks to predict the breakthrough
curves of the layered bed composited of activated carbon and zeolite, and find the
optimal layer ratio of activated carbon to zeolite height and obtain the maximum

[87] examined the performance of a pressure swing

breakthrough time. Ye et al.
adsorption cycle based on the artificial neural network model. The artificial neural

network and machine learning methods can be used to predict the cycle life °* and the



hydrogen uptake !'%! of metal hydride systems, and thus play an important role in

system optimization.

1.3 Research contents and methods

Lumped parameter model and distributed parameter modeling approaches are used in
this work. Various softwares are used to simulate hydrogen storage and purification
processes, including Matlab/Simulink, Comsol, Aspen/Adsorption and Matlab/Neural
Net Fitting. Lumped parameter models for the hydrogen storage and purification
system using metal hydride are set up on Matlab/Simulink platform. Distributed
parameter models for the hydrogen storage system using adsorbent and metal hydride
are developed on the Comsol software platform. The hydrogen storage performance of
the metal hydride tank equipped with the coiled tube heat exchanger or the phase
change materials heat exchanger are investigated using a validated model on the
Comsol software platform. The Aspen/Adsorption software is used to simulate the
hydrogen purification pressure swing adsorption (PSA) process using adsorbent. The
trained artificial neural network (ANN) model was developed and implemented on
Matlab/Neural Net Fitting software platform. The ANN model was used to predict the
performance of the hydrogen purification system, and applied to obtain the optimal

operation conditions under the help of multi-objective optimization function.

Table 1.1 Softwares for simulating and optimizing system performance in present work

Software Application Classification

Hydrogen storage and

Matlab/Simulink purification using metal Lumped parameter model
hydride
Comsol Hydrogen storage using metal Distributed parameter
hydride and adsorbent model
. Hydrogen purification using Distributed parameter
Aspen/Adsorption adsorbent model

Matlab/Neural Net Hydrogen purification using
Fitting adsorbent
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1.4 Thesis layout

In this work, I present the results of my research on hydrogen storage and hydrogen

purification.

First, I studied hydrogen storage systems using activated carbon as adsorbent. The pre-
cooling and flow-through cooling methods were applied to the hydrogen delivery tank

in order to improve the hydrogen storage capacity. See chapter 2.

Second, analytical solutions of certain thermodynamic properties were obtained from
a lumped parameter thermodynamic model for a metal hydride hydrogen storage
system for various processes, such as hydriding, dormancy and dehydriding processes.
The analytical solutions were applied to validate the numerical model with a constant
reaction rate. Then, the variable mass source term is taken into consideration in the
validated lumped parameter numerical model. The effect of mass flow rate on the metal

hydride hydrogen storage system is discussed in chapter 3.

Third, I studied metal hydride hydrogen storage tanks equipped with various heat
exchangers. The thermal effects during hydriding/dehydriding have a significant
influence on the system performance of metal hydride hydrogen storage systems, and
the coiled tube heat exchanger and the phase change material heat exchanger have been

applied to the hydrogen storage system using metal hydride. See chapter 4 and 5.

Fourth, I studied the hydrogen purification pressure swing adsorption system using
zeolite 5A as the adsorbent. An artificial neural network model was trained by the
dataset produced by the validated hydrogen puritication model. The trained artificial
neural network model and multi-objective optimization function were used to obtain

the optimal operation condition (chapter 6).

Finally, I studied hydrogen purification systems based on metal hydrides. Lumped
parameter models were developed for the hydrogen storage system and the hydrogen
purification system. Parametric studies were conducted for performance optimization

(chapter 7).



Chapter 2 Hydrogen Storage using physisorption

This section has been published in: Tong L, Xiao J S, Cai Y H, et al. Thermal effect
and flow-through cooling of an adsorptive hydrogen delivery tank. International
Journal of Hydrogen Energy, 2016, 36(41):16094-16100.

My specific contributions in this work was to mitigate thermal effect of adsorption in

a large-scale hydrogen delievery tank by pre-cooling and flow-through cooling.

Hydrogen storage is one of the main challenges in hydrogen energy applications.
Cryosorption on highly microporous adsorbents has been proposed as a potentiel
solution. The thermal effects associated with the adsorption process is an important
issue that needs to be studied in detail as it has a great influence on the storage capacity

of a cryosorption-based storage system.

2.1 Governing equations for hydrogen storage system

The mass, momentum, energy conservation equations and the modified Dubinin-
Astakov isotherm are used in this model and implemented on the Comsol software
platform. The governing equations and their validation are detailed in previous work ™

8]

The mass and momentum conservation equation in porous media is expressed as [ 8:

g(ghpg) + V- ‘f{z [_EVPJJ = _(l - 8/1)10le-12 66”[3 (2.1)

where ¢, is the bed porosity, p, (kg/m’) is the gaseous hydrogen density, « (m?) is

the permeability, ££ (Pas) is the dynamic viscosity of hydrogen, and Vp(Pa/m) is the

pressure gradient. The right side of the equation is the mass source term. p, is the
particle density of activated carbon, and A7, is the molecular mass of hydrogen, and
na is the absolute adsorption amount per unit adsorbent.

The energy equation for the tank can be written as 7 #:



(pcp)eff %—f +pe, VT =V (kgﬁVT) + 0 (2.2)

The left-hand side of Eq. (2.2) includes a transient term and a convection term, and the

right-hand side consists of a heat conduction term and a heat source term. The effective
heat capacity (pcp)w includes the heat capacity of gaseous hydrogen, adsorbed

hydrogen and active carbon, and is given by Refs. [":8!:

(’OCP)E// = €,p,C pbnaMHcha + p,C,, (2.3)

The effective thermal conductivity keﬁ , can be calculated from the conductivities of

hydrogen and of activated carbon and is given as |- #l;

ky = ek, +(1-¢)k (2.4)

The energy source term Q of Eq. (2.2) consists of adsorption heat source term (s and

compression heat source term Qp, which is shown as follows [7-8I:
Ona ap -
Q:Q('+Qp:(l—£b)pp atAHerT ebEJr(v-V)p (2.5)

Based on adsorption model, the absolute adsorption amount #a can be calculated at the
pressure p and temperature 7. The adsorption model in this work is based on modified

Dubinin-Astakhov isotherm, and the absolute adsorption isotherm is given by Refs. "
8.

Ha = N__€Xp|— RT In™ L) ) (2.6)
max a_{_ﬂT p

where n_ (mol/kg) is the limiting adsorption and is set as 71.6 mol/kg, m is equal to

max

2 for most activated carbons. R is the universal gas constant, p is the equilibrium
pressure, p, is the saturation pressure and is set as 1.47e9 Pa. The parameters a and
[ represent the enthalpic and the entropic factors, equal to 3080 J/mol and 18.9

J/mol/K, respectively.



2.2 Model parameters

We consider a large-scale hydrogen delivery tank whose volume is about 51.4 m?, is
packed with activated carbon AX-21™. On the whole, the hydrogen storage system
includes gaseous and adsorbed hydrogen, activated carbon and steel wall. The effect of
gravity on gaseous hydrogen can be ignored. Fig.2.1 shows the geometric model and
the mesh of the hydrogen storage tank. The temperature monitor points are presented
in Fig.2.1b, and distributed along the axial and radial directions. It took about 25 min
to complete the calculation on a computer equipped with an Intel Core i7 CPU and 16G
memory. The mesh consists of 9 935 elements, and the number of degrees of freedom
of the model is 38 899, as shown in Fig.2.1c. The mesh near the inlet area and steel
wall is more compact than any other position. There is a mesh of another model that
includes one inlet and one outlet, and it is used for researching the effect of flow-
through cooling, as shown in Fig.2.1d. The sizes of the geometry model and the

coordinates of monitoring points are given in Table 2.1.

71 :
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Fig.2.1 Geometric outline (a), temperature monitoring points (b), and finite element
meshes of hydrogen tank without outlet (¢) and with outlet (d).
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The material properties of large-scale hydrogen delivery tank system are given in Table
2.2. The average diameter of activated carbon is equal to 2 mm. As far as this study is

concerned, the gaseous hydrogen is modeled using the ideal gas equation of state.

In this work, the initial pressure in the delivery tank is set to 101325 Pa, the initial
temperature of the steel wall is set to 298 K, and the initial temperature of materials in
the tank including gaseous hydrogen, adsorbed hydrogen and activated carbon are set
to 298 K. It is assumed that the adsorptive hydrogen delivery tank is maintained at
room temperature environment and the heat transfer coefficient between the outer tank

wall and environment is set as 12 W/(m* K).

Table 2.1 Geometric parameters and coordinates

Parameter Value [mm] Parameter Value [mm]
Inner radius of tank [200.15 Point T3 (0,2926.2)
Thickness of tank wall 19.05 Point T4 (0,1950.8)
Length of tank 12192.1 Point T5 (0,975.4)
[nner radius of pipe 19.05 Point T6 (0,0)
Length of pipe 152.7 Point T7 (600.075,0)
Thickness of pipe wall 6.35 Point T8 (1200.15,0
Point T1 (0,4877) Point T9 (1219.2,0)
Point T2 (0,3901.6)

Table 2.2 Material properties

Activated carbon  Hydrogen  Steel wall

Density[kg/m?] 269 ldeal gas 7830
Specific heat capacity [J/kg K] 825 14700 468
Thermal conductivity [W/m K]  0.764 0.206 13
Porosity 0.49 - -

2.3 Results and discussions

Based on experiments carried out by the Hydrogen Research Institute of the University
of Quebec at Trois-Rivieres, a lab-scale model with a volume of 2.5 L was developed
and discussed in our early works 31, The small hydrogen storage tank was cooled by
ice water I and liquid nitrogen !* respectively. The model established in Comsol was
validated by comparing the simulation results with the experiment data. The large-scale

hydrogen delivery tank with a volume of 51.4 m? is unfit for realistic experiments and



measurements. However, the validated model can be extended to simulate a large-scale
hydrogen delivery tank. In addition, the large-scale model can be used to study the
thermal effects during the charging process and improve the efficiency of hydrogen

delivery tanks.

Hydrogen can be viewed from a modeling perspective as existing in the storage tank in
the form of an adsorbed phase and a gaseous phase. Fig.2.2a shows the variation of
pressure during the charging process and the mass balance of hydrogen in the tank. In
this work, the target pressure is set to 10 MPa, the mass flow rate is equal to 10 000
SLPM (about 0.013907 kg/s), and the temperature of hydrogen filling in charging
process is set to 298 K. It takes 29 140 s to reach the target pressure. Fig.2.2a also
shows the pressure during the filling process, which increases linearly. The parameter
mg represents the mass in the gas phase, the ma represents the mass of hydrogen
adsorbed by activated carbon bed, and the m is the total mass of hydrogen present in
the tank. The initial mass of hydrogen stored in the tank was 3.2379 kg. The simulation
results indicate that the sum ot m. and myg is equal to m. The total mass of hydrogen is

approximately equal to 408 kg when the pressure reaches to 10 MPa.

Fig.2.2b shows the evolution of the temperature at different monitor points. The 6
monitor points are located along the axial direction from T1 to T6, and 4 monitor points
are located along the radial direction from T6 to T9. The temperature monitor point T8
is placed on the internal steel wall, and T9 close to the outside steel wall. During the
charging process, the temperature in the hydrogen storage tank increases as a result of
adsorption heat revealed and pressure work. The curves of temperature at T1, T2 and
T3 rise quickly in the earlier process, and the changes are relatively tiny in the latter
process. The temperature of the area near the inlet is greatly influenced by the filling
hydrogen, and the variation of temperature at TS5, T6 and some other position along the
axial direction trend to be uniform. The curves of temperature at T6 and T7 are broadly
similar, but obviously different from those of T8 and T9. In other words, the heat
generated in the tank is not transferred effectively to the environment along with radial

direction due to the poor thermal conductivity of activated carbon.
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2.4 Parametric study

2.4.1 Effect of charging flow rate

In order to study the effect of charging flow rates on adsorption, we compare the
variations of pressure and temperature at T6 in three cases. The charging flow rates at
entrance are 10000 SLPM, 20000 SLPM (about 0.027814 kg/s) and 30000 SLPM
(about 0.041721 kg/s) respectively. The filling time in these cases is the same and
assumed to be 30000 s. Fig.2.3 shows the curves of pressure and temperature at T6
histories under different charging flow rates. The pressure rises fast with the increase
of mass flow rate. However, the temperature at T6 under the mass flow rate of 30 000
SLPM decreases slightly in the latter process because of the cooling effect of filling
hydrogen.

2.4.2 Effect of pre-cooling

The teeding hydrogen can be used to cool the activated carbon bed. In this section, the
effect of pre-cooling is taken into consideration. And the filling gaseous hydrogen is
cooled by ice water before the charging process. The temperature of feeding hydrogen
is set to 273 K, and the mass flow rate is equal to 10000 SLPM. Fig.2.4 shows the
pressure and mass of hydrogen in the storage tank with and without pre-cooling (a) and
temperatures at T1, T3 and T6 with and without pre-cooling (b). The curves of pressure
without pre-cooling rise faster than the other with an increase of charging time. When
the pressure reaches up to 10MPa, the total mass of hydrogen stored in the tank with
pre-cooling is about 7.5 kg more than the other case. The pre-cooling has a great
influence on the area near the inlet, and the effect of cooling decreases along the axial
direction.

The adsorptive hydrogen storage capacity is mainly dependent on the temperature and
the pressure in the tank. For the case of Fig.2.4, the temperature difference caused by
pre-cooling (25 K) is small, so the improvement of the pre-cooling on hydrogen storage
capacity is only 7.5 kg (~1.8%). In order to validate the effect of pre-cooling on the
hydrogen storage capacity, a series of cases with different inlet temperatures are also
studied. For the case with a pre-cooling temperature of 225 K, the improvement of the

pre-cooling on hydrogen storage capacity is 36.3 kg (~8.9%).
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2.4.3 Effect of flow-through cooling

The effect of flow-through cooling is discussed in this section. The hydrogen storage
capacity is dependent on the temperature of activated carbon bed and pressure in the
tank. In order to improve the efficiency of hydrogen storage, the temperature of the
activated carbon bed can decrease by flow-through cooling after the charging process.
Fig.2.1d displays the mesh of hydrogen storage and delivery tank with flow-through
cooling, which includes an inlet and an outlet. The outlet is closed during the charging
process until the pressure in the tank rises up to 10 MPa. Then, the boundary condition
of this outlet is set to flow-through at a constant of 10 MPa. [t takes about 114 420 s to
decrease the average temperature of the system to about 298 K. And a case without
flow-through during dormancy is also taken into consideration for making a

comparison.

Fig.2.5a shows the variations of pressure in the storage tank and average temperature
variation with and without flow-through cooling. The low-temperature hydrogen cools
the activate carbon bed to some degree, and this is a promising way to enhance the
hydrogen storage capacity of absorbent. Fig.2.5b presents the mass of hydrogen in the
storage tank with and without flow-through cooling. When the temperature in the
activated carbon tank decreases to about 298 K, the total mass of hydrogen stored in
the tank is approximately equal to 469 kg, which increases about 60 kg (about 15%)

than that of the other case without flow-through cooling.
2.4.4 Effect of flow-through cooling with pre-cooling

During the flow-through cooling process, the effects of charging flow rate and pre-
cooling are taking into consideration in this section. Fig.2.6 displays the average
temperature variation and mass of hydrogen in the storage tank under different
conditions with flow-through cooling. It takes a relatively large amount of time to cool
the activated carbon bed to 298 K with the charging flow rate of S000SLPM while there
is no obvious improvement of the hydrogen storage capacity. And the pre-cooling of
feeding hydrogen during the flow-through process can significantly reduce the cooling
time and improve the efficiency of cooling. When the average temperature in the tank

reaches 298 K, the hydrogen mass for the case of flow-through cooling combined with
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pre-cooling is about 3 kg more than other cases. Furthermore, the difference between

these cases will increase with the decrease in average temperature in the tank.

At the same pressure, the lower the temperature, the higher the hydrogen storage
capacity. Based on the above analysis, the tlow-through cooling combined with pre-
cooling can be considered as an effective way to transfer the heat generated and

increase the hydrogen storage capacity of the system.

