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Abstract

Study on the Hydrogen Generation System for
High-power Fuel Cell Applications based on

Hydrolysis of Solid-state Sodium Borohydride

Jae Seon Koh
Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

To alleviate the climate crisis, global efforts are underway to reduce
greenhouse gases and achieve carbon neutrality, and fossil fuel reduction is the
most important aspect of achieving these goals. Hydrogen has been revealed
the most remarkable clean and efficient energy carrier to replace fossil fuels.
Accordingly, hydrogen-powered fuel cells are attracting significant attention as
power generators for various applications, from portable devices to high-power

applications (such as heavy-duty vehicles, electricity generators). These new



fuel cell applications will require the production, storage, and transportation of
hydrogen suitable for their desired properties. Hydrogen storage methods
include compression, liquefaction, absorption, and chemical hydride, the first
two of which are currently the preferred methods for high-power fuel cell
applications. However, liquified hydrogen has critical problems, such as
excessive energy consumption during liquefication and continuous loss due to
vaporization. When compressed, the density of hydrogen at 70 MPa is relatively
low (38 kg/m?) and a substantial amount of compression work is also consumed.
For these reason, chemical hydrides (including metal-borohydride, ammonia
borane, and methanol) are promising candidates to handle the aforementioned
issues. In particular, sodium borohydride (NaBHs, SBH) has been regarded as
one of the leading chemical hydrides due to its high hydrogen storage capacity
(10.6 wt.%).

Hydrolysis of SBH is the most commonly used method to generate
hydrogen from SBH. In ambient conditions, the conversion of SBH via self-
hydrolysis is only 7%-8% and it is too slow for utilization in any fuel cell
applications. Therefore, the hydrolysis of SBH needs a way to accelerate. In
particular, the process can be accelerated by using acid or metal catalysts. The
hydrolysis of SBH using metal catalysts can facilitate a continuous reaction at

a relatively low temperature and pressure. However, in most cases of using



metal catalysts, SBH should be prepared as an aqueous solution and its
solubility issues, SBH concentration should be <16 g per 100 g of water to keep
the reaction product liquid. This implies that when a metal catalyst is used, the
gravimetric hydrogen storage capacity is only 2-3 wt.%. Moreover, given the
limited active sites of the metal catalyst and the low concentration of SBH, it is
difficult to obtain sufficient hydrogen generation rates for high-power fuel cell
applications. In contrast, acid-accelerated hydrolysis offers several advantages,
such as high activity under optimum conditions, no catalyst recovery and
recycling, minimum side reactions, low cost, ease of injection and usage, and
high controllability. For these reasons, acid-accelerated hydrolysis of SBH is
more suitable for hydrogen generation systems for high-power fuel cell
applications. Moreover, in the acid-accelerated hydrolysis process, SBH can be
prepared either in an aqueous solution or a solid-state. For this reason,
hydrolysis of solid-state SBH with acid-acceleration enables to achieve high
hydrogen storage density and high-flow rate hydrogen generation for high-
power fuel cell applications.

In Chapter 2, The characteristics of the SBH hydrogen generation system
were analyzed by experiments according to various parameters. In addition, ''B
solid NMR spectroscopy and viscosity measurement were conducted to analyze

the composition and properties of the reaction product. In 5% concentration



feed experimental cases, the conversion of SBH was >95%, and a maximum of
6.71 wt.% gravimetric hydrogen storage density was achieved. The
experimental results indicated that it is possible to control the rate of hydrogen
generation through the feed injection rate. In addition, as a result of experiments
according to the reactant temperature, it was demonstrated that the lower the
reactant temperature, the less hydrogen produced, and the greater amount of
unreacted dissolved SBH. Moreover, when the stoichiometric number
increased, the gravimetric hydrogen storage density decreased. This reduced
the viscosity of the reaction product and the amount of unreacted dissolved
SBH observed when the reaction was conducted at low reactant temperatures.
As a result of the viscosity measurement by rheometer, the reaction product
showed gel-solution transition characteristics which has gel or solution state
depending on their temperature, suggesting that discharge of the reaction
product is virtually impossible at the temperature below the gel-solution
transition temperature. Since the gel-solution transition temperature can be
significantly lowered by injecting a little additional feed, it is possible to
consider increasing the stoichiometric number for practical purposes.

In Chapter 3, The reaction and thermal management simulation of the SBH
hydrogen generation system, which has been neglected so far, was performed.

Since the hydrolysis of SBH is the exothermic reaction, thermal management



is important in case of hydrogen generation system for high-power applications.
The reaction and thermal management modeling were performed to confirm
such as evaluating the maximum hydrogen generation rate that were difficult to
confirm through experiments. The simulation was validated through the
experimental results and showed relatively high accuracy. In particular, except
for the initial stage of reaction when the reactant was not homogeneous, the
reactant temperature showed an error of 5% or less. Base on the simulation
result of the reactant temperature, stable operation was possible up to the feed
injection rate of 175 mL/min, which can operate about 12 kW of fuel cell
applications.

In Chapter 4, The operation strategies for more efficient utilization of
hydrogen generation system in this study were analyzed. First, the on-board
operation feasibility considering the transportability of SBH was evaluated. As
a result of conducting experiments by changing the feed injection rate within a
single batch reaction, the hydrogen generation rate was also increased or
decreased according to the increase or decrease of the feed injection rate. Also,
it was confirmed that it is possible to change the hydrogen generation rate
multiple times within a single batch reaction if there is sufficient reaction time.
Based on this result, it was shown that on-board operation of the hydrogen

generation system in this study is possible. In addition, it was evaluated whether



it was possible to improve the hydrogen storage density by reducing acid usage.
As a result of the experiment according to the acid concentration of feed in
Chapter 2, based on the similar tendency of hydrogen generation rates of 2.5%
concentration feed and 5% concentration feed at the initial stage of the reaction,
experiments that a certain ratio of the reaction was conducted with 2.5%
concentration feed and the rest ratio of the reaction was conducted with 5%
concentration feed was conducted to maximize hydrogen generation and reduce
acid usage. As results of experiments, even when 2.5% concentration feed was
used in the smallest proportion, the conversion and hydrogen storage density
were lower than when only 5% concentration feed was used, and the unreacted
agglomerated SBH observed when using 2.5% concentration feed was
increased as the ratio of the reaction conducting 2.5% concentration feed
increased. However, when replacing water used for feed with the water
generated from fuel cell, using 2.5% concentration feed during the initial 25%
reaction progress ratio showed a 1% lower conversion than using only 5%
concentration feed, but acid usage can be reduced by 12.5% so it can be
considered to reduce fuel cost.