350 500
4] i L 450
340 -
1 Temperature Mass [ 400
335 * 5000SLPM, 298K L J — | 250
—~ 330 8,  10000SLPM, 298K ° o
S *+ o#,  10000SLPM, 273K * T
g 325 * o .. | §
© ] P " - 250 =
S 320 1 . %%, [ 2
£ 315 e e, 200 O
E 315— * [ ] .. I
[¢}] _ * ® ..
= ® S L 150
310 % < . _
| * .. ’0.. [ 100
305 o ... ’0”’. [
] * [ ] .’.
300 o L 50
* ®0ceccece ‘M
295 x_ . ‘ 0

e e 1 T |
0 25000 50000 75000 100000 125000 150000 175000 200000

Time (s)
Fig.2.6 Average temperature variation and mass of hydrogen in the tank during flow-through
cooling process with pre-cooling and ditferent mass flow rates

2.5 Conclusion

Based on mass, momentum, energy conservation equations and the modified Dubinin-
Astakov isotherm, a two-dimensional axisymmetric model is achieved by Comsol. The
simulation results show that the temperature of the central position is much higher than
those of other regions and the temperature of the front position is obviously lower than
that of the rear position during the charging process. The effect of charging flow rate,
pre-cooling and flow-through cooling on the filling process has been taken into

consideration in order to improve the efficiency of hydrogen storage. The pre-cooling
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has a great influence on the temperature near the inlet. The effect of pre-cooling on the
hydrogen storage capacity depends on the temperature difference. The method of flow-
through cooling is performed, and as a result, it can improve the hydrogen storage
capacity by about 15%. The flow-through cooling combined with pre-cooling takes less
time to cool adsorbent material than other cases, and can be considered as an effective
way to transfer the heat generated during adsorption process and increase the hydrogen

storage capacity of the hydrogen delivery tank.
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Chapter 3 Thermodynamic analysis for hydrogen
storage system using metal hydride

This section has been published in: Xiao J S, Tong L, Bénard P, et al. Thermodynamic
analysis for hydriding-dehydriding cycle of metal hydride system. Energy 2019.
https://doi.org/10.1016/j.energy.2019.116535.

My specific contributions in this work was to obtain analytical solutions of
thermodynamic model for metal hydride system, which can be used as a basic

benchmarks to validate numerical models.

In general, a mathematical model can be a lumped parameter model (0-dimensional in
space, expressed as an ordinary differential equation on time) or a distributed parameter
model (1-, 2- or 3-dimensional in space, expressed as a partial differential equation on
time and space), and they can be solved numerically and sometimes analytically.
Among them, the lumped parameter model has more possibilities to be solved

analytically.

A numerical model is a mathematical model whose solution relies on numerical
methods and algorithms, such as the Euler method or Runge-Kutta method for ordinary
differential equation (ODE) model, finite difference method or finite element method
for partial differential equation (PDE) model. A numerical model, either a lumped
parameter model or a distributed parameter model, can be validated by analytical
solutions under simplified boundary conditions and material properties. Considering
an example of heat conduction of a metal hydride reactor, a distributed parameter
model will reduce to a lumped parameter model when a uniform boundary condition
and an infinity thermal conductivity is applied to the reactor. From the point of
engineering applications, the numerical model should be further validated by

experiments.

The analytical solutions are solved from the thermodynamic model based on the

principles of mass conservation and energy conservation under certain assumptions of



conditions. Although these analytical solutions are applicable for ideal or theoretical
problems only and not for real engineering problems, they are exactly correct under the
assumed conditions and they can be used to validate numerical models by comparing
the numerical solutions of the numerical models for the same problems with same
conditions. Analytical solutions are valid under the assumptions they are obtained and
do not need to be validated experimentally,especially since the idealized conditions

required for their solution are difficult to reproduce in experiments.

We have developed validated lumped parameter models to study the performances of
hydrogen storage and purification systems using metal hydrides . In addition, some
thermodynamics models and analytical solutions for the compressed and adsorptive
hydrogen storage systems were developed and studied in previous works > . The
metal hydride hydrogen storage system is based on the hydriding-dehydriding chemical
reaction, which is more complicated than the compressed and adsorptive hydrogen
storage systems. The analytical solutions for the metal hydride hydrogen storage
system are important to understand the hydriding-dehydriding process and the basic
theory. The analytical solutions can be considered as a benchmark to validate lumped
parameter or distributed parameter numerical models, reducing the need for extensive

sets of experimental data required for validation.

In this section, based on the mass and energy balance equations, the thermodynamic
analyses for the hydriding-dehydriding cycle of metal hydride hydrogen storage system
are carried out for various processes, including hydriding, dormancy and dehydriding
processes. The analytical solutions for the metal hydride hydrogen storage system are

obtained from the thermodynamic model.

3.1 Thermodynamic model of metal hydride system

The thermodynamic model for the metal hydride hydrogen storage system includes the
mass conservation equation, the reaction kinetics equation, the equilibrium pressure
equation, the energy conservation equation, and the equation of state for ideal gas, as
shown below. The source terms of metal hydride in the mass conservation equations

are related to the reaction kinetics equation and the equilibrium pressure equation.
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3.1.1 Mass balance

The alloy LaNi, is selected as the material for hydrogen storage in this work. The
hydriding-dehydriding reaction equation can be written as
LaNi, +3H, <> LaNi;H, +Q . There are generally gaseous hydrogen and solid
materials in the metal hydride hydrogen storage reactor. The solid materials include the

alloy LaNi; and the metal hydride LaNi H, in this reactor, as presented in Eq.(3.1).
The mass of alloy m,, decreases and the mass of metal hydride m,,,, increases during
hydriding. In contrast, the alloy mass m,, increases and the metal hydride mass m,,,
decreases during dehydriding. As a whole, the solid mass m_ increases during
hydriding and decreases during dehydriding.

m,=my, +my, (3.1)

The saturated mass of solid materials is defined as m:™ . When the whole alloy is

completely reacted with hydrogen, the metal hydride mass reaches its maximal value

= 04 (3.2)

The solid mass also can be written as the sum of the initial mass (WOM +m0H) and the
hydrogen mass absorbed into the metal hydride , as described in Eq.(3.3). m,,, and

m,,, mean the initial alloy mass and the initial adsorbed hydrogen mass, respectively.

When there is only alloy in the solid materials at the initial state, the mass of adsorbed
hydrogen m,,, can be set as 0. Of course, the initial mass (”70M+m01{) can be

considered to be constant, and the mass of absorbed hydrogen m,, is variable, which
increases during hydriding and decreases during dehydriding.

m, = My, + My, +my, (3.3)

The saturated mass of solid materials also can be presented as the sum of the initial

alloy mass m,, and the maximal value of absorbed hydrogen mass m*, shown as
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follows:

m = mgy, +mg™ (3.4)

s

The relationship between the mass of absorbed hydrogen m, and the mass of metal
hydride m,,, is presented as:

My = My WMy | Mg, (3.5)
where the alphabet y is defined as the stoichiometric coefficient of hydrogen per metal
hydride. M,,, and M, are the molecular weight of metal hydride and hydrogen,
respectively.

A general form of mass balance equation for a lumped parameter model can be

expressed as:

— =m+S 3.6
" (3.6)

where 71 is the net mass flow rate and S is the net mass generation rate or the mass
source term. The mass balance equation can be used for metal hydride, gaseous

hydrogen and solid materials in the metal hydride hydrogen storage system.

dmy, .
— =S 3.7
y MH 3.7)
dm, .
py =1ty + Sy, (3.8)
dm .
s ¢ 3.9
dr e (3.9)

The mass source term of metal hydride S,,, is a positive quantity during absorption
and negative quantity during desorption. As for the gaseous hydrogen in the reactor,
the mass source term SH: is a negative quantity during absorption and is a positive
quantity during desorption. The hydrogen mass flow rate iz,  is equal to the difference
between the mass inflow rate s, ;, and the mass outflow rate m, , , and the subscript
=0 during hydriding

in/out refers to the inflow/outflow stage. We assume that s

H,out
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and m, . =0 during dehydriding.

The relational expression between the metal hydride mass source term S,,, and the

hydrogen mass source term SH2 can be written as S, Z_SHZMMH/(WMHZ)' The

mass source term of the metal hydride is related to the reaction kinetics equation of

metal hydride and the equilibrium pressure equation.
3.1.2 Reaction kinetics and equilibrium pressure

During absorption and desorption, the mass source terms of metal hydride can be

written as:
Sy =Ce 5N ln(sz /peqa)(m:‘“ —mMH), for p,, > p, (3.10a)
SMH = Cde—Ed/(RT) [(Pm - peqd)/pequmMH, for py. < P (3.10b)

where m™ is the saturated mass of solid materials and it is equal to my, . E means the

activated energy, and the subscript a/d refers to the absorption/desorption stage. The

hydrogen pressure p,, is above the equilibrium pressure p,,, during hydriding and
below the equilibrium pressure p,, during dehydriding. The mass source term of

metal hydride S,,, is set as 0 when py, Is between p,, and p_,. Based on Egs.

L‘q(l
(3.10a) and (3.10b), the mass source term of metal hydride SMH is a positive quantity
and the metal hydride mass m,,, increases during hydriding, whereas S, is a

negative quantity and m,,, decreases during dehydriding.

The equilibrium pressure p,,,,, is presented as:

Po RT R m* 2

S

ln[pcqa/rl ] - _ A‘[_[a/d + AS(:/(I +kp(ml\/ﬂ'[ _l] (3] 1)

where the reference pressure p, is set as 0.1 MPa. The reaction enthalpy AH and the
reaction entropy AS are set as positive quantities in this work. The symbol & is the

plateau slope coefficient.
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3.1.3 Energy balance

The heat exchangers can be used to improve the heat transfer efficiency of the metal

hydride reactor. For simplification, the metal hydride reactor without a heat exchanger

is studied in this section. The wall of the metal hydride reactor is ignored. The energy

balance equation of the metal hydride hydrogen storage system is shown as:

d (mHzch +mcT
dt

SHZAHa/(I (3 12)

=ry c, T, +a A (Tf - T) -

H,

where my, means the mass of gaseous hydrogen in metal hydride reactor, ¢_ is the

specific heats of solid material; 7 is the inflow or outflow temperature; a, is the heat

transfer coefficient; A4, is the surface area of the reactor; the ambient temperature T,

is set as the cooling/heating water temperature. The left term of Eq. (3.12) means the

rate of internal energy of the metal hydride reactor. Based on Egs. (3.8) and (3.9), the
Jeft term can be transformed as (mH,Cv +mscs)dT/dt+ch(n'sz +SH2)_CSTSHZ' The
effects of the enthalpy change caused by the inflow/outflow hydrogen, the heat transfer

between the ambient environment and the metal hydride reactor, and the reaction heat

on the metal hydride hydrogen storage system are taken into consideration in the right

terms of Eq. (3.12). The heat source term is written as SMHAHa/d\yH I My, or

—S‘H AH,,,/ M, ,and itis positive during absorption and negative during desorption.

The energy conservation equation of this system is transformed as:

dT
(mHzcv +mscs)a = (3.13)

g, (c,T. —c,T)+a, A (T, ~T)=S,, [(c.—c,)T+AH,,, / M,_]

3.1.4 Equation of state for hydrogen gas

Geseous hydrogen gas in the metal hydride reactor is considered as the ideal gas:

my = py VM, /(RT) (3.14)

where p,, is the hydrogen pressure; ¥, is the volume for the gas phase in the metal



hydride reactor; R is the universal gas constant, it is set as 8.314 J/mol/K.

3.2 Analytical solutions of the thermodynamic model

The analytical solutions can be solved from the above thermodynamic model for the
metal hydride hydrogen storage system. The mass flow rate can be set as constant
through a mass flow controller in the experiment. When the mass flow rate is fixed, the
reaction rate of metal hydride is almost constant > . Therefore, we can assume that
the associated mass source terms in the mass balance equations of the metal hydride
and hydrogen are constant. The variable reaction rate has been considered into the
lumped parameter model in the following section, whose value is proved to be
approximately constant. In this section, the reaction rate is assumed as constant in order
to solve the analytical solutions for the lumped temperature of the metal hydride reactor.
The mass source term is set as constant. The analytical solutions are discussed during

hydriding, dormancy and dehydriding processes in various conditions, where the

inflow/outflow temperature T, is considered to be constant or variable in the analytical

solutions.
Table 3.1 Definitions of parameters used in analytical solutions
Constant Variable inflow/outflow Dormancy process
inflow/outflow temperature
temperature
a a/AS/(mHch)
4 c,/c, -
. Moy, €, + Moy C + Mg, C Mgy €, + My Co + MyC
! ,7.7HZC‘V +SHsz —Sl-lzcs GJ-AS
B SH2 / my, i
Ta/d _IBAHa/d / (MPIZC\’) -
T 1
}/ch + CI’T/ + T;:/d CI’TV/ + Tz'l/d T
T* K J
a+l+p-pc/c, a—-y+1+p-pc /c, ’

3.2.1 Constant inflow/outflow temperature during hydriding/dehydriding processes
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The inflow/outflow temperature 7 is assumed to be constant. Considering the mass

flow rate and the mass source term are set as constants, Egs. (3.8) and (3.9) can be
transformed as my = my, +(ri1l_,2 +SH2 )t and M, = My, + My, —SHzt , respectively. So

Eq. (3.13) becomes:

. : : dr
[moncv T Mg Cs + Moy € + (mnzcv +5y,6, =Sy, ¢, )t}d_t =
$ | (3.15)
titg ¢, T, +a, AT, ——2—"~T(a A +m, c,+S,.c,~S,.c,)
H,
Divided by My ¢, +Sy ¢, =Sy ¢, Eq. (3.15) is transformed as:
Moy, €, + My € + My ny d_T _
1y €, +Sy ¢, =Sy ¢ dr
) . . . (3.16)
iy ¢, T, +a, AT, =Sy AH .,/ M, =T (a A +nm,c,+5S,.¢c,-S,.c,]
iy, + SHZCV =S¢,
The characteristic time t is assumed as
(mOchv + My C, +m0HCs)/(mHsz +SHzcv _SHZCS) . r=c,lc, B= SH2 /mH2 ,

w=a.4 /(rr'szcv) and T,, =-pAH, /(MHzcv). Extracting s, c, in the right term

of Eq. (3.16), the energy equation becomes:

. dT
(t H)E:

(3.17)
yI +ol, +T ,  —T|a+1+ _ P m, c, /(m, c +S, c —S,c
@ 2 ald H,>v H, v H,>v H,™s

v

Defining T =(yT, +al, +T,,)/(a+1+5=fc/c,) , reducing s c, and

1+ - Pc, /c, in the right term of Eq. (3.17), then the above equation is simplified as:

A A O S [ 3.18
(r +t)d[_[1+l+ﬂ_ﬂq/6v](r r) (3.18)
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Solving Eq. (3.18), using =1/, we obtain

R Lea/(1+ B e,
T -7, l+7
or T=T" - r_1, (3.20)

(1 4 T)[l+a/(l+ﬂ—ﬁ'(" )l

3.2.2 Variable inflow/outflow temperature during hydriding/dehydriding processes

The intflow/outflow temperature 7, is set as a variable in this section, so the energy

balance equation is presented as:

. : : dT
l:mOHZCv M€ + My C + (ml—lzcv + SHZCV - SHZCS )t:| E = (3.21)
(rita,c, =1ty €, = Su,€, + Sy ¢, —a, A )T +a, AT, =S, AH,, | M,,

Divided by /i,.¢, + Sy ¢, =Sy, ¢,, then Eq.(3.21) becomes:

Moy, C, + Moy Cs + Moy G ny a7

My €, +S8y ¢, =S8, ¢ dt

. . . (3.22)
(ring,c, = c, =Sy ¢, + Sy c,~a, A )T +a, AT, —S, AH,, I M,

my, ¢, + Sy ¢, =S8y ¢

The characteristic time ¢ , the dimensionless heat transfer coefficient ¢« , the
absorption/desorption contributed temperature 7,,,, the specific heat ratio ¥ and the
ratio of hydrogen mass source term to mass flow rate J are defined in the former
section. Extracting my, c, in the right term of Eq. (3.22), then the above equation
becomes:

(+ t)d—T =

de (3.23)
[(y —1-B+pc,lc,~a)T+aT, + Tn,dJmHzcv /(/hchv +8,.6, —S'Hzcs)

Reducing 7, ¢, and 1+ —fc /¢ , Eq.(3.23) is simplified as:
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. dar _ o—y - o)
()4 _{1+—1+ﬂ_ﬂq/cj(r r) (3.24)

where the characteristic temperature 7° =(aT, + T, ) (a—y+1+B=pc,/c,) .

a

Defining 7=¢/t, the solution of Eq.(3.24) is obtained as

T* T 1 I+(a=y)/(1+B=Pc,/c,)
= 3.25
T"-T, [1+ r} (3-23)
or T _ Tx _ (Tt _ 7:))/(1 n T)[l+(a—}’)/(ﬂ+l—ﬂc‘s/c“,)J (326)

3.2.3 Temperature during dormancy process

The mass flow rate m,, s set as 0, and the source terms, including SH2 and S,,,, are

neglected during dormancy. The energy balance equation, which only takes the heat
transfer between metal hydride reactor and ambient environment into consideration, is

written as:

(monzcv + Mgy, €, + My, ) d7/dt=a A, (Tf - T) (3.27)

We assume that the characteristic time { = (monlcv + Mg Cs +m0HcS)/(afAS) , and the
characteristic temperature T = T,. Then Eg. (3.27) becomes,

d7/de =(T" =T}/ 1 (3.28)
Solving Eq. (3.28), using 7=¢/t", we get:

T=T —(T"-T,)exp(-7) (3.29)
3.3 Application of analytical solutions

The analytical solutions can be considered as a reference to validate the numerical
model. In this section, the numerical solutions of the lumped parameter model with
constant mass source term are compared with the analytical solutions. Various

analytical solutions using different inflow/outflow temperature are discussed. The
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analytical solution in the present work is compared with the reduced model proposed

in the reference.
3.3.1 Description of hydrogen storage system

Based on a metal hydride reactor compacted with LaNis, the above analytical solutions
are used to validate a numerical model. The numerical model is the lumped parameter
thermodynamic model or the zero-dimensional model, which is developed on the
Matlab/Simulink platform. There are three stages in a hydriding-dehydriding cycle,
including absorption, dormancy and desorption processes. The metal hydride reactor is
cooled by circulating water during the absorption process, and heated in the dormancy
and desorption stages. The lumped temperature of the metal hydride reactor during
dormancy increases since the reactor is heated by the circulating water, and relatively
high temperature in metal hydride reactor is good for the dehydriding reaction.

Talaganis et al. have simulated absorption-desorption cyclic processes and presented

detailed parameters in their cases. The total alloy mass mg, is 109.3 kg, and we

suppose that a section of the alloy (23kg) has been transformed as metal hydride at the
beginning in our case. The parameters used in our model are obtained from Ref.[52],

as shown in Table 3.2.
3.3.2 Validation of numerical model by analytical solution

A lumped parameter model can be solved numerically and sometimes analytically. The

analytical solution can be considered as a simple benchmark to validate the lumped
parameter numerical model. For simplification, the hydrogen mass source term SH2 in

each stage is set as constant in the numerical model and the analytical solution.The
mass flow rate used in the present work refers to that in Case 2 from Ref.[52] in order
to maintain a hydrogen production of 2 kgna/h. The time of an absorption-desorption
cycle in Case 2 ¥2is 3600s. The hydrogen is produced during desorption (about 720s),
and the mass outflow rate is about 1.389g/s in the dehydriding process. The absolute
values of the mass flow rate and the hydrogen mass source term are both assumed as
1.389 g/s during hydriding and dehydriding. The ratio of the hydrogen mass source

term to the mass flow rate is assumed as —|. The hydriding/dehydriding reaction is

37



ignored during dormancy. The mass flow rate is a positive quantity and the hydrogen
mass source term is a negative quantity during hydriding. On the contrary, the mass
flow rate is a negative quantity and the hydrogen mass source term is a positive quantity
during dehydriding. The inflow temperature is assumed as constant while the outflow

temperature is variable.
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Fig.3.1 Validation of numerical model by analytical solutions: (a) lumped temperature, (b)
pressure, (¢) mass source term of metal hydride, (d) mass of metal hydride, (e) equilibrium
pressure and (f) mass of gaseous hydrogen.
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Table 3.2 Values of parameters used in Matlab/Simulink numerical model and analytical solution

Parameter Value Parameter Value Parameter Value
4, [m?] 4.147  E, [J/mol] 21170 R [J/mol/K] 8.314

v, [m’] 0.012  E, [J/mol] 16420  AS,,, [J/mol/K] 108
a, [W/m¥K] 243 C, [1/s] 592 k,[1] 0.13
my,, [kel 109.3 C, [1/s] 9.6 p, [MPa] 0.1
T, [K] 290 c, [J/kg/K] 355 ta [s] 720

T roorng (KT 298 c, [J/kg/K]  14.3e3 ta[s] 720
T paing [K] 353 c, [Vkg/K]  10.3e3 tormancy [S] 180
M, [kg/mol] 0.002 T i K] 298 AH , [J/mol] 30478
My, [kg/mol] 0.438 Piiia IMPa] 0.2 AH, [J/mol] 30800

Table 3.3 Description of four cases with different inflow/outflow temperature

Case Absorption stage Desorption stage
1 Constant inflow temperature, Variable outflow temperature,
T, =Const I, =T
2 Constant inflow temperature, Constant outflow temperature,
T, = Const T, =Const
3 Variable inflow temperature, Constant inflow temperature,
T.=T T, = Const
4 Variable inflow temperature, Variable inflow temperature,
T =T 7,=T

Fig.3.1 shows the comparisons between the Matlab/Simulink numerical solutions and
the analytical solutions, including the variations of the lumped temperature, the
pressure, the mass source term of metal hydride, the mass of metal hydride, the
equilibrium pressure and the mass of gaseous hydrogen, in order to validate the lumped
parameter numerical model. In general, the numerical solutions of the lumped
parameter model with constant mass source term agree well with the analytical
solutions. The lumped temperature of the metal hydride reactor increases during
hydriding and decreases during dehydriding. The temperature increases during
dormancy since the reactor is heated, which is good for the dehydriding reaction. The
metal hydride mass increases during hydriding and decreases during dehydriding. The
sum of the mass flow rate and the hydrogen mass source is 0, and the mass of gaseous

hydrogen in the metal hydride reactor is a fixed value. The variation curve of pressure
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is as same as that of lumped temperature, which is according to the equation of state in
the assumed conditions. The equilibrium pressure is presented in Fig.le, which is
calculated by Eq. (11). The equilibrium pressure is related to the lumped temperature
and the mass of metal hydride, and the effect of the lumped temperature on the
equilibrium pressure is more obvious than that of the mass of metal hydride. The

equilibrium pressure shows the same trend as the lumped temperature.
3.3.3 Comparison among different analytical solutions

The analytical solutions using different inflow/outflow temperature are discussed. Then,
the deduced model proposed in Ref.[52] is compared with the above analytical
solutions in this section. The mass flow rate in the analytical solutions is assumed to be
constant, the case using a variable mass flow rate is not considered in this work. Any
of hydrogen inflow and outflow temperatures can be assumed as constant or variable,
which results in analytical solutions under four different inflow/outflow conditions.

The detailed information on the combinations is presented in Table 3.3.

Fig.3.2a shows the comparison of lumped temperature among the analytical solutions
with different inflow/outflow temperature. When the inflow temperature is set as
constant, the lumped temperature is about 0.7 K lower than that of others during
hydriding. The lumped temperature in Case 2 and Case 3, where the outflow
temperature is set as constant, is about 0.7 K higher than the others during dehydriding.
The effect of the inflow/outflow temperature on the lumped temperature is not obvious

due to a large amount of reaction heat.

A reduced model has been introduced and its usefulness has been confirmed in Ref.[52],
where the hydrogen specific heat capacity and the enthalpy change caused by the
hydrogen inflow are ignored. Based on these assumptions, the energy balance equation
Eq. (3.12) becomes:

d(meT)/dt=a, A (T, -T)-AH,,S, /| M, (3.30)
Solving Eq.(3.30), we obtain:

T=T" +(T,-T")exp[-a,At/(mc,)] (3.31)

where the characteristic time 7 is equal to 7, —AHa,l,SH: /(afASMH: )
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Based on the same parameters and conditions, we compare the lumped temperature of
the analytical solutions with that of the reduced model results. Fig.3.2b shows that the
lumped temperature of analytical solutions is about 5.5 K higher than that of the
reduced model during hydriding. The results calculated by the reduced model is about
6.5 K higher than the other during dehydriding. The analytical solutions in the present

work show more accurate than the reduced model.

3.4 Parametric study by numerical solution

The lumped parameter numerical model with constant source term has been validated
by the analytical solutions. Then, the validated lumped parameter numerical model is
used for parametric study in this section. The variable source term is easily and widely
used in numerical models to simulate the hydriding-dehydriding cycle. The effect of
variable mass source term on the numerical results of the lumped parameter model is
discussed. The simulation results of the lumped parameter numerical model with
variable mass source term are compared with those with constant mass source term.
The effect of the mass tlow rate on the metal hydride system is studied to exam the

upper limit of the analytical solutions. Matlab/Simulink is used for numerical solutions.
3.4.1 Effect of variable mass source term

The effect of variable mass source term on the numerical solutions of the lumped
parameters model is studied. The variable metal hydride source terms during hydriding
and dehydriding can be calculated by Eq. (3.10a) and Eq. (3.10b). The mass source
term is set as 0 when the hydrogen pressure Py, is between P, and P.,. The variable
mass source term means the variable reaction rate. The numerical solutions using the
variable mass source term are compared with the numerical solutions using the constant

mass source term.

Fig.3 shows the effects of the variable mass source term on the numerical solutions,
including the lumped temperature, the pressure, the mass source term of metal hydride,
the mass of metal hydride, the equilibrium pressure and the mass of gaseous hydrogen.
As for the lumped temperature, the metal hydride mass and the equilibrium pressure,

the results of the numerical model using variable mass term agree well with the other
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in Fig.3.3a, Fig.3.3d and Fig.3.3e. Fig.3.3¢ shows that the mass source term of metal
hydride during hydriding and dehydriding can be considered roughly as constant,
which confirms that the constant mass source term used in the analytical solution gives
reasonable approximated results. The value of variable mass source term is below that
of constant mass source term due to a relative lower temperature at the beginning of

the hydriding process.
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Fig.3.3 Comparison for cases using lumped parameter numerical model with constant/variable
source term: (a) lumped temperature, (b) pressure, (¢) mass source term of metal hydride, (d)
mass of metal hydride, () equilibrium pressure and (f) mass of gaseous hydrogen.
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As for the pressure and the gaseous hydrogen mass, the difference between two
numerical solutions is obvious. The pressure and the gaseous hydrogen mass in the
metal hydride reactor are related to the source term. The ratio of the hydrogen mass
source term to the mass flow rate is assumed as —1 in the numerical model with the
constant mass source, which makes the mass of gaseous hydrogen in the metal hydride
reactor to be constant. Therefore, the pressure calculated by the model with constant

source term is approximately constant. As for the numerical model with variable source

term, the metal hydride mass source term S, is a negative quantity after about 731s
during dormancy in Fig.3.3c. Thus, the hydrogen mass source term SH7 is a positive

quantity and the gaseous hydrogen mass increases in that process, which causes the

increase of the hydrogen pressure p, during the later dormancy in Fig.3.3b. Due to
the similar reason, the hydrogen pressure p, decreases during the earlier dormancy.

Considering the gaseous hydrogen mass in the reactor is a relatively small quantity, the
effect of gaseous hydrogen mass on the numerical results is not significant. In general,
the numerical model with a variable source term is more accurate than the other to

predict the hydriding-dehydriding cycle process.
3.4.2 Effect of mass flow rate

Based on the Matlab/Simulink numerical model using the variable source term, the
effect of the mass inflow rate on the metal hydride system is taken into consideration.
The absolute value of the mass inflow rate is equal to that of the mass outflow rate.
Four cases with different mass flow rates are discussed in this section, and the absolute

values of the mass flow rate are presented in Fig.3.4. The reaction fraction X is defined

as the ratio of the metal hydride mass m,,, to the saturated solid material mass m* .

The reaction fraction X is about 100% when the hydrogen storage capacity of the metal

hydride system approaches the limited capacity.

Fig.3.4 shows the comparison of the numerical solutions among four cases with
different mass flow rates, including the lumped temperature, the mass source term of
metal hydride and the reaction fraction. Fig.3.4a shows the lJumped temperature during

hydriding generally rises with the increase of mass inflow rate, and the lumped
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temperature during dehydriding decreases with the increase of mass outflow rate.
Fig.3.4b shows the metal hydride source term S,,, during hydriding and dehydriding

can be considered roughly as constant in the cases with a relatively small mass flow
rate. Fig.3.4c shows the maximum reaction fractions in four cases are about 64.1%,
77.2%, 90.3% and 100%. It takes less time to approach the limited capacity by taking

arelatively large mass flow rate.

As for the case with the maximum mass flow rate, the metal hydride source term S, ,,,

decreases when the reaction fraction is beyond about 90% during hydriding, and the
lumped temperature reduces due to the decrease of reaction heat and the heat transfer
from the metal hydride bed to the cooling water. The analytical solution is solved from
the thermodynamic model based on the assumption that both the mass flow rate and
the mass source term are constant. The metal hydride source term or the reaction rate
during hydriding is almost constant when the reaction fraction is below about 90%
during hydriding, as shown in Fig.3.4b and Fig.3.4c. When the hydriding reaction is
close to the saturation condition, the metal hydride source term or the reaction rate
decreases and cannot be considered roughly as constant. In this article, we exactly
solved the model to give the analytical solutions under different conditions. The model
used for analytical solutions is an approximate model when the hydrogen storage

capacity of the metal hydride system is above about 90% of its limited capacity.

3.5 Conclusion

The thermodynamic model for the hydrogen storage system using metal hydride,
including the mass and energy balance equations, reaction kinetics equation,
equilibrium pressure equation and equation of state for the ideal gas, has been presented
in detail. The analytical solutions of lumped temperature are obtained from the
thermodynamic model in various processes, including hydriding, dormancy and
dehydriding processes. A lumped parameter numerical model is developed on the
Matlab/Simulink platform. The analytical solutions are applied to validate the
numerical model with a constant reaction rate. Further, the analytical solution can be

used as a reference for more detailed two-dimensional or three-dimensional models.
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Any of hydrogen inflow and outflow temperatures can be assumed as constant or
variable, which results in analytical solutions under four different inflow/outflow
conditions. Four cases under constant/variable inflow/outflow temperature conditions
are analytically studied, the results show that the effect the variable inflow/outflow
temperature condition on the lumped temperature in metal hydride system is not
obvious compared to the constant inflow/outflow temperature condition. The analytical
solution for the hydriding-dehydriding cycle is compared with the result of a reduced
model proposed in the reference, the comparison shows that the analytical solution is
more accurate than the reduced model. Then, the variable mass source term is taken
into consideration in the validated lumped parameter numerical model. The lumped
temperature of the metal hydride system, the mass of metal hydride and the equilibrium
pressure in the numerical solutions using variable mass source term agree well with
those in the numerical model using constant mass source term. The effect of mass flow
rate on the metal hydride hydrogen storage system is discussed, the results show that
the lumped temperature rises during hydriding and decreases during dehydriding with
the increase of mass inflow rate. It takes less time to approach the limited capacity by
taking a relatively large mass flow rate. The metal hydride source term during
hydriding can be considered roughly as constant, which is true when the hydrogen
storage capacity of the metal hydride system is not beyond about 90% of its limited

capacity
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Chapter 4 Hydrogen Storage based on Metal Hydride
with Coiled Tube Heat Exchanger

This section has been published in: Tong L, Xiao J S, Yang T Q, et al. Complete and
reduced models for metal hydride reactor with coiled-tube heat exchanger.
International Journal of Hydrogen Energy, 2019, 30(44):15907-15916.

My specific contributions in this work was to design coiled-tube and straight pipe as
heat exchangers to enhance heat transfer in the metal hydride hydrogen storage tank.
Reduced 2D model for coiled-tube heat exchanger was developed, which can well

approximate complete 3D model.

Metal hydride can be considered as a safe and effective method to store hydrogen. A
large amount of heat is generated during hydriding while a lot of heat is absorbed in
the dehydriding process. The thermal eftects during hydriding/dehydriding have a
significant influence on the performance of metal hydride reactor. The geometry of the
metal hydride reactor and the structure of the heat exchanger should be carefully

designed for better performance.

4.1 Mathematical model of metal hydride system

The mathematical model of metal hydride hydrogen storage system is based on the
governing equations, including mass and momentum conservation equation, energy
conservation equation, equation of reaction kinetics, equilibrium pressure equation and
equation of state. The effect of the reactor wall on the metal hydride hydrogen storage
system is neglected in the mathematical model. The mass conservation equation for

gaseous hydrogen in the reactor can be expressed as:

g(&bpg)-%v-(pgﬁ):S“l (4.1)

where &, is the porosity of metal hydride bed, p, (kg/m?) is the density of hydrogen,

v (m/s) is the Darcy velocity and Sy, is the mass source term of hydrogen. The mass



source term S, is negative during hydriding and positive during dehydriding. The

Darcy velocity v is presented as:
v=——Vp (4.2)
where k (m?) is the permeability, £ (Pa s) is the dynamic viscosity and Vp (Pa/m)

is the pressure gradient.

The solid materials include the alloy and the metal hydride. As for the solid materials,

the mass conservation equation can be considered as:

ap,
1- 2 =§ 4.3
( gb) 8[ s ( )

where p, (kg/m?) is the solid material density. S, is the mass source term of solid

materials, the relationship between S and S, can be written as S, =-S5, .