Through this study, the factors affecting the performance of the hydrogen
generation system for high-power fuel cell applications based on hydrolysis of

solid-state SBH were evaluated and the operation strategies were presented.

vi



Also, the hydrogen generation system in this study can contribute to the
revitalization of the hydrogen society by extending the scope of hydrogen

applications.
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1B solid nuclear magnetic resonance (NMR) spectroscopy,
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Chapter 1. Introduction

1.1. Background of the study

To alleviate the climate crisis, global efforts are underway to reduce
greenhouse gases and achieve carbon neutrality, and fossil fuel reduction is the
most important aspect of achieving these goals. Studies have revealed that
hydrogen is the most remarkable clean and efficient energy carrier to replace
fossil fuels [1, 2]. Accordingly, hydrogen-powered fuel cells are attracting
significant attention as power generators for various applications, from portable
devices to high-power applications (such as electricity generators) [3-5]. In
particular, these fuel cells could be beneficial for the electrification of heavy-
duty vehicles, which is expected to be difficult because of their long driving
range and reduced transport capacity due to battery weight [6, 7]. These new
fuel cell applications will require the production, storage, and transportation of
hydrogen suitable for their desired properties. As shown in Figure 1.1, hydrogen
storage methods include compression, liquefaction, absorption, and chemical
hydride, the first two of which are currently the preferred methods for high-

power fuel cell applications [8]. However, liquified hydrogen has critical
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Figure 1.1 Hydrogen storage method and their advantages and disadvantages



problems, such as excessive energy consumption during liquefication and
continuous loss due to vaporization [9]. When compressed, the density of
hydrogen at 70 MPa is relatively low (38 kg/m®) and a substantial amount of
compression work is also consumed [10, 11]. With regard to transportation,
hydrogen tube trailers and cryogenic liquid hydrogen trucks play important
roles. Tube trailers are capable of delivering approximately 400 kg at 20 MPa,
while cryogenic tanks delivered by semi-trucks operate at 1.1 MPa and are
capable of transporting 3,200—4,500 kg of hydrogen [12]. However, these
transportation methods cannot be considered long-term delivery solutions for
the expected future hydrogen demands, because their low hydrogen
transportation capacity would necessitate too many deliveries [13].

Chemical hydrides (including metal-borohydride, ammonia borane, and
methanol) are promising candidates to handle the aforementioned issues [14].
These carriers could be used for mass transportation of hydrogen, which could
then be released either before distribution or by the final customer. Even
Sartbaeva et al. [1] concluded that light element hydrides are the only viable
method of achieving a high gravimetric & volumetric hydrogen storage density.

As shown in Figure 1.2, due to the high hydrogen proportion in the
borohydride ion (BH4'), in general, metal-borohydrides have a high gravimetric

hydrogen storage density. Especially sodium borohydride (NaBH4, SBH) has
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been regarded as one of the leading chemical hydrides due to its high hydrogen
storage capacity (10.6 wt.%) [15-17]. Moreover, SBH has several further
advantages, such as nonflammability, simple hydrolysis and recycling
processes, stable reaction by-products that are environmentally benign, and low
cost (compared to other hydrogen storage materials) [18]. There are also metal-
borohydrides with a higher gravimetric hydrogen storage density than SBH,
such as lithium borohydride (LiBH4), magnesium borohydride (Mg(BH4)>),
aluminum borohydride (Al(BH4)3), but a hydrogen generation method using
them has not yet been established, and it is expected that commercialization
will be difficult due to their high price as shown in Table 1.1.

Hydrogen stored in SBH can be dehydrogenated via thermolysis or
hydrolysis [19]. However, thermolysis of SBH has several limitations, such as
high decomposition temperature (300-600 °C) [20], impure gas generation, and
slow hydrogen release kinetics. Accordingly, SBH hydrolysis is the most
commonly used method to generate hydrogen from SBH. The self-hydrolysis
of SBH is a spontaneous and exothermic reaction. According to the hydrolysis
reaction stoichiometry, 1 g of NaBHy, fully hydrolyzed, will produce 2.37 L of
hydrogen at standard temperature and pressure (STP). On a reactants-only basis,
this gives a gravimetric hydrogen storage capacity of 10.8 wt.%, which more

than satisfies the U.S. Department of Energy (DOE) storage density targets.



Table 1.1 Approximate prices of several metal-borohydride

Material Price ($/kg)
Sodium borohydride (SBH) 3
Lithium borohydride (LiBH4) 600
Magnesium borohydride (Mg(BHs)») 100

Aluminum borohydride (Al(BH4)3) 3000




However, in ambient conditions, the conversion of SBH via self-hydrolysis is
only 7%—8% and is too slow for utilization in any fuel cell applications [21-23].
In other words, the hydrolysis of SBH needs a way to accelerate. In particular,
the process can be accelerated by using acid or metal catalysts [24, 25]. The
hydrolysis of SBH using metal catalysts can facilitate a continuous reaction at
a relatively low temperature and pressure. However, in most cases, SBH should
be prepared as an aqueous solution and its solubility (55 g SBH per 100 g of
water, 1.46 mol SBH per 5.56 mol of water, at 25 °C) can result in low
gravimetric hydrogen storage density [26]. Even the reaction product (NaBO,)
is less soluble than SBH (28 g NaBO: per 100 g of water at 25 °C). This means
that SBH concentration should be <16 g SBH per 100 g of water to keep the
reaction product liquid, which precipitation of the reaction product could block
the active site of the catalyst and cause losses in catalytic performance [27, 28].
This implies that when a metal catalyst is used, the gravimetric hydrogen
storage capacity is only 2-3 wt.% [22]. Moreover, given the limited active sites
of the metal catalyst and the low concentration of SBH, it is difficult to obtain
sufficient hydrogen generation rates for high-power fuel cell applications. In
contrast, acid-accelerated hydrolysis offers several advantages, such as high
activity under optimum conditions, no catalyst recovery and recycling,

minimum side reactions, low cost, ease of injection and usage, and high



controllability [29]. For these reasons, acid-accelerated hydrolysis of SBH is
more suitable for hydrogen generation systems for high-power fuel cell
applications. Moreover, in the acid-accelerated hydrolysis process, SBH can be
prepared either in an aqueous solution or a solid state. This is in contrast to
when a metal catalyst is used, where SBH must be prepared in an aqueous
solution in most cases. Although SBH in an aqueous solution can be easily
supplied through a pump, the advantages of acid-acceleration are lost, because
it should be stabilized with a basic substance to prevent self-hydrolysis [26, 30].
Moreover, since solid SBH is difficult to supply quantitatively, SBH hydrolysis
is conducted in a semi-batch reactor, rendering a continuous reaction difficult.

Hydrogen generation from SBH is illustrated by many papers published
since the early 2000s. In a review paper published by Demirci et al. in 2009
[15], more than 50 papers using metal catalysts were reported, but only 5 papers
using acid catalysts were reported. Furthermore in the review paper published
by Abdelhamid H.N. [25] in 2021, more than 200 papers using metal catalysts
have been reported, but only under 10 papers using acid catalysts have been
reported. This is due to the advantages of using metal catalysts described above,
but also to the impact of a major decision made by the DOE In November 2007,
DOE has decided to make a no-go recommendation for SBH as an on-board

hydrogen storage device for hydrogen vehicles, which is the most



representative high-power fuel cell application [31]. This decision had the
effect of making SBH-based hydrogen storage devices confined to low-power
fuel cell applications. Most of the subsequent studies have also focused on
being applied to portable devices or niche applications [32], and in that case,
since it is difficult to operate at high temperatures, studies focusing on metal
catalysts have been conducted. The DOE cited the following reasons when
deciding on a no-go recommendation.

1) Low hydrogen storage capacity performance targets for DOE target for

2007 and later: in general, achievable hydrogen storage density of 2-3 wt.%

is the most critical issue.

i) Net system cost will be higher than compressed hydrogen or liquified

hydrogen

iii) Energy consumption and cost of regenerating reaction products

(NaBO:») back to fuel (SBH)

iv) Engineering issue of accumulating solid reaction products that are hard

to discharge from reactor.

This decision was made more than 10 years ago, and nowadays, it can be
said that there are more incentives to overcome these limitations that the
demand for the transportation to a hydrogen society is increasing even more

than at the time. Since the use of hydrogen becomes more widespread and the



demand for hydrogen increases, it will be emphasized that the transportation
and storage of SBH is convenient and energy-efficient. This could alleviate
concerns about energy consumption and cost. Therefore, the biggest problem is
the low hydrogen storage density. If this can be solved through an engineering
approach, the hydrogen production system based on SBH can also show
potential for high-power fuel cell applications.

In this study, Hydrolysis of solid SBH with liquid water at elevated
temperature and pressure in acid-accelerated condition was performed to
increase hydrogen storage density and obtain sufficient hydrogen generation
rate. Also, the practical feasibility of an SBH-based hydrogen generation
system was shown for applying to high-power fuel cell applications by
controlling the reaction heat released and analyzing the hydrogen generation

characteristics according to various parameters
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1.2. Literature survey

1.2.1. Hydrogen generation system based on hydrolysis of SBH
Researches on the hydrolysis of SBH began with metal-based catalysts
due to easy to control reaction process and low reaction temperature. A large
number of metals have been shown to be active in the hydrolysis of NaBH4 in
alkaline solutions under various temperature conditions, including Co and Ni
and their borides, as well as noble metal-based catalysts such as Pt, Pd, Pt—Ru,
and Pt-Pd. To increase the reaction rate and decrease the catalyst load required,
it is important to ensure a small particle size and good dispersion to maximize
the contact area between the catalyst and the NaBH4 solution. Since noble
metals are expensive and scarce, simple separation and reuse methods are
highly required and the development of noble metal-free catalysts is a subject
of current research, and most of these studies are devoted to the cobalt-based
catalysts [33, 34], nickel based-catalysts [34, 35], metal salts (NiCl,, CoCl,)
[36], colloidal platinum [37], active carbon [38], Raney nickel [39], Ru
supported on ion-exchange resin beads [40], and fluorinated particles of based
materials [24], as well as cobalt and nickel borides [41]. Among them, Ru-based
catalysts are known to be the most effective for promoting H, generation [42].

The first metal-based materials used are metal salts [43-45]. Schlesinger et al.
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[43] had tested MnCl,, FeCl,, CoCl,, NiCl,, CuCl,. They reported that
particularly striking was the catalytic effect of certain metal salts, especially
that of CoCl,. Liu et al. [44] compared CoCl,, NiCl,, and for the first time NiF,.
The highest reactivity of the Co-based salt was confirmed but the hydrogen
generation rate was much lower than the rates obtained in other studies. This
may be explained by the fact that they stabilized the aqueous solution with 10
wt.% NaOH. This shows that the performance of the catalyst may be lowered
due to the influence of the aqueous solution stabilized with the base. Liu et al.
[45] reported hydrogen generation rates of about 11 L(H,)/min-g(Co) for CoCl,
and gravimetric hydrogen storages up to 6—7 wt.%. This performance is likely
the best reported for the metal salt. It should be noted that the result of Liu et
al. [45] was also obtained by adding a catalyst solution to solid SBH, not
preparing SBH as an aqueous solution. Noble metal-based catalysts such as Pt,
Pd, Ru, and Rh can be characterized by superior catalytic activity towards the
hydrolysis of SBH with high hydrogen generation rate [46-49]. Transition
metal-based catalysts were considered to be an alternative to noble metals.
Some of the transitional metals displayed better catalytic activity, especially Co
is the most promising non-noble metal for hydrogen generation via the
hydrolysis of SBH [33, 50]. Metal catalysts is needed the catalyst support to

keep a certain shape in practical use and reduce the amount of metal materials.
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The support improves the dispersion of the catalyst and it increases the active
sites on the material’s surface area and prevents the aggregation or
agglomeration. It can also be used for processing into a thin film and three
dimensional [51]. Several material types were reported as support including
carbon nanotubes, graphene, ionic liquids (ILs), polymers, metal oxide, metal
form and mesh, zeolite, and metal-organic frameworks (MOFs) etc. [25]. Metal
catalysts are being studied focusing on obtaining maximum catalytic activity
while using minimum metal through inexpensive support materials. Research
on hydrogen generation system based on SBH, not simply measuring the effects
or performance of catalysts, started in earnest in 2000 with the research of
Amendola et al [52, 53]. Since then, there have been many studies on hydrogen
production systems based on hydrolysis of SBH using metal catalyst [54-64].
Some notable studies are as follows. Richardson, et al. [55], reported a flow
reactor. This reactor comprised a hollow tube with top and bottom end caps,
and aimed for the continuous generation of hydrogen in the order of 500 W. In
their fixed bed reactor, sodium borohydride was fed through a catalyst bed.
Their experiment used a series of reactors to study this approach. The hydrogen
generation system consisted of a catalytic reactor, pump, feed solution vessel,
by-product catch vessel, and a heat exchanger. The heat exchanger was used to

cool the hydrogen gas before it entered the fuel cell. Their results demonstrated
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a steady-state load of 500 W and a peak capability of 2 kW. Zhang, et al. [56],
studied a 1 kWe sodium borohydride hydrogen generation system, comprising
a packed-bed reactor in which sodium borohydride solution is pumped through
the bed to initiate the hydrolysis reaction. Using a gas—liquid separator, the
gaseous hydrogen and liquid NaBO, solution were separated from the product
stream. A large amount of water vapor entered into the high-temperature
hydrogen stream, and to condense the water vapor a heat exchange process was
used. Research of Kojima, Y. et al. [60] was one of the few studies that scale up
systems up to 10kW using metal catalysts. They used a honeycomb monolith
coated with Pt-LiCoO2 catalyst and feed SBH aqueous solution of maximum
concentration of 25 wt.%. They achieved hydrogen generation rate of 10.8
g/min equivalent to 12 kW fuel cell operation. However, gravimetric hydrogen
storage density was only 2 wt.%. Ferreira, M.J.F [61] conduct hydrolysis of
solid SBH with solid nickel-ruthenium based catalyst. Their system has the
advantage of not having to be stabilized with a base because solid SBH and a
solid catalyst were used. They achieved maximum gravimetric hydrogen
storage density of 6.3 wt.%. It indicates that the system using solid SBH
certainly has a high gravimetric hydrogen storage density. However, it is
expected that it is difficult to treat reaction products mixed with catalysts for