The energy conservation equation of the metal hydride system is described as:
oT -
(pe,).. S pe VT =V (k VT) S, [AH +T(c, ~c,)] (4.4)

The effective heat capacity (pcp) . is gp,c,, +(1-&,) p.c,, and the effective thermal

conductivity k is sk, +(1—&,)k,. The porosity &, is assumed as constant during
hydriding. The local thermal equilibrium is assumed to be valid between the solid phase
and the gaseous phase, and the gaseous phase temperature is equal to the solid phase

temperature in our model. The mass source term of solid materials S is relative with

the reaction kinetics equation of metal hydride and the equilibrium pressure [2% 2325,
-E,/(RT sa

S, =Ce " in(py | p (2= 2.), for py, > P (4.5a)

Ss = _Cde_Ed/(RT) |:(peqfl - le )/ pequ:|(ps - p:mp) > for sz < pcqll (45b)

where C_, (1/s) is kinetics constant, £,,, (J/mol) is activation energy, p,,.., (Pa)is

equilibrium pressure, 7 (K) is temperature, the subscript a/d refers to the

sat

absorption/desorption process. p (kg/m?) is the saturated density of solid materials

emp

and the alloy is fully transformed to the metal hydride in the saturated condition. p;
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(kg/m*) is the density of solid materials when all of the metal hydrides has transformed

into the alloy and the hydrogen. The equilibrium pressure equation can be described
[25].
as'h

ln(pcqa/d /prcf) = Aa/d - Ba/(l /'T (46)

where p.; (MPa) is the reference pressure and set as [ MPa. I[n this work, the gaseous
hydrogen is considered as the ideal gas. The hydrogen storage capacity of the metal
hydride reactor can be written as follows:

_ emp
wt="5"" L 00% (4.7)
mcmp

5

where m_ (kg) is the mass of solid materials in the metal hydride reactor. [n general,

the solid materials include the alloy and the metal hydride. m™ (kg) is known as the
emptied mass of solid materials, and it is equal to the solid material mass when the
whole of metal hydride in the reactor is converted as alloy and hydrogen. m;™ (kg) is
the saturated mass in the metal hydride reactor when the whole of alloy reacts with

hydrogen and transforms as the metal hydride. The value of solid material mass m,

‘™ and the saturated mass m>"

5 s

changes between the emptied mass m

4.2 Model parameters

4.2.1 Geometric model

There are six types of metal hydride reactors packed with LaNis in this work. Six
structures are designed for simulation cases: Case A to F, as shown in Fig.4.1. The
metal hydride reactors of Case A and B are two-dimensional (2D) axisymmetric models,
Case C, D and E are complete three-dimensional (3D) models, Case F is a reduced

model of the complete three-dimensional model Case C.
4.2.2 Material properties

In order to validate the mathematical model of metal hydride reactor, its simulation
results were compared with other data from Refs.[25, 26]. The eftect of the tank wall

on the metal hydride system is ignored. The temperature of circulating cooling water
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is set as constant. The parameters of metal hydride and hydrogen properties used in the

simulation are shown in Table 4.1 24231,

Fig.4.1 Diagram of dlfferent metal hydride reactor (a) w1thout heat exchanger, (b) with
straight pipe heat exchanger, (¢) with coiled-tube heat exchanger, (d) with coiled-tube heat
exchanger and straight pipe heat exchanger, (¢) with dual coiled-tube heat exchangers and

(f) with parallel ring tube heat exchanger.

4.2.3 Boundary and initial conditions

The metal hydride reactor is cooled by the circulating cooling water during hydriding.
The ambient temperature is set as the same as the cooling water temperature. There are
three kinds of boundary conditions in the 2D axisymmetric model, including pressure
boundary condition, heat flux and axis. The inlet is set as the pressure boundary
condition. The initial pressure in the tank is 0.143MPa. We suppose that the pressure

increases linearly from initial pressure to constant pressure (0.8MPa) in the first 100s,



and maintains at the constant pressure [>*l. The outer boundaries of metal hydride

reactor are set as heat flux, and the heat transfer coefficient h, between the metal

hydride reactor and the ambient environment is constant. The initial temperature in the

tank is assumed to be the ambient temperature 7, .

Table 4.1 Parameters of metal hydride and hydrogen properties

Parameter Values Parameter Values Parameter Values
&, [1] 0.5 E [J/mol]  21179.6 4, [1] 10.7

Py [kE/M’] 7164 E, [J/mol] 16473 B, [1/K] 3704.6
P, Lkgm’l 7259 C, [1/s] 59.187 R [J/mol/K] 8.314

h, [Wm¥K] 1652 C, [Us] 9.57 M, [kg/mol]  2.0159-3
K [m?] 10 c, [V/keg/K] 14890 k, [Wm/K] 2.4

T, [K] 293 ¢, [Vg/K] 419 k, [Wm/K]  0.1815

AH, [J/kg]  1.537e7 P [MPa] 1
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Fig.4.2 Model verification on monitor point temperature (a, ¢) and hydrogen storage
capacity (b, d) under different ambient temperatures, using 2D model for Case A.

52



330 _ —a— Case A, without heat exchanger
] —=e— Case B, straight pipe
o 325- . —a— Case C, coiled-tube
o 320-+
=
7 ]
© 315
Q
£
2 310
()
[@)]
© 305
[
>
<< 300 -~
295
3
290 T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Time (s) a
1.4
—~ 1.2
)
=
©
Q.
4]
© 0.8
)]
(@)]
o
206 -
(4]
e
S
0.4+
© . : S B
> —a— Case A, without heat exchanger
I 0 2 - 0 .
- . —e— Case B, straight pipe
—a— Case C, coiled-tube
0.0 T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Time(s) b

Fig.4.3 Simulation results of average temperature (a) and hydrogen storage capacity (b) in

the reactors with straight pipe and coiled-tube heat exchangers, compared with the reactor
without heat exchanger, using 2D model for Case A and B and 3D model for Case C.



Fig. 4.4 Contours of temperature (a, b) and solid material density (c, d) in the reactor with a
single coiled-tube heat exchanger at 100s (a, ¢) and 500s (b, d)

4.3 Results and discussions

4.3.1 Model validation

The model is developed on the Comsol software platform, its simulation results were

compared with other works in the Refs.[25, 26]. The mesh sensitive analysis has been



taken into consideration. The effects of the element size of the mathematical model,
including extra fine, finer, fine, normal and coarse, on the density of monitoring point
(r=1.5cm, z=3.5cm) are studied. The results indicate that there is no obvious difference
between extra fine and finer in Case A. The complete mesh in Case E which is the most
complex model in our work consists of 403532 domain elements, 42172 boundary
elements and 5187 edge elements. It has been validated and presented enough
calculation precision. The temperature of monitoring point in the metal hydride
hydrogen storage tank at different ambient temperature are presented in Fig.4.2a and
Fig.4.2c. The hydrogen mass in metal hydride has been calculated in Ref.[25], which
can be used to get the hydrogen storage capacity of the metal hydride reactor by
Eq.(4.7). In general, the simulation results agreed well with other works, and the two-

dimensional axisymmetric model can be considered to be validated.
4.3.2 Comparison between coiled-tube and straight pipe heat exchanger

The coiled-tube heat exchangers are used to improve hydrogen storage performance.
There are three important parameters for the coiled-tube heat exchanger, including the
diameter of the helical coil pipe, the helical diameter and the helical pitch P8, In this
section, the helical diameter and the helical pitch are set as 0.03m and 0.008m,
respectively. The pipe diameter of two kinds of heat exchangers is both assumed as

0.004m.

The boundary conditions for the coiled-tube heat exchanger and the straight pipe heat
exchanger are set as heat flux, the circulating cooling water temperature and the heat
transfer coefficient between metal hydride reactor and cooling water are assumed to be

constant in our work.

Fig.4.3 shows the simulation results of different designs of metal hydride reactor,
including the average temperature of the metal hydride reactor and the hydrogen
storage capacity. The metal hydride reactors in Case A and B are reduced as two
dimensional axisymmetric models, and a complete three dimensional model is
developed for Case C. The average temperature increases quickly due to the reaction
heat released, and declines with the decrease of reaction rate and heat transfer from

metal hydride to ambient environment through heat exchanger. The heat exchangers

55



have a significant effect on the whole system. The metal hydride reactor in Case A, B
and C takes 1531s, 1012s and 419s to reach up to 90% of the max value of hydrogen
storage capacity, respectively. The results show that the effect of the coiled-tube heat
exchanger on the reaction rate of the metal hydride reactor is obviously better than that
of the straight pipe heat exchanger. The single coiled-tube heat exchanger also shows
better performance of heat transfer than those of straight pipe heat exchanger, and it

can be used to decrease the peak value of average temperature in the reactor.

Fig.4.4 presents the contours of temperature (a, b) and solid material density (c, d) in
metal hydride reactor with a single coiled-tube heat exchanger at 100s (a, c) and 500s
(b, d). Fig.4.4a shows that the temperature of the area near the heat exchanger is lower
than others due to the heat transter between the reactor and the cooling water. The
temperature of the central area is higher than others in Fig.4.4b. 1t is difficult to transfer
heat from the central area to the ambient environment. The solid material density
increases during hydriding, and reaches to the saturated situation quickly in a relative
lower temperature area. The density of area near heat changer reaches to the saturated

situation earlier than others in Fig.4.4c.
4.3.3 Optimization of coiled-tube heat exchanger

In order to improve the performance of heat transfer in the central area, metal hydride
reactors equipped with dual heat exchangers are discussed in this section. The
combination of coiled-tube and straight pipe is taken into consideration in Fig.4.1d.
The diameter of the straight pipe is the same as that of coiled-tube. Fig.4.1e shows dual
coiled-tube heat exchangers, the diameter of the inner helical coil pipe and the helical

diameter are set as 0.002m and 0.0[5m, respectively.

Fig.4.5 shows the comparison results among the metal hydride reactors with difterent
coiled-tube heat exchangers, including average temperature (2) and hydrogen storage
capacity (b). The difference in average temperature among the three cases is not
obvious in the first 100s. The dual coiled-tube heat exchangers show better heat transfer
performance than others in the latter process. There is no significant difference in the
average temperature between Case C and D in about first 350s. The average

temperature in Case D decreases faster than that in Case C after about 350s. However,
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the effect of various coiled-tube heat exchangers on the hydrogen storage capacity of
metal hydride reactor is clearly different. The metal hydride reactors in Case C, D and
E take 419s, 323s and 271s to reach up to 90% of the max value of hydrogen storage
capacity, respectively. [t takes relatively little time to reach the limited value of
hydrogen storage capacity in the reactor equipped with dual coiled-tube heat

exchangers in Fig.4.5b.

Fig.4.6 presents the contours of temperature (a, b) and solid material density (c, d) in
the reactor with dual coiled-tube heat exchangers at 100s (a, ¢) and 400s (b, d). Fig.4.6b
shows that the high-temperature area is smaller than that in Fig.4.4b. It takes relatively
little time to reach the saturated situation in the reactor with dual coiled-tube heat
exchangers. The rotation direction of the inner coiled-tube heat exchanger is also taken
into consideration. When the rotation direction of the inner coiled-tube heat exchanger
is the opposite of the outer coiled-tube heat exchanger, the difference of their average

temperatures is slight, and hydrogen storage capacity is almost unchanged.

The inserted heat exchanger can increase the heat transfer performance of the metal
hydride reactor. The metal hydride reactor in the above five cases takes 1531s, 1012s,
419s, 323s and 27 s to reach up to 90% of the max value of hydrogen storage capacity.
However, the inserted heat exchanger also decreases the hydrogen capacity for the
system. The initial solid material mass in Case A, B, C, D and E is 0.42199kg,
0.41659g, 0.39548kg, 0.3923 kg and 0.39166kg. When the alloy is converted into the
metal hydride, the stored hydrogen qualities of the five cases are 5.60g, 5.52g, 5.24g,
5.20g and 5.19g. Considering the effect of the inserted heat exchanger on the hydrogen
storage quality is not significant, the inserted heat exchanger can be regarded as an

effective method to improve the performance of the metal hydride reactor.
4.3.4 Reduced model of coiled-tube heat exchanger

In order to decrease the computing time of the complete 3D model, the reduced 2D
model is applied for the metal hydride tank with the coiled-tube heat exchanger, as
shown in Fig.4.1f. We suppose that the heat in the metal hydride reactor transfers only
from the coiled-tube heat exchanger to the ambient environment, and the outer surfaces

of the metal hydride reactor are set to be adiabatic for simplification.
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Fig.4.5 Simulation results of optimization of coiled-tube heat exchanger, including average
temperature (a) and hydrogen storage capacity (b), using 3D model for Case C, D and E.
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Fig.4.6 Contours of temperature (a, b) and solid material density (c, d) in the reactor with
dual coiled-tube heat exchangers at 100s (a, ¢) and 400s (b, d)

The coiled-tube heat exchanger is simplified as parallel ring tubes heat exchanger,
then the 3D model can be deduced as a 2D axisymmetric model. The boundary
conditions for all parallel ring tubes are set to be the same in the current simulation,

which can be varied according to the overall heat transfer situation.
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Fig.4.7 Comparison of average temperature (left) and hydrogen storage capacity (right)
between complete 3D model (Case C) and reduced 2D model (Case F) for coiled-tube heat
exchanger with different numbers of coil turns.
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Fig.4.7 shows the comparison of simulation results, including the average temperature
and the hydrogen storage capacity, between the reduced 2D model and the complete
3D model for the reactor with a coiled-tube heat exchanger under a different number
of coil tumms. The average temperatures of the reduced 2D model are slightly higher
than those of the complete 3D model. This is due to that the reduced 2D model has
slightly smaller heat transfer surface area than the complete 3D model when the spiral
coiled-tubes simplified to parallel ring tubes. The hydrogen storage capacities of the
reduced 2D model agree well with those of the 3D model. In general, the effectiveness
of the reduced 2D model has been validated by the complete 3D model. The reduced
2D model can well approximate the complete 3D model for the case with more turns

of coiled-tube.

4.4 Conclusion

The two-dimensional axisymmetric model is developed on the Comsol platform in
order to study the thermal effects of the metal hydride hydrogen storage system. The
model is validated by comparing its simulation results with other works. The straight
pipe heat exchanger and the coiled-tube heat exchanger are taken into consideration in
the design of the metal hydride reactor. The complex 3D models are used to study the
metal hydride reactor equipped with the coiled-tube heat exchanger. It is an effective
method to improve the hydrogen storage efficiency of the metal hydride reactor by
equipping with heat exchanger. The coiled-tube heat exchanger presents better heat
transfer performance than the straight pipe heat exchanger. Dual heat exchangers,
including the combination of the coiled-tube heat exchanger and straight pipe heat
exchanger and the dual coiled-tube heat exchangers, are discussed. It takes relatively
little time to reach the saturated situation in the reactor equipped with dual coiled-tube
heat exchangers. As for the metal hydride hydrogen storage reactor equipped with the
coiled-tube heat exchanger, the reduced 2D model is taken into consideration in order
to decrease the computing time. The effectiveness has been validated by comparing the
simulation results of the reduced model with those of the complete three-dimensional
model. The reduced 2D model can well approximate the complete 3D model for the

case with more turns of coiled-tube.
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Chapter 5 Hydrogen Storage based on Metal Hydride
with Phase Change Materials

This section has been published in: Tong L, Xiao J S, Bénard P, et al. Thermal
management of metal hydride hydrogen storage reservoir using phase change materials.
International Journal of Hydrogen Energy, 2019, 38(44):21055-21066.

My specific contributions in this work was to combine metal foam with phase change
material to increase effective thermal conductivity and improve hydrogen storage

efficiency in metal hydride system.

Phase change materials can be applied to the metal hydride hydrogen storage system in
order to improve system performance. The phase change materials can be used as a
kind of heat exchanger to store the heat released during hydriding and provide the heat
to a metal hydride bed during dehydriding. In this research, we have developed a new
system combining metal hydride, phase change materials and metal foam. The external
size of phase change material (PCM) zone is studied by well-validated model. Metal
foam (MF) is composited into PCM to increase effective thermal conductivity. Metal
hydride (MH) thermally coupled with MF composited PCM forms MF-PCM-MH
system. The MF-PCM-MH system shows improved heat transfer and hydrogen storage
efficiency. Copper foam shows better performance of MF-PCM-MH system than that

with aluminium.

5.1 Mathematical model

The metal hydride hydrogen storage system equipped with phase change exchanger
mainly includes the metal hydride bed zone and the phase change material zone. The
effect of the reactor wall on the system is neglected for simplification. The
mathematical model for metal hydride zone has been presented in the previous section.
The mathematical model for the phase change material zone is presented as follows.
The commercial paraffin RT35 is used as the phase change material. The convection

of the liquid phase change materials is negligible. The energy conservation equation



for the phase change materials is written as

(pc,) o _ V- (ke oenVT) (5.1)

eLPCM 5f

The phase change materials change from solid phase to liquid phase when it stores the
reaction heat during hydriding. The metal foam can be used to increase the effective

thermal conductivity of the system. The effective thermal conductivity k. .\ can be

calculated by Eq.(5.2a) for the case without metal foam and Eq.(5.2b) for the case with

metal foam.
Ko o = (1 - ‘9) Ksoia.pcm ekliquid.PCM (5.2a)
keﬂ'.PCM = (l - groam )kfoam + gfoam l:(l - 9) ksolid.PCM + ekliquid.PCM J (Szb)

The effective heat capacity of the phase change material zone (pcp) in Eq.(5.1)

eff .PCM
is related to the heat capacities of the phase change materials and the metal foam, which
can be calculated by Eq.(5.3a) for the case without metal foam and Eq.(5.3b) for the

case with metal foam.