reuse of catalyst when practical application. Marchionni et al. [64] aimed to
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feed a 2 kW scale PEMFC stack by developing an apparatus for H, generation
via hydrolysis of SBH. The reactor comprised a cylindrical stainless-steel
chamber. A replaceable head piece with a stainless-steel rod whose vertical
movement was controlled by a stepper motor was located on the top. The warm
water was circulated inside the reactor. The initial temperature of the solution
was controlled by a copper coil. The seal of the reactor was tested prior to any
experiments using H, up to a pressure of 10 bars. Throughout all of the
experiments, the catalyst was totally immersed in the solution. At 5 bar
pressures, the catalyst was capable of generating up to 35 L Ho/min - Zcaatyst. In
this paper, an internal coil is installed inside the reactor. However, the internal
coil was not used for thermal management, but for warm-up early in the
reaction. As described in Chapter 1.1, hydrogen generation based on the
hydrolysis of SBH is mainly designed for low-power and portable applications.
Hence, many previous studies have been conducted based on metal catalysts,
with relatively few (though important) studies conducted using acid
acceleration. First, Schlesinger et al. [24] revealed that the hydrolysis reaction
was significantly accelerated by the addition of acidic substances. Subsequently,
several papers reported fundamental studies on acid-accelerated hydrolysis of
SBH. Murugesan et al. [65] evaluated the acceleration effect of various mineral

and carboxylic acids in the hydrolysis of solid SBH through a 5 mm? reactor.
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Although they analyzed the reaction products by various acids and the
acceleration effect of hydrolysis, this was in small-scale systems and the effect
of temperature was not analyzed. Akdim et al. [66] asserted that acetic acid was
a preferable alternative to HCI, as it is environmentally benign and safe. When
strong acid catalysts are used, gasified acid or acid-byproducts that are harmful
to the environment are generated. Hence, a purification facility is required,
reducing the hydrogen storage density of the system. Kim et al. [67] contributed
to the field by creating a protocol for hydrogen generation from the acid-
accelerated hydrolysis of solid SBH. In addition, Aiello et al. [68], Beaird [69],
and Liu [70] studied SBH hydrolysis via vapor without catalyst, including
analyses of the reaction products. Their studies demonstrated that hydrogen can
be produced through the hydrolysis of solid SBH with vapor at a sufficiently
high temperature. Senliang, et al. [71], investigated theoretical support for
seawater hydrogen production in coastal areas. The authors focused on the
kinetics of NaBH4 hydrolysis catalyzed by phosphotungstic acid, H3PW204.
Phosphotungstic acid is a kind of polyoxometalate with strong acid properties
and it was selected as the active component of the catalyst. However, this solid
acid supported by this activated carbon cannot show the advantage of acid-
acceleration that this study focused. Several studies have investigated the acid-

accelerated hydrolysis of solid SBH with vapor in small-scale systems [29, 59,
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72-78]. For example, Lee, C.J. et al. [77] generated hydrogen from solid-state
NaBH; using a HCI solution to circumvent the use of a catalyst. The aim was
to address the need for a portable and stable hydrogen supply system for
integration with a fuel cell. Their hydrogen supply system successfully
provided a stable hydrogen supply to the fuel cell, allowing the 100 W fuel cell
to operate reliably with an electric load of 0—6 A. Kwon, S.M. et al [29]
developed hydrogen generation system using solid SBH and HCI for
acceleration. Since they aimed at hydrogen generation devices for unmanned
aerial vehicles, their hydrogen generation system achieved a maximum
hydrogen production rate of 9 L/min, 5.1 wt.% gravimetric hydrogen storage
density with a weight of 5.5 kg. The operation temperature and pressure of their
system is maximum 70 °C and 5 bar. However, it is difficult to say that it is for
high-power fuel cell application because this system can operate fuel cell of up
to 1 kW. Akkus, M.S. et al. [75] revealed that the conversion of SBH according
to vapor temperature is not directly proportional, and is maximized at a specific
temperature. It would appear that when the vapor temperature increases, the
molecule density of the vapor decreases, and an insufficient reaction causes a
low conversion of SBH. This indicates that solid SBH needs to react with liquid
water to produce a sufficiently high hydrogen flow rate for high-output fuel cell

applications. Ozkan, et al. [78], combined experimental data with a Box—
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Wilson statistical experimental design technique to optimize the reaction
temperature. Their experiments were carried out under different operating
conditions and HCIl concentrations to determine the maximum amount of

hydrogen, which they found to be about 3.7 M HCl and 430 K.

1.2.2. Simulation of hydrogen generation system based on hydrolysis
of SBH

The hydrolysis of SBH is an exothermic reaction. However, as previously
discussed, since most of the hydrogen generation systems by hydrolysis of SBH
were conducted with excess water in the low-power system at room
temperature, there is almost any change in the temperature of the system, so the
issue of heat management is rarely addressed and most hydrogen generation
systems using metal catalysts did not even have a thermal management device.
When an acid catalyst is used to cause a fast reaction with a small stoichiometric
number, the system temperature rises, but since the higher temperature
increases the reaction rate, it is not necessary to lower the temperature unless it
is a threat to safety. Therefore, it can be seen that the previous study was limited
to measuring the temperature [29]. Also, since hydrolysis of NaBH4 for
hydrogen generation is a complex process, which is influenced by factors such

as catalyst performance, NaBH; concentration, stabilizer concentration,
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reaction temperature, complex kinetics and excess water requirement, the
kinetics of NaBHs hydrolysis reaction is not fully understood [79]. Since
research on the reaction mechanism is being conducted on individual catalysts,
there is a problem that it cannot be applied to systems using catalysts different
from previous studies. In addition, the research method has also experimentally
corrected empirical formula of some known mechanisms such as zero-order
kinetics, nth order kinetics [80], Langmuir-Hinshelwood Model [42],
Michaelis-Menten kinetics model [81], making it difficult to apply them in
general. There was an example of an experimental study on the kinetics of pH-
catalyzed hydrolysis of SBH [82-84], which is the reaction condition of this
study, but the reaction temperature range was up to 80 °C, which was different
from the maximum temperature condition used in this study, up to 200 °C.
Therefore, since the purpose of the simulation in this study is to maintain the
target operating temperature, the simulation was performed by predicting the
reaction heat based on the hydrogen generation by the experimental results
without applying theoretical reaction kinetics.