Oa
(pcp )eff,PCM = (l - ‘9) PsotiapcmCpsoliapem T ‘gpliquid.PCM Cpiiquidpem T Preml a_T (5.3a)
(pcp )cﬂ",PCM = (l - gfoam ) pfoamcp,l'oam +
oa
€ foam (1 - ‘9) PioliapcmCpsoliseem T epliquid.PCMC oiiquidpem T Peeml 6_T (5.3b)

where L means the latent heat from the solid phase to the liquid phase, 8 is the melting

fraction, the density of phase change materials p,, can be written as

(1-0) Piarcm + Wriquarcw and  the  variable o  is  defined  as
[ Brquasent —(1=0) Paiapem |/ (2Ppcn) 14! The last term in Eq.(5.3a) and Eq.(5.3b)

can be described as the distribution of latent heat, which is equal to 0 before

transformation and after transformation.

5.2 Model parameters

The metal hydride hydrogen storage reactor equipped with phase change materials 1s
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simplified as a two-dimensional axisymmetric model. Fig.5.1 showed the diagram (a)
and computational mesh (b) of the metal hydride hydrogen storage system. The
computational domain includes the metal hydride zone and the phase change material
zone. The phase change material zone has been divided into two sections in order to
simplify the mesh generation. The radius and the height of the metal hydride bed are
0.02 m and 0.06 m, respectively. As for the total reservoir, the radius and the height are

0.045 m and 0.08 m, respectively.
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Fig.5.1 Diagram (a) and finite element mesh (b) of metal hydride hydrogen storage reactor
with phase change materials.

The parameters of metal hydride, hydrogen, phase change materials and metal foam
properties used in the simulation of the hydrogen storage system are shown in Table
5.1 [24,25.43.30] The commercial paraffin RT35 is selected as the phase change material,

its melting temperature is 308.15K and the range of transition temperature is 3K.

The metal hydride reactor is surrounded by phase change materials. The boundary 2 is
an inlet and set as the pressure boundary condition. The initial pressure in the reservoir
is 0.143MPa. The initial temperature in the tank is assumed as 293K. We suppose that
the pressure increases linearly from an initial pressure to constant pressure (0.8MPa) in
the first 100s, and maintains at the constant pressurel®! . The boundary 1 and 5 are both
set as the symmetric axis. The boundary 6, 7 and 8 are set as thermal insulation

condition.

5.3 Results and discussions

5.3.1 Performance of metal hydride reservoir with phase change materials

64



The model for metal hydride tank without phase change material was validated in the
previous section. Performances of metal hydride reservoir using phase change
materials were predicted in this section. Fig.5.2 showed the evolution of hydrogen
storage capacity of metal hydride bed and the melting fraction of phase change
materials (a) and the average temperature of the metal hydride bed and the phase
change materials (b). These average values were calculated based on the surface
average method. The heat transferred from the metal hydride bed to the phase change
materials, the average temperature of metal hydride bed decreased and the average
temperature of phase changer materials increased, then the phase change materials
transformed from solid phase to liquid phase. At last, the average temperature of metal

hydride bed and phase change materials tended to be the same value.

Fig.5.3 presented the distribution of the temperature (a, d, g, j), the density of metal
hydride bed (b, e, h, k) and the melting fraction of phase change materials (c, f, i, |) at
500s (a, b, ¢), 2500s (d, ¢, f), 9000s (g, h, i) and 30000s (j, k, 1). In Fig.5.3a, 5.3d and
5.3g, the red zone means a relatively high temperature area and the blue zone means
relatively low temperature area. The heat transferred from a high-temperature zone to
a low-temperature zone, and the temperature of each position tended to be the same
finally in Fig.5.3j. In Fig.5.3b, 5.3e and 5.3h, the density of the peripheral area near the
phase change materials was higher than those of the central region. In other words, the
density of metal hydride bed in the high-temperature area was less than that in the low-
temperature area. In Fig.5.3c, 5.3f, 5.3i and 5.31, the red zone can be regarded as the
liquid phase. The reaction heat released during hydriding transferred from the metal
hydride bed to the phase change materials. When the phase change materials in solid-
state absorbed the heat, its temperature increased up to the melting point. Then the
phase change materials transformed from the solid state to the liquid state, and its
temperature was almost constant during the transformation. The phase change
materials in the liquid state continued to absorb the heat and its temperature increased
up to the temperature equilibrium state. Finally, the whole phase change materials were
in a liquid state, and the temperature difference between metal hydride bed and phase

change materials tended to be zero.
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5.3.2 Effects of thermal conductivity, mass and latent heat of phase change materials

on hydrogen storage performance

The effects of the thermal conductivity, the mass and the latent heat of fusion of the
phase change materials on the metal hydride system were studied. The value of thermal
conductivity of phase change materials was increased up to its 5, 10 and 15 times (about
1W/m/K, 2 W/m/K and 3 W/m/K) for parametric studies. The phase change materials
can be composited with various metal foams in order to increase its effective thermal
conductivity. The mass of phase change materials around metal hydride bed is related
to its external sizes. [n Table 5.2, the external sizes in five cases were presented. The
mass of phase change materials was calculated based on the formula of cylindrical
volume and its external sizes. As for given phase change materials, the latent heat of
fusion is constant. There were four cases with the different latent heat of fusion
(increased by about 50 kJ/kg in turn) in the parametric studies. Based on these results,
an appropriate phase change material can be selected in future research.

Table 5.1 Properties of materials used in simulation

Parameter Values Parameter Values Parameter Values
c, Dke/K] 14890  Pgsen [k&/m’] 880  p, [kg/m’] 2700
¢, DkgK] 419 Pigueren KT 760 ¢, Dkg/K] 963

k, [Wm/K] 24 ¢, arem /kg/K] 1800 L [kJ/kg] 157

kg [W/m/K] 0.1815 €, iquidrcm [J/kg/K] 2400 Peu [kg/m3] 8920
R[J/molK] 8314  Kigaren [W/m/K] 02 kg [Wm/K] 400
¢, co J/kg/K] 383 Kegiapom [W/m/K] 0.2 k, [Wm/K]  121.1

Table 5.2 Parameters of the system equipped with different mass of phase change materials

Case MH hvua miaNis M hpcm mpcm mLanis/(MLaNisTmpem)
[m]  [m]  [kg] [m] [m] [ke]
1 0.02  0.06 0.27 0.04 0.075 0.265 0.504
2 0.02 0.06 0.27 0.0425 0.0775 0.321 0.457
3 0.02 0.06 0.27 0.045 0.08 0.382 0.414
4 0.02  0.06 0.27 0.0475 0.0825 0.448 0.376
5 0.02 0.06 0.27 0.05 0.085 0.521 0.341
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Fig.5.4 showed the effect of the thermal conductivity of phase change materials on the
hydrogen storage capacity of metal hydride bed (a) and the melting fraction of phase
change materials (b) and the average temperature of metal hydride bed (c). It takes
relatively little time to reach the limited hydrogen storage capacity of metal hydride

bed with relatively large thermal conductivity of phase change materials.

Some metal hydride reservoirs equipped with different qualities of phase change
materials were studied. The results showed that the mass of phase change materials had
a significant influence on the system performance in Fig.5.5. The hydrogen storage
capacity rose and the melting fraction decreased with the increase of mass of phase
change materials in Fig.5.5a and Fig.5.5b. The greater the mass of phase change
materials, the larger quantity of heat energy it can store. When the hydrogen storage
capacity of the metal hydride bed reached to the saturated situation, the average
temperature of metal hydride bed was relatively low in the case with a relatively great
mass of phase change materials in Fig.5.5c. The mass of phase change materials should

be carefully designed in order to optimize the system.

In order to study the effect of the latent heat of fusion on the system, the variation of
the hydrogen storage capacity, the melting fraction and the average temperature of
metal hydride bed were presented in Fig.5.6. The hydrogen storage capacity rose and
the average temperature of metal hydride bed decreased with the increase of the latent
heat of fusion. It is a feasible method to improve the system efficiency by selecting the

phase change materials with the relatively large latent heat of fusion.
5.3.3 Thermal management using phase change materials composited with metal foam

It is difficult to change the physical properties of the phase change materials, such as
the thermal conductivity and the latent heat of fusion. However, we can improve the
heat transfer performance of the system by equipping the metal foam in the phase
change heat exchanger. Assuming the effective thermal conductivity was set as the
same value, the performance of the case with Al foam was compared with the other
where the thermal conductivity was set as | W/m/K or 2W/m/K directly. In Fig.5.7, the
cases equipped with the Al foam showed a similar performance as the others. It is a

good way to increase the eftective thermal conductivity of the phase change material
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zone by means of metal foam. Phase change materials composited with metal foam can

be used to improve the hydrogen storage efficiency of the metal hydride reservoir.

The physical properties of various metal foams are different, which have influences on
the effective thermal conductivity and the effective heat capacity of the composited
phase change materials. Fig.5.8 presented the effects of different metal foams on
hydrogen storage capacity and the melting fraction (a) and the average temperature of
metal hydride bed and phase change materials (b). We supposed the foam porosity was
set as the same value. It took relatively little time to reach the saturated situation of the
metal hydride bed in the case equipped with copper foam. The copper foam showed
better heat transfer performance than that of the Al foam. In the case equipped with
copper foam, the phase changes materials could transfer from the solid form to liquid

form quickly and the average temperature of metal hydride bed decreases fast.

5.4 Conclusion

In this section, the phase change material heat exchanger composited with the metal

foam has been introduced to the hydrogen storage system using metal hydride.

Effects of the thermal conductivity, the mass and the latent heat of phase change
materials on the system performance, including the hydrogen storage capacity of metal
hydride bed, the melting fraction of phase change materials and the average
temperature of the metal hydride bed, were investigated. When the thermal
conductivity of phase change materials increased up to 2 W/m/K, the hydrogen storage
capacity of metal hydride bed and the melting fraction of phase change materials were

improved obviously.

Metal foams, including Al foam and copper foam, were composited with phase change
materials in order to increase the effective thermal conductivity of phase change
materials and improve the hydrogen storage efficiency of metal hydride reservoir.
Compared with the system equipped with Al foam, the system equipped with copper
foam showed about 34% improvement of the time when the hydrogen storage capacity

reached up to the maximum value.
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Chapter 6 Hydrogen Purification using Pressure
Swing Adsorption

This section has been submitted to Applied Energy: Tong L, Xiao J S, Bénard P, et al.
Optimization of a six-step two-bed pressure swing adsorption system for hydrogen
purification based on extended Langmuir-Freundlich isotherm and artificial neural
network, Ms. Ref. No.: APEN-D-19-11530.

My specific contributions in this work was to use trained artificial neural network
model to optimize the performance of a six-step two-bed pressure swing adsorption

system for hydrogen purification.

The pressure swing adsorption cycle is widely used to separate and purify hydrogen
from gaseous mixtures. Zeolite SA is an adsorbent commonly used to separate and
purify gas from mixtures. Pure hydrogen can be separated and purified from the coke
oven gas (H2:CH4:CO:N2:C02=56.4:26.6:8.4:5.5:3.1 mol%) through a pressure swing
adsorption process. Hydrogen and methane are the major components in coke oven gas.
Hydrogen can be obtained from industrial byproducts, such as the coke oven gas, or
produced from a plasma reaction involving methane. The unreacted methane is the
major impurity in the gaseous mixture from the plasma reactor 3%, High purity
hydrogen is required for use in the fuel cells. In this section, we present a six-step two-
bed pressure swing adsorption model which was developed and implemented on the
Aspen/Adsorption software platform in order to purify hydrogen from the
hydrogen/methane mixture (70/30 mol%).

6.1 Adsorption isotherm and pressure swing adsorption model

6.1.1 Adsorption isotherm

In this work, the extended Langmuir equation fitted from the extended Langmuir-
Freundlich isotherm has been used to predict the adsorption isothermal of hydrogen

and methane on the zeolite adsorbent bed.



A well-known gas adsorption isotherm is expressed by the Langmuir equation:

. q.B
g = lq:Bp,qm—k kT Bkt (6.1)

where ¢ is the amount of adsorption, p 1s the equilibrium pressure, 7 is the
temperature, k,, k,, k, and k, are the Langmuir isotherm parameters.

Adding an exponent #, which is a function of temperature, to the pressure in Eq.(6.1),
the Langmuir equation becomes the Langmuir-Freundlich equation:

* — qup”

|+ Bp" 5 g, =k +kT, B :kzekﬁ s n=ks+kg /T (6.2)

There are totally six isotherm parameters in this model.

Both the Langmuir model and the Langmuir-Freundlich model are used for the
adsorption of pure gases. As for the adsorption of gaseous mixtures, we should use the
extended Langmuir equation and the extended Langmuir-Freundlich equation, which

are presented in Eq.(6.3) and Eq.(6.4), respectively:

g -%, i=1,2,.,N; q, =k +kT, B=ke" (6.3)
1+Z]I J

*_ qﬂ”BlpIn . k/T

g = S1,2 N g =k kT, B=ke" n=k,+k /T  (6.4)

I+ZJ] D

Where the values of parameters are the same as in the Langmuir and Langmuir-
Freundlich equations Eq.(6.1) and Eq.(6.2). The alphabet ; means the component in
the gaseous mixtures while the alphabet ; is a variable in the operation of summing

= in Egs (6.3) and (6.4). When the number of components in the gaseous mixture N is
reduced to 1 in Eq.(6.3) and (6.4), the extended Langmuir and Langmuir-Freundlich

models can be reduced to the Langmuir or Langmuir-Freundlich models, respectively.

The extended Langmuir (EL) equation has been applied to predict the equilibrium
amount adsorbed in the pressure swing adsorption model 1 7% 7" %] The extended
Langmuir-Freundlich model, also referred to as the loading ratio correlation (LRC)
model, is used in the simulation of hydrogen purification pressure swing adsorption

process using zeolite SA as the adsorbent (616363671,
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Fig.6.1 Adsorption isotherms comparison between extended Langmuir equation and extended
Langmuir-Freundlich equation for H2(a) and CHa (b) on zeolite SA adsorbent bed at 283.15K,
293.15K and 303.15K.

ELF: calculated by the extended Langmuir-Freundlich equation based on the parameters from
Ref.[67];
EL: calculated by the extended Langmuir equation based on the parameters fitted extended Langmuir-
Freundlich equation from Ref.[67];
EL*: calculated by the extended Langmuir equation based on the parameters from Ref.[66].
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Fig.6.2 Process sketch of six-step two-bed pressure swing adsorption process (a) and system
diagram of hydrogen purification pressure swing adsorption model (b)

The parameters used in the extended Langmuir-Freundlich (ELF) equation for

predicting the equilibrium amount adsorbed of methane on zeolite adsorbent in Ref.[67]
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are different from those in Ref.[61]. However, their calculation results of the
equilibrium amount adsorbed are almost the same. The extended Langmuir-Freundlich
model is unavailable in dynamic simulation on the Aspen/Adsorption software
platform, then the extended Langmuir equation is applied in this work. The isotherm
parameters used for the extended Langmuir (EL) equation in the hydrogen purification
pressure swing adsorption system, which are presented in Table 6.1, are fitted from the
adsorption isotherms calculated by the extended Langmuir-Freundlich equation from
Ref.[67] based on the Matlab software platform. The extended Langmuir equation used
in Ref.[66] is shortened as EL*, their parameters (41, k2, k3 and k4) are as the same as

those in Ref.[67].

Fig.6.1 shows the adsorption isotherms calculated by the extended Langmuir (EL)
equation in present work, the extended Langmuir (EL*) equation in Ref.[66] and the

extended Langmuir-Freundlich (ELF) equation in Ref.[67] at different temperatures.

As for methane, the values of the term k;+4, /T in Eq. (6.2) and (6.4) are about 1,

thus the calculated results based on the isotherm parameters from Ref.[66] are similar
to those from Ref.[67]. In general, the results of the extended Langmuir equation (EL)
in the present work agree well with those of the extended Langmuir-Freundlich (ELF)
equation for predicting the adsorption amount of hydrogen and methane on the zeolite

SA adsorbent bed.

Table 6.1 Isotherm parameters of extended Langmuir-Freundlich (ELF) equation '’ and fitted
isotherm parameters of extended Langmuir (EL) equation for Hz and CHg on zeolite 5SA

Model/Gas ki k2 k3 ka ks ke
[mol/kg] [mol/kg/K] [1/bar] [K] [-] (K]
ELF/H2 4314 -0.0106 0.002515 458 0.986 43.03
EL/H2 28.7 -0.07071 0.0004266  473.3 N/A N/A
ELF/CHa 5.833 -0.01192  0.0006507 1731 0.82 53.15
EL/CHa 6.1 -0.01283  0.0006481 1732 N/A N/A

6.1.2 Pressure swing adsorption model

Based on mass, momentum and energy conservation equations, extended Langmuir

equation and linear driving force model, a hydrogen purification pressure swing
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adsorption model has been developed on the Aspen/Adsorption software platform. This
validated hydrogen purification model can be used for further optimization of the

system performance.

Mass conservation equation is presented as:

olv.c 2
oc, | (v, :):DLgha_ff_ph%,,-zl,z,...,N (6.5)
ot oz 0z~ ot

&

where &, is the porosity of zeolite SA adsorbent bed, D, is axial dispersion
coefficient, p, is the bed density or bulk density, z is the axial position in adsorption

bed and ! is the time.

Ergun equation used in the model is shown as:

2

_dp _150u(1-4,)

p (l_gb) .
dz d;ei

v +1.7528 -
& d g, &

(6.6)

where d is the particle diameter, £ is the dynamic viscosity, and v, is Darcy
velocity or superficial gas velocity.

The energy conservation equations for the gas phase in the column (Eq. 6.7) , the solid
phase in the column (Eq. 6.8) and the column wall (Eq. 6.9) are presented as follows,
and the subscripts g, s and w mean the gas phase in the column, the solid phase in the

column and the column wall, respectively.

o o T, v 4h,
EngCpg a—;+cgcpgvg a—zg = Eng 6?;— pa—zg+aphg5 (TS —7;)+d—(rw _Tg) (67)
b

where ¢, and C,, are the gas molar fraction and specific heat capacity of the gas phase,

respectively, K is the thermal conductivity, A_ is the heat transfer coefficient

n

between the gas phase and the column wall.

oT. . oT o°'T, y aq,
p,C,, % +2,2(Cu) PR pr[AH,. %] va,h, (T,-T) (6.8)

i=l i=1
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where 7, and 7 are the temperature for the gas phase and solid phase in the column,

respectively. A, is the gas-solid heat transfer coefficient.

o, _ . 0T, 4, (1,-T.)-4(d, +26,)h,, (T, - T)

W

J 2 S e 2 2 2
7o oz (d,+25,) —d;

(6.9)

where p, and C, are the density and the specific heat capacity of the column wall,
respectively. d, is the inner diameter of the adsorbent bed, &, is the thickness of the

column wall, A, is the heat transfer coefficient between the column wall and the

ambient environment.
Linear driving force model is:

o4 =g )i =120 (6.10)

where ¢ is the equilibrium adsorption amount, ¢ is the dynamic adsorption amount

and «w is the mass transfer coefficient.

The density for gas in the column is written as:

N

p
=YeM =M
pe =M, RT (6.11)

i=l

. n. o
where the concentration for each component ¢, = 7’ = %,l =2, N .

The mass transfer coefficients for hydrogen and methane used in the linear driving
force model are 0.587 1/s and 0.049 1/s, respectively. The values of adsorption heat for
hydrogen and methane in zeolite SA adsorbent bed are assumed to be constant, as
presented in Table 6.2. The dispersion coefficient for gas is set as le-5 m?%/s. The
column is assumed to be filled with pure hydrogen at the beginning of the pressure
swing adsorption process. The ambient temperature and the initial temperature in the
column are set to be about 298K. The heat transfer coefficient between the column wall
and the ambient environment is [4.3 W/m%*/K. The heat transfer coefficient between
gas in the column and the column wall is 36.84 W/m?/K. The initial pressure in the

column is equal to the average value of the adsorption pressure and the purge pressure.
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The outlet boundary pressure during the purge step is set to be about 1.01 bar. The gas
used in the simulation is considered as an ideal gas. Ergun equation is used in the
pressure swing adsorption model. More information about the model can be found in

our previous works 7' 87-88]

The hydrogen purification system used in the present work includes two adsorbent beds.
The procedures of the pressure swing adsorption cycle in this work consist of six steps,
including the feed pressurization step, the adsorption step, the depressurizing pressure
equalization step, the depressurization step, the purge step and the pressurizing pressure
equalization step. Of course, the cycle sequence of the two adsorbent beds is different,
the sketch of the six-step two-bed pressure swing adsorption system is shown in
Fig.6.2a. The performances of the two adsorbent beds in the same step of the pressure
swing adsorption process are assumed to be the same. Then, we can use one adsorbent
bed to simulate this two-bed system. The six-step two-bed pressure swing adsorption
cycle model is completed on the Aspen/Adsorption software platform, its diagram of

this model is presented in Fig.6.2b.

In this work, the feed rate is set as 2 L/min, about 1.47e-6 kmol/s. The P/F ratio is
defined as the ratio of the amount of gas used in the purge step to that used in the
adsorption step. In general, the gas used in the purge step is considered as pure
hydrogen. The parameters of adsorbent, adsorbate and column wall used in the pressure

swing adsorption model are presented in Table 6.2.

The purified hydrogen discharged from the adsorbent bed includes two parts, some is
used to purge another adsorbent bed, the rest is the product gas and flows out from the
product outlet. The hydrogen purity is defined as the ratio of the amount of hydrogen

to the amount of whole gas outflowed from the product outlet during the adsorption
step, as shown in Eq. (6.12), where 7'7H1| ooducr Means the flow rate of hydrogen at the
product outlet, / is the index of a component in the gaseous mixture. The hydrogen
recovery is defined as the ratio of the amount of hydrogen outflowed from the product

outlet during the adsorption step to the amount of hydrogen inflowed from the feed

inlet during the feed pressurization step and the adsorption step, as shown in Eq. (6.13).
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The hydrogen in the gaseous mixture can not be recovered fully since some hydrogen
has been removed from the waster outlet of the hydrogen purification system during
the depressurization step and the purge step. The hydrogen recovery is related to the
amount of hydrogen flowed into the column during the feed pressurization step and the
adsorption step. The pressure in the column increases during the feed pressurization
step when the gaseous mixture flows into the hydrogen purification system. When the
pressure in the column reaches up to the adsorption pressure at the end of the feed
pressurization step, the recovery of the hydrogen purification system is lower 5-10%
than that of the cases used in present work, whose pressure at the end of the feed
pressurization process is lower than the adsorption pressure in the adsorption process,

as shown in Fig.6.3a.

Base on the operation conditions for case 5 presented in Table 6.3, the simulation
results of the pressure swing adsorption model, including the hydrogen mole fraction
at the outlet in a whole pressure swing adsorption cycle, the gaseous hydrogen fraction
and the amount of methane adsorbed along the axial direction of adsorption bed at the
end of adsorption step, are compared with other works ', in order to validate the
validity of the PSA model. The hydrogen mole fraction at the outlet includes two parts,
the one comes from the product outlet in the adsorption step and the other comes from

the waster outlet in the depressurization step and the purge step.

The histories of the pressure and the molar fraction of hydrogen in a pressure swing
adsorption cycle are illustrated in Fig.6.3. The simulated data is collected at the 15th
pressure swing adsorption cycle, when the hydrogen purification pressure swing
adsorption system is considered to be a stable state. Fig.6.3a draws the pressure profile
in a whole pressure swing adsorption cycle. Fig.6.3b shows that the hydrogen mole

fraction during the adsorption step agreed well with the published data [°!!. The
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hydrogen mole fraction during the adsorption step is closely connected with hydrogen
purity of the pressure swing adsorption cycle. In general, the hydrogen mole fractions
during the depressurization step and purge step are in accord with the other work,
although its value is slightly bigger than published data at the end of the
depressurization step. The gaseous hydrogen fraction and the amount of methane
adsorbed along the axial direction of adsorption bed at the end of the adsorption step
show the same trend compared with the data from Ref.[61] in Fig.6.4. The difference
between the published data and the present work is acceptable. In general, the pressure
swing adsorption model has been validated by comparing its simulation results with

other work. Further works should be done in order to obtain better results.
6.2 Parametric study of pressure swing adsorption cycle for hydrogen purification

Effects of the adsorption pressure, the P/F ratio, the adsorption step time and the
pressure equalization time on the hydrogen purity and the recovery are studied in this
section. Various operation conditions used for the parametric study are presented in
Table 6.3. The simulation results of these cases are compared with published data from
Ref.[61], as shown in Fig.6.5. In general, the simulation results of hydrogen purity and

recovery in these cases agree with other work 61,

Table 6.2 Parameters of adsorbent, adsorbate and column wall

Parameter Value Parameter Value

Heat capacity of zeolite 5A,
[1/kg/K]

22 Heat capacity of wall, [J/kg/K]  502.3

Length of adsorption bed, [m] 1 921

Inner diameter of adsorption

bed, [mm]|
Thickness of wall, [mm] 1.75  Heat capacity of Hz, [J/mol/K] 28.878
Thermal conductivity of wall, 13 Heat capacity of CHs, 36.205
[W/m/K] [J/mol/K] '
Thermal conductivity of zeolite . 5
SA, [W/m/K] 0.462 Density of wall, [kg/m”] 7830
Intra-particle voyage of zeolite Heat of adsorption for methane
SA, [-] 0.6432 on zeolite SA, [J/mol] 22603
Bed porosity of zeolite SA, [-]  0.357 Hleat of adsorption for 11720

hydrogen on zeolite 5A,
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Table 6.3 Operation conditions for parametric study

PSA cycle step time [s] Adsorption Purge rate P/F

Case I ) 3 4 5 g  Ppressure [bar] [kmol/s] ratio

1 30 180 40 30 180 40 4 1.6le-7 0.11

2 30 180 40 30 180 40 6 1.61e-7 0.11

3 30 180 40 30 180 40 8 1.61e-7 0.11

4 30 180 40 30 180 40 9 1.6le-7 0.11

5 30 180 40 30 180 40 Il 1.6le-7 0.11

6 30 180 40 30 180 40 13 1.6le-7 0.11

7 30 180 40 30 180 40 16 1.6le-7 0.11

8 30 18 40 30 180 40 11 3.675e-8  0.025
9 30 180 40 30 180 40 11 7.35e-8 0.05
10 30 180 40 30 180 40 11 [.le-7 0.075
11 30 180 40 30 180 40 [ 2.205e-7 0.15
1230 180 40 30 180 40 11 2.57e-7 0.175
1330 240 40 30 240 40 11 1.61e-7 0.11

14 30 300 40 30 300 40 11 1.61e-7 0.11

15 30 360 40 30 360 40 11 1.61e-7 0.11

16 30 420 40 30 420 40 11 1.61e-7 0.11

17 30 480 40 30 480 40 11 [.61e-7 0.11

18 30 180 5 30 180 5 I 1.61e-7 0.11

19 30 180 10 30 180 10 11 1.61e-7 0.11
20 30 180 20 30 180 20 11 1.61e-7 0.11
21 30 180 30 30 180 30 Il 1.61e-7 0.11
22 30 180 50 30 180 50 11 1.61e-7 0.11

Hidden Layer Output Layer

Output

Fig.6.8 Architecture of the ANN model for predicting hydrogen purity and hydrogen recovery
from adsorption pressure and adsorption step time

The adsorbent bed can adsorb more amount of methane during the adsorption step with
a relatively high adsorption pressure, which leads to an increase in hydrogen purity.
The higher the adsorption pressure, the more the amount of hydrogen discharged during
the countercurrent depressurization step, which means the decrease of hydrogen
recovery. In this work, the feed rate is fixed in the adsorption step, a relative big P/F

ratio means a relatively much amount of hydrogen used to purge the adsorbent bed,
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which can lead to the decrease of hydrogen recovery. Of course, a well-purified
adsorbent bed is good to increase hydrogen purity. When the adsorption step time
increases, the amount of product hydrogen also increases, some impurity may go
through the adsorbent bed, which results in the decrease of hydrogen purity although it
causes the increase of the hydrogen recovery. The effects of the pressure equalization
time on the hydrogen purity and the hydrogen recovery are limited, nevertheless, a
relatively short pressure equalization time is not good for the improvement of the

hydrogen purity and the hydrogen recovery.

The performance of the six-step two-bed PSA cycle is compared with that of the four-
step two-bed PSA cycle. The differences in the processes between the six-step two-bed
PSA cycle and the four-step two-bed PSA cycle are the pressure equalization processes.
As for the six-step PSA cycle, the pressure in the column increases from the low
pressure to the middle pressure in the pressurizing pressure equalization step, and it
continues to increase from the middle pressure to the high pressure in the feed
pressurization step when the gaseous mixtures flow into the adsorbent column. There
is not the pressure equalization process in the four-step PSA cycle. In the feed
pressurization process of the four-step PSA cycle, a relatively large amount of
hydrogen inflow into the adsorbent column, and the pressure in the column increases
from the low pressure to the high pressure. As for case 5 in Table 6.3, the hydrogen
purity and the recovery during the 15" six-step two-bed PSA cycle are 99.8656% and
73.5225%, respectively. Based on the same operation condition as case 5, the hydrogen
purity and the hydrogen recovery of the four-step two-bed PSA cycle are 98.8924%
and 59.9308%, respectively. These results show that the pressure equalization

processes in the PSA cycle are good to improve hydrogen recovery.

The vacuum pressure swing adsorption (VPSA) technology has been applied for
hydrogen purification. There is a vacuum pump at the waster outlet in the VPSA system,
which is used to decrease the pressure in the adsorbent column during the purge process.
A relatively low pressure in the purge process is good to regenerate the adsorbent bed
and improve the hydrogen purity. The effect of the outlet pressure at the waster port

during the purge process on the hydrogen purity and recovery has been investigated, as
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shown in Fig.6.6. The vacuum pump is omitted in the VPSA model, the outlet pressure
is directly set for simplification. In general, the hydrogen purity increases and the
recovery declines with the decrease of the outlet pressure at the waster port. The
simulation results show that when the absolute pressure at the waster port is below 0.4
bar, the effect of the outlet pressure on the hydrogen purity is limited. Disregarding the
slight decrease of hydrogen recovery, the vacuum pressure swing adsorption is

considered as an effective method to obtain high-purity hydrogen.

Various mole fractions of hydrogen in the gaseous mixtures have been taken into
consideration in the PSA model. The effects of mole fraction of hydrogen on the
hydrogen purity and recovery have been presented in Fig.6.7. [n general, the hydrogen
recovery increases fast and the hydrogen purity declines slightly with the decrease of
the mole fraction of hydrogen in the gaseous mixtures. In order to obtain a good
performance of the PSA system, more works should be done to improve the operation

parameters, such as the adsorption time and the adsorption pressure.

6.3 Optimization of pressure swing adsorption cycle based on artificial neural

network

6.3.1 Artificial neural network model for predicting hydrogen purification performance

Artificial neural networks (ANN) are used to predict the performance of the hydrogen
purification system in this section. For simplification, the adsorption pressure and the
adsorption step time are considered as the input variables of the ANN model. The
system performances, including the hydrogen purity and the hydrogen recovery, are set
as the output results of the ANN model. The network architecture of the ANN model

is shown in Fig.6.8.

Based on the validated pressure swing adsorption model, various operation conditions
are taken into consideration in order to prepare a dataset used to train the artificial
neural network model. The dataset is presented in Table 6.4. When this dataset is used
to train the artificial neural network, it is divided into three sets: training set (70%),
validation set (15%) and testing set (15%). The fractions of these three parts are set as

the default values of software.

93



Table 6.4 Dataset used for training artificial neural network model

Operation conditions of hydrogen purification ~ System performance as output results
PSA cycle process as input variables

Adsorption Adsorption step time [s] H2 purity Hz recovery
pressure [bar]
6 180 0.968938 0.804422
6 240 0.956961 0.824716
6 300 0.933770 0.841704
9 180 0.994667 0.761154
9 240 0.991056 0.795785
9 300 0.985073 0.822603
11 180 0.998656 0.735225
11 240 0.996379 0.779586
11 300 0.993494 0.805815
13 180 0.99928 0.705717
13 240 0.998737 0.756373
13 300 0.997570 0.789686
16 180 0.999558 0.678232
16 240 0.999261 0.731998
6 300 0.998589 0.770266
8 180 0.991822 0.777575
6 210 0.962089 0.815132
6 270 0.944825 0.834802
9 210 0.993052 0.781199
9 270 0.988409 0.812552
11 210 0.997261 0.760934
11 270 0.995117 0.794342
13 210 0.999058 0.734082
13 270 0.998266 0.774497
16 210 0.999443 0.708675
16 270 0.998989 0.753427
8 210 0.988248 0.795795
8 240 0.985114 0.810101
8 270 0.981162 0.821507
8 300 0.977433 0.826031
15 180 0.999439 0.678158
15 210 0.999283 0.719022
15 240 0.999048 0.741992
15 270 0.998696 0.761364
15 300 0.998183 0.777414
7 180 0.983347 0.791538
7 210 0.979253 0.807599
7 240 0.974286 0.820081
7 270 0.967869 0.824785
7 300 0.963383 0.834754
14 180 0.999699 0.695892
14 210 0.999055 0.722466
14 240 0.998744 0.745637
14 270 0.998279 0.766224
14 300 0.99761 | 0.782298
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The artificial neural network model is carried out by the Neural Net Fitting module
nftool in Matlab software. Levenberg-Marquardt algorithm is used to train the artificial
neural network model. The nffool opens the Neural Net Fitting GUI and leads us to
solve a data fitting problem through a feed-forward network trained with Levenberg-
Marquardt.