For the reasons described above, there have been hundreds of studies on
the catalyst and hydrogen generation system, but there have been very few
papers about simulating hydrolysis of SBH or its system [63, 85-89]. All of the

papers about simulation dealt with metal catalysts, and focused on the

19



conversion of SBH to NaBO, by hydrolysis. Temperature is not an object to be
"managed" but to be "simulated", and it was simply simulating the system
temperature change according to the reaction. In most studies, the maximum
temperature was below 70 °C, which did not require thermal management. The
kinetics are calculated by experiment, and if a thermal management is not
introduced, it is difficult to obtain a meaningful result through the simulation,
so the study on the simulation seems to be insufficient. In addition, these studies
hardly considered scale-up, which seems to be because hydrogen generation
based on hydrolysis of SBH was expected to be applied to low-power fuel cell
applications.

However, target operation conditions of this study are very harsh. Thermal
management system is required to control the temperature inside the high
temperature and pressure reactor as desired. In this study, a cooling system
using pressurized water as a coolant was constructed, and the temperature was
controlled by removing excess heat of reaction from the reactants through a
helical coil installed inside the semi-batch reactor. Therefore, modeling of the
thermal management system is very important to accurately simulate this

hydrogen generation system.
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1.3. Objectives and scopes

Hydrolysis using metal catalysts or vapor, which is the existing method,
has limitations in generating sufficient hydrogen generation rate that can drive
high-power fuel cells. The objectives of this study are to analyze the
characteristics of the hydrogen generation system based on SBH hydrolysis that
can be used in high-power fuel cell applications and to show its practicality. To
this end, in this study, the system was pressurized to 40 bar to perform
hydrolysis with solid SBH and liquid water, so that water did not vaporize even
at a sufficiently high temperature. In addition, formic acid was used to
accelerate the reaction. The outline of this study is as follows.

In Chapter 2, experimental study of hydrogen generation system based on
acid-accelerated liquid hydrolysis of solid-state SBH was performed.
Experiments on various parameters affecting this hydrogen generation system
was conducted and hydrogen generation characteristics such as hydrogen
generation rate and the conversion of SBH were analyzed. The analyzed
parameters were the reactant temperature, the feed injection rate, the
stoichiometric number, the feed concentration. The reaction product
composition and its ratio were analyzed as ''B nuclear magnetic resonance

(NMR) spectroscopy, and viscosity was measured by rheometer.
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In Chapter 3, simulation of hydrogen generation system based on acid-
accelerated liquid hydrolysis of solid-state SBH was performed. Thermal
management is very important for exothermic reactions carried out under high
temperature and pressure as in this study. It is also important to predict the
performance limit of the system for stable operation. Dynamic modeling of this
hydrogen generation system was performed with Matlab/Simulink. The thermal
models of the reactor, cooling system were modeled. Also, the amount of heat
generated by hydrolysis of SBH was calculated by hydrogen generation rate
which was expressed as a function of feed injection rate and the reaction
progress ratio. Based on the simulation, the maximum hydrogen generation
capability, which is difficult to confirm through experiments, was analyzed.
Also, the design adequacy of the cooling system was analyzed.

In Chapter 4, The operation strategies for the efficient operation of
hydrogen generation system in this study were analyzed. First, the feasibility of
on-board operation was analyzed to utilize the characteristics of SBH, which
has an advantage in transportation. For this purpose, it was analyzed by
experiments whether the hydrogen generation rate was proportional to the
change of the feed injection rate within a single batch reaction. In addition,
through the experimental results of 5% concentration feed in Chapter 2, it was

possible to obtain the conversion > 95 % and sufficient hydrogen generation
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rate by liquid hydrolysis of solid SBH at elevated temperature and pressure.

The operation strategy that can maximize the hydrogen storage density and

reduce the use of formic acid while maintaining a high conversion was analyzed.

For this purpose, optimal operation strategies were derived by analyzing the
hydrogen generation characteristics while performing the reaction by changing
feed concentration within a single batch reaction.

In Chapter 5, the overall results of this study are summarized.
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Chapter 2. Experimental study of SBH hydrogen

generation system

2.1. Introduction

The hydrolysis process of SBH is expressed as Equation 2.1 [24]:
NaBH, + 2H,0 — NaBO, + 4H, (2.1)
Although Equation 2.1 is the ideal reaction, in practice, because of the
mass transfer limitation and the vaporization of water during the reaction
process, it is difficult to achieve such a high hydrogen capacity, as Equation 2.2

[76]:

NaBH, + (2 + x)H,0 — NaBO, - xH,O + 4H,, (2.2)
where x is the excess of water. The theoretical gravimetric hydrogen
storage densities based on water amounts of H>O (2+x) per 1 mol of SBH are
shown in Figure 2.1. As shown in Figure 2.1, the hydrogen storage density
decreases significantly as the amount of water injected into the reaction
increases. Due to the limitation of the solubility of the reaction product (NaBO,),
a system to which a metal catalyst is applied requires a lot of water and thus

has a hydrogen storage density of 2-3% (gray area in Figure 2.1: the amount of
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Figure 2.1 Theoretical gravimetric hydrogen storage density (in wt.% H.)
according to moles of H,O per mole of SBH.
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water that the reaction product (NaBO») can all dissolve in). According to the
solubility of NaBH4 and thermodynamics, NaBH4 has a maximum hydrogen
density of 7 wt.%. The solubility of NaBH4 and the hydrolysis by-product
NaBO; determine the full amount of NaBH4 and H»O. As a rule of thumb, the
solubility of NaBH4 and NaBO, depends on the reaction temperature. The
amount of water and NaBHj4 can be calculated from the following Equation 2.3

and Equation 2.4 [60].

Solubility of NaBH4 (g/100 g H,O) = —261+1.05T (2.3)
Solubility of NaBO» (g/100 g HO) = —245+0.915T (2.4)
where T is the temperature (K). However, in case of acid-accelerated hydrolysis,
the hydrogen storage density can be increased by minimizing the use of water
(orange area in Figure 2.1: in acid conditions, the area means that it can react
with solid phase SBH). From Equation 2.1 and Equation 2.2, it is evident that
water provides half of the hydrogen, which is one of the reasons why hydrolysis
is more attractive than thermolysis for hydrogen generation method using SBH.
It was reported that the rate at which SBH self-hydrolysis in water depends
on the pH and solution temperature [90]. The rate is empirically represented by

Equation 2.5

log(t1/2) = pH — (0.034 T — 1.92) (2.5)
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Where t1/, is the time (min) it takes for one-half of a SBH mole to
decompose versus temperature (K) [91]. Although it is difficult to apply
Equation 2.5 directly owing to it is not a formula calculated under the same
conditions as this study (pH from 7 to 10, reactant temperature from 15 °C to
35 °C), Equation 2.5 shows that the hydrolysis of SBH occurs quickly at high
temperature and low pH by addition of acid. Self-hydrolysis is an obstacle in
the case of a metal catalyst in which SBH should be prepared in an aqueous
solution, but when SBH is prepared in solid state, it is important to accelerate
self-hydrolysis.