The impact of the number of samples used for training an artificial neural network
model on the predicted results is taken into consideration. Four groups of samples,
which have different quantity of samples, have been used to train the artificial neural
network. Fig.6.9 shows the distribution of these samples. The effect of the number of
neurons in the hidden layer on the prediction results of system performance is
investigated in Fig.6.10. The number of neurons in the hidden layer of artificial neural
network ranges from 4 to 10. The artificial neural network models with different
numbers of neurons in the hidden layer have been trained by the same dataset in order
to study the effect of the number of neurons on the predicted results. The artificial
neural network models with a fixed number of neurons in the hidden layer have been
trained by different datasets in order to study the effect of the number of samples on
the predicted results. When the number of neurons in the hidden layer is fixed, we can
obtain different trained artificial neural network models even though the same dataset
is used to training the artificial neural network model. It is necessary to select the best
one from the trained artificial neural network models. In this work, 40 artificial neural
network models with the same number of neurons, trained by the same dataset, have
been used to predict the maximal value of the hydrogen purity under the specific
operation conditions presented in Table 6.5. Actually, each subgraph in Fig.6.10 shows
the maximal values of the hydrogen purity predicted by 280 trained ANN models under

specific operation conditions.

The performance of the trained ANN is investigated by the Mean Squared Error (MSE)
value of the trained model and the hydrogen purity predicted by an artificial neural
network model in this work. The lower the MSE value, the better the performance of
the trained artificial neural network model. As for the hydrogen purification system,
the maximal value of the hydrogen purity predicted by the trained model should be

close to 100% and no more than 100%. [t is an important and basic thing for further
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optimization work to select the trained artificial neural network model. We searched

the best one from the trained artificial neural network models, which should possess

the lowest MSE value and meet the requirement of hydrogen purity. The number of

hidden neurons is 6 in the selected artificial neural network model. The research results

in Fig.6.10 show that, the more the samples used for training an artificial neural

network model, the better the predicted results. It is not good to predict system

performance by choosing a relatively big number of neurons in the hidden layer.
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The predicted outputs of the selected ANN model are compared with the data calculated
by the pressure swing adsorption model, including the training set, the validation set,
the check set and the whole dataset, as shown in Fig.6.11. The regression value R is
used to measure the correlation between the predicted outputs and the targets. When
the regression value R is equal to 1, it means there is a close relationship between the
outputs and the targets. When the regression value R is equal to 0, it means there is a
random relationship between the outputs and the targets. Fig.6.11 shows that there is a
strong relationship between the predicted outputs of trained artificial neural network

models and the results of the pressure swing adsorption model.
6.3.2 Performance optimization based on artificial neural network model

The well trained artificial neural network model can be used to predict the performance
of the pressure swing adsorption cycle, and can also work with the optimization
function fmincon in order to optimize the performance of the hydrogen purification
system. The hydrogen purity and the hydrogen recovery of the hydrogen purification
system can be predicted by the well trained artificial neural network based on the input
variable X, including the adsorption pressure and the adsorption step time. The lower

bound and the upper bound for the input variable X is given in Table 6.5.

Table 6.5 Lower and upper bounds for input parameters of artificial neural network model

Adsorption pressure [bar]  Adsorption step time [s]
Lower bound 6 180
Upper bound 16 300

As for an optimization problem, there are three elements, including the objective
function, the constraint condition and the design variable. The objective function for
the performance optimization of the hydrogen purification system is related to the
hydrogen purity and the hydrogen recovery, which is a single objective function
converted by the linear weighted sum method from multi-objective function, as shown
in Eq.(6.14a). The function fmincon on the Matlab software platform has been used to
find the minimum value of the objective function under the constraint conditions. More

information about performance optimization can be found in our previous works (87881,
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The objective function and the constrained conditions for performance optimization of

the pressure swing adsorption cycle process are presented as follows:

Minimize: —[axRecH2+(1 —a)xPurHz], 0<a<l (6.14a)
s.t.: PurH2>0.95, RecH>>0.70, Lower bound<X<Upper bound (6.14b)
where X is any of the variables of the optimal design, as shown in Table 6.5.

The well trained artificial neural network model can be applied to predict and find the
optimal results under the constrained conditions. The approximate parameters are also
considered in order to compare the predicted results of the artificial neural network and
the simulation data from the pressure swing adsorption model. The optimal results of
multi-objective optimization based on the artificial neural network model and the

confirmation results by the pressure swing adsorption model are shown in Table 6.6.

Various values of the weighted factor a have been taken into consideration in the multi-
objective optimization of the pressure swing adsorption system. In general, the
hydrogen recovery increases with the increase of the weighted factor. The predicted
results by the trained artificial neural network model on the Matlab software platform
generally agree well with the simulated data of the validated pressure swing adsorption
model on Aspen/Adsorption software platform. It can be considered to be a feasible
method to optimize the performance of the hydrogen purification pressure swing

adsorption system by the artificial neural network.

Table 6.6 Multi-objective optimization based on ANN model and confirmation by Aspen model

Weight Optimal ANN Approximate ANN
N L L Aspen
factor parameters prediction parameters prediction . Error
confirmation
a X I X 11
0 [13.0482; [0.705199; [13.0; [0.705148; [0.708169; [-0.003021;
181.4870] 0.999750] 181] 0.999750] 0.998993] 0.000757]
05 [8.6453; [0.824119; [8.6; [0.824461; [0.822811; [0.00165;
' 299.9993] 0.984201] 300] 0.983851] 0.985462] -0.001611]
| [6.5102; [0.837481; [6.5; [0.837551; [0.839937; [-0.002386;
299.9975] 0.950002] 300] 0.949719] 0.951137] -0.001418]
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6.4 Conclusion

A six-step two-bed pressure swing adsorption model has been developed on the
Aspen/Adsorption platform in order to separate and purify hydrogen from the
hydrogen/methane mixture. The extended Langmuir equation, in which the adsorption
parameters are fitted from the extended Langmuir-Freundlich model, is applied to
predict the adsorption isotherms of the methane and the hydrogen on the zeolite 5A
adsorbent bed. The pressure swing adsorption model has been validated by comparing
its simulation results with other works. The effects of the adsorption pressure, the P/F
ratio, the adsorption step time and the pressure equalization time on the hydrogen purity
and the hydrogen recovery of the pressure swing adsorption system are studied. A four-
step two-bed pressure swing adsorption system is developed. The hydrogen recovery
of the six-step two-bed pressure swing adsorption system is obviously higher than that
of the four-step two-bed pressure swing adsorption system. The vacuum pressure swing
adsorption system has taken into consideration. It is an effective method to obtain high-
purity hydrogen through the vacuum pressure swing adsorption system. The effect of
the mole fraction of hydrogen in the gaseous mixtures on the performance of the

pressure swing adsorption system is investigated.

Based on the validated pressure swing adsorption model, the dataset, including the
adsorption pressure and the adsorption step time as the input variables and the hydrogen
purity and the hydrogen recovery as the output results, are generated to train, test and
validate the artificial neural network model developed on the Matlab software platform.
The well trained artificial neural network model can be applied to predict the
performances of the hydrogen purification system based on the input variables. Multi-
objective optimization has been considered into the hydrogen purification system
through the trained artificial neural network model. The optimal results of the hydrogen
purification system with various weights of the hydrogen purity and the hydrogen
recovery are compared with simulation results of the validated pressure swing
adsorption model. The artificial neural network model is very efficient to predict and
to optimize the performance of the hydrogen purification of the pressure swing

adsorption system.
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Chapter 7 Hydrogen Purification based on Metal
Hydride

This section has been published in: Xiao J S, Tong L, Yang T Q, et al. Lumped
parameter simulation of hydrogen storage and purification systems using metal
hydrides. International Journal of Hydrogen Energy, 2017, 6(42):3698-3707.

My specific contributions in this work was to simulate hydriding-dehydriding cycles
by lumped parameter models and improve the efficiency of hydrogen storage system

by parametric study.

Metal hydrides are attracting more and more attention due to high volumetric capacity
and relatively low operation pressure. They have been used for hydrogen storage and

is recently used for hydrogen purification.

7.1 Lumped parameter model for metal hydride based systems

A lumped parameter model is based on governing equations, such as mass conservation,
energy conservation, reaction kinetics, the equilibrium pressure equation and the
equation of state for the ideal gas. The model is implemented on the Matlab/ Simulink

platform. The mass conservation equation for metal hydride can be expressed as 1°°l:

dm

MH

i Mg (7.1)

where My, (g) is the mass of metal hydride, 7 (g) is solid material mass (excluding

the mass of aluminium foam) in the system, which is assumed to be a constant for
simplification, r (gmu/gs/s) is the metal hydride reaction rate per mass of solid material.

The subscript a/d refers to absorption and desorption.

The mass conservation equations for gaseous hydrogen and carbon dioxide can be

written as:



Y— ik, -, +S (7.2)

co,

dt~

= Meoin = Meo,ou

(7.3)

where m, (g) and m., (g) is masses of gaseous hydrogen and carbon dioxide,

o,

respectively, m (g/s) is net mass flow rate, and SH, (g/s) is hydrogen generation rate.

M SC .
dmyy, Mo, S , where SC is the

The source term S, can be present as 5 = —
: 2 dr M

MH
stoichiometric coefficient, M, (g/mol) and /\/IMH (g/mol) is the molecular weight of

hydrogen and metal hydride, respectively. The subscript in/out is used to describe the

status of inflow and outflow.

An effective way to improve the heat transfer efficiency of the metal hydride reactor is

to equip them with the Al foam. A general form of the energy conservation equation is

[52].

dT
(mHchH2 + Moo Coco, T MC, + mA[cpA]) E =
SC (7.4)
(mHzincsz + mCOzincpCOZ) (Too - T) + AU (T/n..'{/ - T) + AHn/drn/r/ms M
MH

where ¢, (J/g/K), €pco, (J/g/K), ¢, (J/g/K) and €, (J/g/K) are the heat capacity
of gaseous hydrogen, carbon dioxide, the solid material and the aluminium foam,
respectively, Too (K) is the inflow/outflow temperature, and we assume that the outflow
temperature is equal to the average temperature in the reactor. 4 (m?) is the surface area
for heat transfer, U (W/m?/K) is overall heat transfer coefficient, Tj (K) is the ambient

temperature, which is the temperature of cooling/heating water when the reactor is

equipped with a circulating water device. AH (J/mol) is the enthalpy of reaction. The

mass of Al foam m1,, (g) should be set as 0 when there is no Al foam in the reactor.
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The reaction rates for the metal hydride during absorption and desorption can be shown

to be, respectively [52:

ro= Cae_E”/(RT) L]n Pr, J [1 - m—MHJ (7.5)
peq ms
_ Py — P, m
r, = Ce Ea/(RT)L Hzp QJ[ ’;\:HJ (7.6)
eq 3

where C is the kinetics constant, £ (J/mol) is activation energy, P., (bar) is the

equilibrium pressure, 7 (K) is the average temperature. Py, (bar) is the partial
pressure of gaseous hydrogen in the reactor, which is equal to the supply pressure p,

during absorption, or the outlet pressure p, during desorption in the metal hydride

hydrogen storage system.

The total pressure is assumed to be constant in the lumped parameter model. The

equilibrium pressure equation can be described as [2:
A
In Peg | _ A,y + Su/a + k, P _ . 5 (7.7)
Po RT R TLomy

where AS (J/mol/K) is the entropy, £, is the plateau slope coefficient which is equal

to 0.13, and D, (bar) is the reference pressure (1bar).

In this work, the gaseous hydrogen and carbon dioxide can be assumed to be ideal gases:

p.V

m, = % M, (7.8)
Peo V.

Meo, = CI;)ZTg Mcoz (7.9)

where p,, (bar) and p., (bar) are the partial pressures of gaseous hydrogen and
carbon dioxide respectively, Vg (m?) is the volume for the gas phase in the reactor, and

R (J/mol/K) is universal gas constant. Pure hydrogen gas is used for hydrogen storage
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systems, and carbon dioxide is the only impurity considered for the case of the
hydrogen purification system. The gas phase materials in the hydrogen purification
system include gaseous hydrogen and carbon dioxide in the reactor during absorption

and venting process.
The concentration of impurity imp in the hydrogen purification system is 331

m.
— % %100 (7.10)

Mo, + My

imp =

The carbon dioxide concentration of mass inflow imp is assumed to be 2.15 during
absorption. The relationship between mass flow rates of gaseous hydrogen and carbon
dioxide can be written as [*3:

) . 100

mHziﬂ/oul = rnCOgin/oul [lmp - 1] (711)

where the subscript in/out refers to inflow/outflow.

During the venting process, the mass outflow rate of gaseous hydrogen and carbon
dioxide should satisfy the following equation in order to avoid exterior gas entering the

reactor [33],

m + m
H,out CO,out

2/k (k+1)/k (7.12)
2k Py, Peo, P.. Pes
_kFCn ruzp m /VIH2 + MCO’ {—] — [—

p Cp p p

where 1, . and m, ., can be set to 0 during the absorption stage while m,, , and

H;in
Meo. are equal to O during the venting stage. The gas phase is composed of hydrogen
and carbon dioxide in the reactor during absorption and venting. We assume that carbon

dioxide has been discharged completely at the end of the venting process. Therefore,

My i > Moo @nd Mg o, can be taken as 0 during desorption.
7.2 Simulation of hydrogen storage system using metal hydrides

In order to validate the lumped parameter model, the simulation results have been

4

compared with experimental data (42, This reference considers two reactors packed
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with LaNis of different sizes: a small metal hydride reactor without any heat exchanger,
and a big one with aluminium foam cooled/heated by circulating water. The parameters
used in hydrogen storage system simulations are shown in Table 7.1 [l Since the
effect of the reversible part of the PCT plateau on the simulation has been taken into

consideration in this work, the value of SC was set as 2.76 rather than 3 1321,

Table 7.1 Parameters used in hydrogen storage simulation

Value in . Value in .
Value in Value in
Parameter small . Parameter small .
big reactor big reactor
reactor reactor
A [m?] 5.0e-4 3.0e-3 E [Jmol] 21170 21170
v, [m] 4.4e-7 4.8¢-6 E, [J/mol] 16420 16420
U [Wim%K] 80 2500 C. (/5] 59.2 59.2
m_ [g] I 25 C, [1/s] 9.6 9.6
p, Ibar] 6 12.7 ¢, [Vg/K] 14.3 14.3
p, [bar] 0.068 0.086 ¢, [Vg/K] 0.355 0.355
Tra (K 296 323 ¢, WgK] ) 0963
7, [K] 290 290 m, le] - 18
AH_ [J/mol] 30478 30478 R [J/mol/K] 8.314 8.314
AH, [J/mol] 30800 30800 M, [g/mol] 2 2
AS,,,[J/mol] 108 108 M, [g/mol] 432 432
p, [bar] ] ] k, [1] 0.13 0.13

Our simulations results for the two reactor configurations have been compared with
Refs.[42, 52]. Laurencelle et al. 2l have performed these experiments and developed
one-dimension model along the radial direction, and the simulation results agreed well
with the experiment data. In addition, Talaganis et al. ©* have built a lumped parameter
model and validated it in contrast with simulation data from Ref.[42]. Their simulation

results can be used to validate our lumped parameter model.

Hydrogenation capacity in the metal hydride hydrogen storage system is explained by
the following equation:

m., M. SC
wt = — % 100% (7.13)

m.\' MH
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The average temperature and the hydrogen storage capacity in metal hydride tank are
shown in Fig.7.1. As shown in a hydriding-dehydriding cycle, the hydrogen storage
capacity increases during absorption and decreases during desorption. The average
temperature rises quickly during the early stages of the hydriding process due to the
amount of heat generated, followed by a decline due to a decrease in the reaction rate
and heat being released into the environment. In general, the simulation results agreed

well with other results, and the model can be considered to be validated.
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Fig. 7.1 Model validation for small reactor (a,b) and big reactor (c,d): temperature
comparison(a,c), hydrogen storage capacity comparison (b,d)

7.3 Simulation of hydrogen purification system using metal hydrides

Metal hydrides can also be used to purify hydrogen. A sorption-based purification
process requires three basic steps: (1) absorption, (2) venting and (3) desorption. Pure
hydrogen can be separated from impurities by hydriding reaction in the absorption step;
the impurities are removed from the purification system during the venting step; and

the purified hydrogen is generated by dehydriding during the desorption step.
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7.3.1 Description of hydrogen purification system

In this section, carbon dioxide is the only impurity present in the system. It is assumed
to remain chemically inert during the purification process. A furnace in an assumed
industrial process is the source of impurity. As shown in Fig.1 of Ref. [53], the furnace
is fed by hydrogen gas from the purification system for reduction reaction and produces
the impurity carbon dioxide. The purification system is assumed to be composed of two
identical reactors which are cooled or heated by circulating water. When one is in the
adsorbing step, the other is in the desorbing step in order to supply purified hydrogen
to the furnace continuously. Some hydrogen storage tanks filled with pure hydrogen
can be used to supply hydrogen when the metal hydride reactor is operated in the
venting process.