Through experiments in this chapter, the effect of parameters affecting the
performance of acid-accelerated solid-state SBH hydrolysis on the hydrogen

production characteristics was analyzed.
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2.2. Experimental apparatus of hydrogen generation

system

2.2.1. Experimental setup

Figure and schematics of the experimental apparatus of hydrogen
generation system in this study (based on the acid-accelerated hydrolysis of
solid SBH) are presented in Figure 2.2 and Figure 2.3. The thermal insulated
2.6 L cylindrical pressure vessel was installed as a semi-batch reactor. The
perspective CAD view of reactor is as shown in Figure 2.4. The primary thermal
insulation was performed with vacuum between the reactor and the outer jacket,
and the secondary thermal insulation was performed with an insulation material
outside the jacket. Through this double insulation, the reactor is insulated from
the outside, and excessive reaction heat is released through the cooling coil.
The aqueous formic acid solution, denoted as feed hereinafter was supplied to
the reactor through a reciprocating piston pump to achieve a quantitative
injection under 40 bar(s) pressure conditions. A helical coil was installed inside
the reactor and a buffer tank was installed to maintain target reactant
temperature and to prevent reactant overflow and sudden pressure changes. An
agitator was installed to ensure uniform composition of the internal reactants,

and a back pressure regulator was installed at the outlet of the buffer tank to
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Figure 2.2 Experimental apparatus of hydrogen generation system based on
acid-accelerated liquid hydrolysis of solid SBH at elevated

temperature and pressure

29



Coolant
Reservor

Agitator
Back Pressurer Vent
- I_ Regulator
L
] ] o~ 0 9 []
C
] ] o
C ] MFM
Feed C ]
]
Pump (]
T S - Ig
02 520
—— o : '
I} 2 o+ +: f
Feed s ]
? 5 & "E f// Buffer
| ++++ e 4 2
E S D 20 Tank
v
Scale
Lo
Reactor

Figure 2.3 Schematic diagram of experimental apparatus
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Figure 2.4 CAD perspective view of the reactor (Coil position and shape are

approximate and not exact)
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maintain the desired pressure inside the reactor and buffer tank. The coolant
water circulated through a gear pump. After being heated in the reactor, the
temperature of the coolant was reduced by passing through a heat exchanger
and a chiller. Moreover, the coolant temperature was adjusted to a desired inlet
temperature in the coolant reservoir before entering the reactor. The cooling
system was initially pressurized to 7 bar and was designed as a closed system
to prevent vaporization due to increases in the coolant outlet temperature. The
reactant temperature inside the reactor was measured using 36 thermocouples
(4 x 8 point thermocouples), while the coolant temperature was measured at
several points in the coolant loop (reactor inter and outlet, 1st fluid of heat
exchanger inlet and outlet, 2nd fluid of heat exchanger inlet and coolant
reservoir inlet and outlet). The precise location of multipoint thermocouples
and cooling coil inside the reactor is shown in Figure 2.5. The pressure of the
coolant reservoir was measured to calculate the exact physical properties of the
coolant. The reactor pressure was measured by pressure transmitter and
maintained at 40 bar by a back pressure regulator. The hydrogen flow rate was
measured with a gas mass flow meter (MFM) after the back pressure regulator.

Finally, the mass of the feed injection amount was measured with a scale.
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2.2.2. Accuracy of measuring devices and uncertainty analysis

The main physical properties measured in the hydrogen generation system
in this study were the temperature, mass flow rate, volume flow rate and
pressure. The temperature inside the reactor is measured by a K-type
thermocouple, and the temperature of the cooling system is measured by a T-
type thermocouple. Reactor pressure and coolant pressure were measured with
pressure transmitter with the accuracy of 0.5%. the amount of feed injection
was measured with two scales having different measuring range. K-type and T-
type thermocouple with grounded junction probe was used as the temperature
measuring device with an accuracy of 0.4%. Hydrogen flow rate was measured
with differential pressure mass flow meter and coolant volumetric flow rate was
measured with electromagnetic flow meter; the accuracies of each flow meter
are 0.4% and 0.8%, respectively. Table 2.1 summarizes the accuracy of each

SE€Nsor.
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Table 2.1 Accuracies of measuring devices

Sensors Range Unit Accuracy
K-type thermocouple 0~ 1200 °C 22°C
T-type thermocouple  -270 ~ 400 °C 1.0°C
Pressure transmitter 0~100 bar 0.5%
Differential pressure
0~500 SLPM 0.4%

mass flow meter
Electromagnetic )

) 0.05 ~25 L/min 0.8%
volumetric flow meter
Scale #1 0~ 6000 g 0.01g
Scale #2 0~ 20000 g 01g
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2.2.3. Experiment procedure

The reactor was filled with solid SBH (granules, ca 3 mm) and the feed
was aqueous formic acid solution. After the reactants were heated to the target
temperature by hydrolysis reaction heat, the target reactant temperature was
maintained by a cooling system. In consideration of the link with the thermal
management system of fuel cell applications and the prevention of local
reactant overcooling, the coolant inlet temperature was set to 50 °C and the
target reactant temperature was maintained by adjusting the coolant mass flow
rate.

The experiments were performed by changing the parameters that
affecting the hydrogen generation characteristics such as reactant temperature,
feed injection rate, feed concentration, stoichiometric number, and SBH
charging amount. The parameters of each experiment cases are presented in
Table 2.2. The experiments were conducted until hydrogen was no longer
generated after injecting feed, in accordance with the specified conditions in
each case. The feed injection amount according to experimental condition are

presented in Table 2.3.
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Table 2.2 Experimental conditions

Parameter RT#1  RT#2 RT#3 | SN#1  SN#2
SBH charging amount (g) 500 500
Feed injection rate (mL/min) 45 45

Feed concentration (wt.%) 5 5
Reactant temperature (°C) 160 180 200 160 180
Stoichiometric number 4.0 4.5
Parameter FIR#1 FIR#2 FIR#3 FIR#4 FIR#5
SBH charging amount (g) 250 500

Feed injection rate (mL/min) 45 75 105 75 105
Feed concentration (wt.%) 5

Reactant temperature (°C) 200

Stoichiometric number 4.0

Parameter FC#1 FC#2 FC#3
SBH charging amount (g) 500

Feed injection rate (mL/min) 45

Feed concentration (wt.%) 2.5

Reactant temperature (°C) 160 180 200
Stoichiometric number 4.0
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Table 2.3 Feed injection amount by experimental condition (g/100 g SBH)

) Stoichiometric number
Feed concentration (%)

4.0 4.5
2.5 198 223
5 206 232

38



2.2.4. Analytical techniques

To analyze the composition of the reaction product, ''B solid nuclear
magnetic resonance (NMR) spectroscopy and powder X-ray diffractometer
(XRD) were conducted. Furthermore, NMR data were obtained from a 500
MHz Avance III HD Bruker Solid-state NMR and powder XRD data were
obtained from SmartLab (Rigaku, Japan).

The viscosity of reaction product was measured to evaluate the ease of
reaction product discharge performance owing to the hydrolysis reaction was
conducted in the semi-batch reactor. The viscosity of reaction product by

temperature was measured with Rheometer (ARES-G2, TA instrument).
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2.3. Experimental analysis of factors affecting hydrogen

generation characteristics

2.3.1. Effect of the reactant temperature

The effect of reactant temperature was analyzed under the conditions of
500 g SBH charging amount, 45 ml/min feed injection rate, and 4.0
stoichiometric number (RT#1, RT#2, and RT#3 in Table 2.2). Depending on the
target reactant temperature, the time taken for the system to reach the target
temperature differed. In all the target reactant temperature experiments, the
target reactant temperature was maintained after 600 s from the time of feed
injection. Therefore, the hydrogen generation characteristic analysis was
divided into three sections: from the start of feed injection to 600 s (0—600 s,
Section 1), from 600 s to the end of feed injection (600 s—feed end, Section 2),
and until no more hydrogen was generated (feed end—experiment end, Section
3).

The experimental results according to reactant temperature are presented
in Figure 2.6, Figure 2.7, Figure 2.8, Figure 2.9 and Table 2.4. The experimental
results of reactant temperature over time are shown as Figure 2.6. At the
beginning of feed injection, the solid SBH and feed were in direct contact,

causing a high and rapid increase in reactant temperature. Since the heat transfer
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coefficient between the granule SBH and the cooling coil was relatively low, it
was difficult to perform the desired cooling in this section. However, as shown
in Figure 2.6, sufficient cooling was possible to prevent the reactant
temperature from significantly exceeding 200 °C. As the reaction proceeded,
the heat transfer coefficient between the reactant and the cooling coil increased
so that it could be operated at the target temperature. In this system, the reactant
was heated to approximately 180 °C by reaction heat, and then cooled to the
target temperature if necessary. As a result, it was possible to operate at the
target temperature after 600 s from the start of feeding. After the feed injection
was completed, some hydrogen was generated due to the residual reaction.

As shown in Figure 2.7 (a) and Figure 2.8, In Section 1, where there was
no significant difference in reactant temperature, there was also no significant
difference in the amount of hydrogen generated. However, in Section 2, the
reactant temperature and the cumulative hydrogen production were
proportional (Figure 2.7 (b)). After completion of the feed, the amount of
hydrogen generated through the residual reaction was inversely proportional to
the reactant temperature. This is interpreted as the reaction rate being relatively
slow when the reactant temperature is low as can be inferred from Equation 2.5.
At a reactant temperature of 160 °C, the final hydrogen generation amount was

lower than at 180 and 200 °C. Notably, comparing the results for 180 and 200 °C,
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Table 2.4 Hydrogen generation amount according to reactant temperature

Reactant Hydrogen generation amount (g)
Temperature (°C)  Section 1 Section 2 Section 3 Total
160 47.81 40.86 12.16 100.83
180 48.16 4433 10.72 103.21
200 47.94 46.05 9.09 104.08
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although hydrogen was generated faster at 200 °C, the final hydrogen
generation amount was not significantly different between them. This indicates
that all SBH reacted sufficiently when the reactant temperature was >180 °C
under the 4.0 stoichiometric number condition.

The "B solid NMR spectroscopy results of the reaction products for
experiments RT#1, RT#2, and RT#3 are presented in Figure 2.9. The
commonality of a high peak at approximately 1 ppm and a peak at
approximately 15 ppm can be observed in Figure 2.9 (a), (b), and (c). This result
is the same as the solid NMR result for dried borax powder [92, 93]. A high
peak at approximately 1 ppm was tetra-coordinated boron (Be 4) and a peak
at approximately 15 ppm was tri-coordinated boron (Be_3), where ¢ refers to
either O or OH. The peak of approximately 42 ppm, which is only prominent
only in Figure 2.9 (a), represented the SBH [94]. The NMR results suggested
that the reason for the relatively low hydrogen generation at 160 °C reactant
temperature was unreacted dissolved SBH and the reaction mechanism does
not vary depending on the reaction temperature.

Based on these results, it was revealed that the higher the reactant
temperature, the more hydrogen was generated. Although the difference in
hydrogen generation between the 180 and 200 °C experiments was not

significant, hydrogen generation was smaller in the 160 °C experiment. If there
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were no restrictions to increase in reactant temperature (such as the reactor
material or heat dissipation effects), it would only be appropriate to adopt a
cooling strategy to prevent overheating.

In addition to "B NMR, X-ray diffractometer (XRD) was performed to
determine the exact composition of the reaction product. The tested reaction
product was RT#3, which had the highest hydrogen conversion rate. As shown
in Figure 2.10, it was found that the reaction product was present in the form of
sodium formate (NaCOOH) due to the combination of the carboxyl group

derived from formic acid with sodium of SBH or sodium metaborate hydrate

(NaBO,-2H,0) [70].
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2.3.2. Effect of the feed injection rate

The main reason why SBH has been highlighted as a hydrogen storage
material is the convenience of transportation and storage. Therefore, since
hydrogen generation systems using SBH hydrolysis are mainly on-board, it is
essential to control the hydrogen generation rate flexibly to apply it to various
fuel cell applications. In this chapter, differences in hydrogen generation rates
were analyzed according to the feed injection rate. The effect of feed injection
rate was analyzed in the 250 g SBH charging (FIR#1, FIR#2, and FIR#3) and
500 g SBH charging (RT#3, FIR#4, and FIR#5) scenarios, and experiments
were conducted on feed injection rates of 45, 75, and 105 mL/min in each
charging amount. Since the stoichiometric number conditions were the same,
the total amount of feed injected in all cases was the same. Therefore, the higher
the feed injection rate, the faster the feed injection was terminated.

The experimental results according to the feed injection rate are displayed
in Figure 2.11 and Figure 2.12, where Figure 2.11 is the results for the 250 g
SBH charging cases, and Figure 2.12 is the results for the 500 g SBH charging
cases. The figure indicates that for both 250 and 500 g SBH charging, the
hydrogen generation rate increased as the feed injection rate increased (Figure
2.11 (a), Figure 2.12 (a)). Moreover, since the amount of feed injected was the

same, there was no significant difference in total hydrogen generation (Figure
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2.11 (b) and Figure 2.12 (b)). However, as shown in Figure 2.11 (a), the
difference in hydrogen generation rate between 75 and 105 mL/min was smaller
than the difference between 45 and 75 mL/min. However, as shown in Figure
2.12 (a), the difference in hydrogen generation rate between 45, 75, and 105
mL/min was similar. In the case of 250g SBH charging, when the feed injection
rate was 105 mL/min, it was impossible to secure sufficient reaction sites to
achieve a higher hydrogen generation rate compared to the 75 mL/min feed
injection rate. For 500 g SBH charging, it would appear that the difference
between the hydrogen generation rate 105 mL/min and 75 mL/min can be made
because the reaction site can be sufficiently ensured. However, as displayed in
Figure 2.11 (a), after the beginning (approximately 100 s), the 105 mL/min feed
injection rate had a higher hydrogen generation rate than at 75 mL/min, which
appeared to be because the average pH of the reactants decreased due to an
increase in the acidic feed injection amount, promoting hydrogen generation as
can be inferred Equation 2.5.