There are three control valves for each reactor, which can be used to change the reaction
process of the purification system. We assume that the absorption time ¢ is equal to the
sum of the venting time # and the desorption time fs. Table 7.2 shows the scheme of
the operation process. More information about this process can be obtained from
Ref.[53].

Table 7.2 Scheme of operation process

Valve Absorption Venting Desorption
Reactor| Inlet opened closed closed
acto Outlet closed closed opened
Venting closed opened closed
Valve Venting Desorption Absorption
Inlet closed closed opened
Reactor2 Outlet closed opened closed
Venting opened closed closed
Table 7.3 Parameters used in hydrogen purification simulation
Parameter Value Parameter Value Parameter Value
A4 [m?] 5.7 k 1.38 t, [s] 1985.60
v, [m] 0.018 koo 0.62 t, [s] 3.64
impin 2.15 7, [m] 0.05 !, [s] 1981.96
m_ [kg] 150 Coeo, DEKT 0,839 p,, [bar] I
T, K] 309 m_ [g/s] 0.56 M, [g/mol] 44
T, [K] 326 m, [ke] 26.47 SC 3
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7.3.2 Complementary equations and parameters for hydrogen purification system

The parameters specific to the purification simulations are given in Table 7.3. Based
on these complementary conditions, the Simulink model can be developed to predict

the process of purification system using metal hydride.

The efficiency of hydrogen purification system can be measured by the hydrogen

recovery rate:

RE — mMH-vf — mMH—ai X 100% (714)

H,
N m

vH-ar s

where m and m

I MH - ai are initial and final mass of metal hydride during the

MH -af

absorption process, respectively, and where m is the final mass of metal hydride

MH - vf

during the venting process.
7.3.3 Simulation results for hydrogen purification system

Based on the above equations, the hydrogen purification model was implemented on
the Matlab/Simulink platform, and its simulation results have been compared with
other works[®3). In this section, supply pressure during absorption is set to 5 bar, while
outlet pressure is assumed to be 2 bar during desorption. The mass flow rate during the
absorption process is equal to 0.56 g/s. The venting step begins when the total pressure
in the reactor reaches 5 bar during the hydriding process. The outlet pressure during
the dehydrogenation process is set as constant, mass outflow rate in pulse form can be
taken into consideration for boundary condition. The overall heat transfer coefficient is
assumed to be 243 W/m?/K. Some pure hydrogen reservoirs can be used to ensure a

continuous supply of hydrogen for the assumed industrial process.

Fig.7.2 shows the variation of temperature (a); equilibrium pressure (b); impurity
concentration (c); metal hydride mass(d); total and partial pressure of gaseous H; and
CO; (f); and gaseous Hz and CO»> mass (e). In general, our results agree well with the
data from other literature. The CO; partial pressure and impurity concentration increase
during absorption, and decrease to about 0 during venting. The average temperature

rises quickly during the early stages of the absorption process. At the beginning of the
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absorption, 26.47 kg metal hydride has been converted from some of the 150kg LaNis

alloy. The final mass of metal hydride during absorption and venting process are 104.6

kg and 101.9 kg, respectively. In this case, the hydrogen recovery rate of purification

system is equal to 96.54%
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Fig.7.2 Model validation for hydrogen purification system, comparisons of temperature(a);
equilibrium pressure(b); impurity concentration(c); metal hydride mass(d); total and partial
pressure of gaseous H» and COx(e); and gaseous Ha and CO: mass(f)

7.3.4 Parametric study for hydrogen purification system

In order to improve the hydrogen recovery rate of the purification system, a parametric

study was performed. The effects of solid material mass, overall heat transfer

109



coefficient and cooling water temperature on the hydrogen recovery rates have been
analyzed. The change of solid material mass could be related to the variation of the size
of metal hydride reactors. Table 7.4 presents the parameters used for the parametric
study of the hydrogen purification system. The outlet pressure in each case is the same.
The total pressure in the reactor reaches up to the supply pressure at the end of the
absorption process. The mass of carbon dioxide increases in the absorption process and
decreases during venting. Venting is performed until the concentration of carbon
dioxide is less than 4x10®, at which point we assume that carbon dioxide has been

completely discharged.
Table 7.4 Parameters used in parametric studies for hydrogen purification system

Case T,1KI  UIWmK] p [barl m kel o s 1, s ¢, [s]

wa

] 50 84,65 355 8131
2 75 204 324 20076
3 90 568.54 282 56572
4 309 243 5 105 942.48 286 930.62
5 120 131124 3.06  1308.18
6 135 167538 334 1672.04
7 150 1985.6 364 1981.96
8 2 37.06 483 3223

9 6 398.43 212 39631

10 7 844.88 166 84322
I 309 243 8 60 1051.54 159 1049.95
12 9 1128.91 157 112734
13 10 1164.93 157 116336
14 193 70.19 362 6657

Is 203 125.5 335 12215
16 343 265.79 281 26208
17 309 393 > 60 396.97 252 394.45
8 443 4928 239 49041
19 493 564.8 232 56248
20 284 11228 404 110824
21 289 106837 288 106549
2 204 969.18 239 96679
23 299 243 > 60 735.18 224 732.94
24 304 322.87 267 32020
25 314 5221 370 48.51

Fig. 7.3 shows some of the simulation results of the parametric study. In total, 25 cases
are used for the parametric study of the purification system. Fig 7.3a shows that the
hydrogen recovery rate of the purification system rises with the increase of solid
material mass. As the cost of the solid material rises when its mass is increased, it is

important to improve the hydrogen recovery of the hydrogen purification reactor
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compacted with a relatively small solid material mass. Thus, the solid material mass is
set as 60 kg for further study in Fig 7.3b, ¢ and d. The simulation results show that a
relatively large overall heat transfer coefficient is beneficial to improve the hydrogen
recovery, and constitute a good way to increase hydrogen recovery rate by reducing the

cooling water temperature and enhancing the supply pressure.
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Fig.7.3 Parametric studies for hydrogen purification system, Solution for different solid
material mass (&), overall heat transfer coefficient (b), cooling water temperature (¢) and supply
pressure (d)

7.4 Conclusion

Lumped parameter models based on the Matlab/Simulink software platform have been
implemented for hydrogen storage and purification systems using metal hydrides. The
hydrogen storage models were based on the following governing equations: mass
conservation, energy conservation, reaction kinetics, equilibrium pressure equation and
the equation of state for the ideal gas. The models have been validated by comparing

the simulation results with data from the literature.

Based on the validated hydrogen storage models, a hydrogen purification model has
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been developed by combining them with some complementary equations. The model
has been validated, and its simulation results agree well with the data from the literature.
In order to improve the hydrogen recovery rate of the purification system, the effects
of solid material mass, overall heat transfer coefficient and cooling water temperature
on the hydrogen recovery rates were taken into consideration. In general, the hydrogen
recovery rate of the purification system rises with the increase of solid material mass
and overall heat transfer coefficient. In addition, reducing cooling temperature and

enhancing the supply pressure can be considered to increase the hydrogen recovery rate.
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Chapter 8 Conclusion, Contribution and Future
Work

8.1 Conclusions

During this work, I completed the simulation and optimization of the filling of a
hydrogen storage tank filled with compacted activated carbon as the adsorbent using
pre-cooling and flow-through cooling methods. The coiled tube heat exchanger and the
phase change material heat exchanger have been taken into consideration the metal
hydride hydrogen storage tank in order to improve system performance. Lumped
parameter models have been developed for hydrogen storage and purification system
using metal hydride. The hydrogen purification performance optimization of the PSA

cycle using zeolite has been completed using the artificial neural network model.

The method of flow-through cooling is studied for a hydrogen delivery tank packed
with activated carbon. As a result, it can improve the hydrogen storage capacity by
about 15%. The flow-through cooling combined with pre-cooling takes less time to
cool adsorbent material in the hydrogen storage system than other cases, and can be
considered as an effective way to improve the heat transfer in the adsorbent bed during
the adsorption process and increase the hydrogen storage capacity of the hydrogen

delivery tank.

The analytical solutions of lumped temperature for the metal hydride hydrogen storage
system are obtained from the thermodynamic model in various processes. The
analytical solution can be used as a reference for more detailed two-dimensional or
three-dimensional models. Four cases under constant/variable inflow/outflow
temperature conditions are analytically studied, the results show that the effect the
variable inflow/outflow temperature condition on the lumped temperature in metal
hydride system is not obvious compared to the constant inflow/outflow temperature
condition. The analytical solution for the hydriding-dehydriding cycle is compared

with the result of a reduced model proposed in the reference, the comparison shows



that the analytical solution is more accurate than the reduced model. Then, the variable
mass source term is taken into consideration in the validated lumped parameter
numerical model. The metal hydride source term during hydriding can be considered
roughly as constant, which is true when the hydrogen storage capacity of the metal

hydride system is not beyond about 90% of its limited capacity.

Various heat exchangers are taken into consideration in the design of the metal hydride
reactor. The coiled-tube heat exchanger presents better heat transfer performance than
the straight pipe heat exchanger. Dual heat exchangers, including the combination of
the coiled-tube heat exchanger and straight pipe heat exchanger and the dual coiled-
tube heat exchangers, are discussed. As for the metal hydride hydrogen storage reactor
equipped with the coiled-tube heat exchanger, reduced two-dimensional model is taken
into consideration in order to decrease the computing time. The effectiveness has been
validated by comparing the simulation results of the reduced model with those of the
complete three-dimensional model. The reduced two-dimensional model can well
approximate the complete three-dimensional model for the case with more turns of

coiled-tube.

The phase change material heat exchanger has been introduced to the metal hydride
hydrogen storage system in this work. Metal foams, including Al foam and copper foam,
were composited with phase change materials in order to increase the effective thermal
conductivity of phase change materials and improve the hydrogen storage efficiency of
metal hydride reservoir. Compared with the system equipped with Al foam, the system
equipped with copper foam shown about 34% improvement of the time when the

hydrogen storage capacity reached up to the maximum value.

As for the hydrogen purification system using adsorbent, a six-step two-bed pressure
swing adsorption model has been developed and validated to separate and purify
hydrogen from the hydrogen/methane mixture. The extended Langmuir equation fitted
from the extended Langmuir-Freundlich model is applied to predict the adsorption
isotherms of methane and hydrogen on zeolite SA adsorbent bed. The effects of the
adsorption pressure, the P/F ratio, the adsorption step time and the pressure equalization

time on the system performances are studied. The research results show that the
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hydrogen recovery of the six-step two-bed pressure swing adsorption system is
obviously higher than that of the four-step two-bed pressure swing adsorption system.
It is an effective method to obtain high-purity hydrogen through the vacuum pressure
swing adsorption system. The effect of the mole fraction of hydrogen in the gaseous
mixtures on the performance of the pressure swing adsorption system is investigated.
Then, the validated pressure swing adsorption model is applied to generate a dataset,
which is used to train, test and validate the artificial neural network model. The well
trained artificial neural network model can be applied to predict the performances of
hydrogen purification system based on the input variables. Multi-objective
optimization has been considered into the hydrogen purification system through the
trained artificial neural network model. The artificial neural network model is very
efficient to predict and to optimize the performance of the hydrogen purification of the

pressure swing adsorption system.

Lumped parameter models based on Matlab/Simulink platform have been implemented
for hydrogen storage and purification systems using metal hydrides. The models have
been validated by comparing the simulation results with data from the literature. In
order to improve the hydrogen recovery rate of the purification system, the effects of
solid material mass, overall heat transfer coefficient and cooling water temperature on
the hydrogen recovery rates were taken into consideration. In general, the hydrogen
recovery rate of the purification system rises with the increase of solid material mass
in the reactor and overall heat transfer coefficient. In addition, reducing cooling
temperature and enhancing the supply pressure can be considered to increase the

hydrogen recovery rate.

8.2 Contributions

During the course of this Ph.D. work I have successfully published three articles as first

author :

1. Tong L, Xiao J S, Cai Y H, et al. Thermal eftect and flow-through cooling of an
adsorptive hydrogen delivery tank. International Journal of Hydrogen Energy,
2016, 36(41):16094-16100. (Chapter 2)
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2. Tong L, Xiao J S, Yang T Q, et al. Complete and reduced models for metal
hydride reactor with coiled-tube heat exchanger. International Journal of Hydrogen
Energy, 2019, 30(44):15907-15916.(Chapter 4)

3. Tong L, Xiao J S, Bénard P, et al. Thermal management of metal hydride
hydrogen storage reservoir using phase change materials. International Journal of

Hydrogen Energy, 2019, 38(44):21055-21066. (Chapter 5)
and co-authored two published papers:

I. Xiao J S, Tong L, Bénard P, et al. Thermodynamic analysis for hydriding-
dehydriding  cycle of metal hydride system. Energy  2019.
https://doi.org/10.1016/j.energy.2019.116535. (Chapter 3)

2. Xiao J S, Tong L, Yang T Q, et al. Lumped parameter simulation of hydrogen
storage and purification systems using metal hydrides. International Journal of

Hydrogen Energy, 2017, 6(42):3698-3707. (Chapter 6)

[ simulated and examine the optimization of a flow-through cooling method on a
cryoadsorption-based delivery tank for hydrogen based on activated carbon using a

validated modell'®!.

The lumped parameter models for the hydrogen storage system and the hydrogen
purifications system using metal hydride have been developed and validated to study

9 An analytical solution for the lumped

the system performance as a whole!
temperature of the metal hydride hydrogen storage system has been obtained from the
basic thermodynamical model, which can be considered as a benchmark to validate the

lumped parameter model and the distributed parameter model!">).

The coiled tube heat exchanger has been applied to the metal hydride hydrogen storage
system to improve the heat transfer in the reactor. The validated reduced 2D model for
the metal hydride reactor equipped with the coiled tube heat exchanger is effective

method to study the system performance!'!.

The phase change material heat exchanger, which can be used to store the heat released
during hydriding and provide the heat during dyhydriding, has been introduced to the

metal hydride hydrogen storage system. The phase change material has been
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composited with the metal foam in order to increase the effective thermal conductivity.
The composited phase change material has been applied to the metal hydride hydrogen

storage system in order to improve system performancel'l.

The six-step two-bed pressure swing adsorption model has been developed and
validated to purify hydrogen from the hydrogen/methane mixture using zeolite 5A as
the adsorbent. The artificial neural network model has been trained by the dataset
generated the validated model under various operation conditions. The trained artificial
neural network model has been used to predict and optimize the performance of the

hydrogen purification pressure swing adsorption system.

8.3 Future works

As for the hydrogen storage system based on the metal hydride, the lumped parameter
model and the distributed parameter model are both developed to optimize the system
performance. The lumped parameter model is used to study the hydrogen storage
system as a whole. The distributed parameter model is applied to research heat and
mass transfer, which is used for the metal hydride reactor with a complicated structure.
The coiled tube heat exchanger and the phase change material heat exchangers have
been applied to the metal hydride reactor. However, only the hydriding process is
studied based on the distributed parameter model in present work. More works can be

done for the hydriding/dehydriding cycle through these distributed parameter models.

As for the hydrogen purification system based on the metal hydride, a lumped
parameter model has been developed and validated to investigate the system
performance. The distributed parameter model for the hydrogen purification system is
necessary to research the heat and mass transfer in the metal hydride bed. More
measures should be taken into consideration to improve the thermal eftect during

hydriding/dehydriding on the performance of the hydrogen purification system.

As for the hydrogen purification system based on the adsorbent, the layered bed and
the novel adsorbent materials play important roles to improve the performance of the
hydrogen purification system. More works should be done to research the hydrogen

purification pressure swing adsorption cycle and vacuum pressure swing adsorption
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cycle from the multicomponent gaseous mixtures based on the layered bed and the

novel adsorbent materials.

Machine learning has been received wide attention in all fields. Deep leaming can be
considered as an effective method to predict and optimize the performance of a
complicated system . The artificial neural network used in present work is a basic two-
layer feed-forward neural network on the Matlab software platform. In general, deep
learmning is more complicated than the artificial neural network. Deep leamning can be
applied to solve complex problems. In further research, the deep learning method can
be used to optimize the performance of the hydrogen purification pressure swing

adsorption system.
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