Combining the experimental results according to feed injection rate, when
the total feed injection amount was the same, there was no significant difference
in conversion when the feed injection rate was increased, although the hydrogen
generation flow rate increased. This indicates that it is possible to control the

hydrogen generation flow rate by adjusting the feed injection rate. However,
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when the initial SBH charge amount was small, the hydrogen generation rate
was not sufficiently increased due to a lack of reaction sites at feed injection
rates above a certain level. This means that there is an upper limit on the
hydrogen generation rate according to the initial SBH charge amount. Therefore,
to achieve the target hydrogen generation flow rate, the feed injection rate and

the initial SBH charging amount should be considered simultaneously.
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2.3.3. Effect of the stoichiometric number

If the stoichiometric number increased, the hydrogen storage density of
the system decreased as shown in Figure 2.1. In the system under study, when
the stoichiometric number was 4.0, the hydrogen storage density (according to
Equation 2.2) was 7.0 wt.%, and when the stoichiometric number was 4.5, the
hydrogen storage density was 6.4 wt.%. However, if a slight increase in the
stoichiometric number could benefit system operation, a higher stoichiometric
number may be considered. Table. 2.5 displays the hydrogen generation amount
for experiments on stoichiometric numbers 4.0 (RT#1 and RT#2) and 4.5 (SN#1
and SN#2). Cumulative hydrogen generation over time (according to
stoichiometric number) is presented in Figure 2.13. The gray vertical and dotted
lines in Figure 2.13 indicate the feed end time when stoichiometric number 4.0
and 4.5. When the reactant temperature was 160 °C, the stoichiometric number
of 4.5 produced more hydrogen than 4.0. This is because when the
stoichiometric number was 4.5, the pH was relatively reduced as feed was
added to promote the reaction. Moreover, as the concentration and viscosity of
the reactant reduced, the reaction site increased. For this reason, unreacted
dissolved SBH in the case of the stoichiometric number 4.0 reacted, and the
amount of hydrogen generation increased. When the reactant temperature was

180 °C, hydrogen was produced faster due to the same effect as the addition of
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Table 2.5 Hydrogen generation amount according to stoichiometric number

Stoichiometric Reactant Hydrogen generation amount (g)
number Temperature (°C)  Sectionl Section2 Section3  Total
160 47.81 40.96 12.06 100.83
4.0
180 48.16 44.83 10.22 103.21
160 48.10 47.37 7.36 102.83
4.5
180 49.01 50.74 3.79 103.54
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feed at 160 °C. However, even when the stoichiometric number was 4.0, most
of the SBH reacted; hence, the difference in total hydrogen generated was small.

The "B solid NMR spectroscopy results of experiments SN#1 and SN#2
are presented in Figure 2.14. Comparing Figure 2.9 (a) and Figure 2.14 (a), it
can be observed that the peak of approximately 42 ppm (representing SBH) is
much lower in Figure 2.14 (a). Based on the NMR results, it can be seen that
when the reactant temperature was low, the unreacted dissolved SBH could be
reduced by increasing the stoichiometric number. In addition, hydrogen
generation also increased. As demonstrated in Figure 2.14 (b), even when the
reactant temperature was sufficiently high (180 °C), the amount of unreacted
dissolved SBH was reduced. Furthermore, referring to Figure 2.9 and Figure
2.14, a comparison of the ratio of 15 and 1 ppm peaks reveals that the ratio of
the 15 ppm peak was lower in the case of the stoichiometric number 4.5
compared to when the stoichiometric number 4.0. This means that the ratio of
tetra-coordinate boron (B¢ _4) increased (more O or OH was combined with
one boron molecule), indicating that the reaction product’s solubility in water
increased and its viscosity decreased.

The rheometer results of experiments RT#1, RT#2, SN#1, and SN#2 are
presented in Figure 2.15. All measurements were made at sheer rate 1 /s. In the

case of the stoichiometric number of 4.0, the gel phase product was almost solid
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at a temperature below around 60°C, and the viscosity decreased rapidly as it
became solution at a temperature above around 60°C. In the case of a
stoichiometric number of 4.5, solutionization proceeded at about 25 °C. This
solution-gel transition is a characteristic that occurs in macromolecular
substances like polymer or in high-concentration solutions. In the gel state,
components bond together to form a network extending throughout the whole
substance and these network gives the material an elasticity which is a solid-
like property. As the temperature rises, these bonds gradually weaken and above
a certain temperature so called solution-gel transition temperature, these
subunits dispersed in the solvent are relatively free to move, they become
solution and have liquid-like property. Solution-gel transition temperature of
the reaction product seems to be determined by the stoichiometric number. In
the case of a stoichiometric number of 4.5, there was no difference in the
viscosity after solutionization by reactant temperature, but in the case of the
stoichiometric number of 4.0, the reaction product reacted at 160 °C was less
viscous than the product reacted at 180 °C. Since the same amount of feed was
injected, unreacted dissolved SBH means less reaction product, NaBO; hydrate.
Therefore, it can be seen from the viscosity measurement result that NaBO- in
the hydrated state has a greater viscosity than the SBH aqueous solution. The

viscosity measurement results show that when this hydrogen generation system
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is practically applied, it is virtually impossible to discharge the reaction product
at a temperature below the solution-gel transition temperature. Therefore, if the
low stoichiometric number is used to increase the hydrogen storage density, it
means that the product must be discharged at a higher temperature. Since the
solution-gel transition temperature can be significantly reduced with only a
slight increase in the stoichiometric number (4.0 — 4.5), it may be beneficial
to consider increasing the stoichiometric number according to the using
environment. In particular, because of its high viscosity, the gel-state product is
unlikely to be emitted by a valve-controlled outlet even at high differential
pressure. Therefore, in order to discharge, the reactant temperature must be at
least solution-gel transition temperature or higher.

The hydrogen generation system used in this study conducted SBH
hydrolysis at elevated temperature and pressure in a semi-batch reactor.
Therefore, the reaction product had to be discharged after the reaction was
completed. The hydrolysis reaction product of SBH has a lower viscosity as the
temperature and stoichiometric number increase. Accordingly, if a high-
temperature product cannot be handled (depending on the using environment
of the application), it is necessary to lower the viscosity and solution-gel
transition temperature of the reaction product by performing hydrolysis at a

higher stoichiometric number.
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2.3.4. Effect of the feed concentration

The less acid is used, the higher the hydrogen storage density and the lower
the fuel price. In addition, the ease of operation of the system increases as the
proportion of acid that must be handled with care is reduced. As can be inferred
from Equation 2.3, if the temperature is high enough, a sufficient reaction rate
can be obtained even at a relatively high pH. Therefore, it is necessary to derive
the optimal acid concentration by analyzing the hydrogen production
characteristics according to the acid concentration.

To confirm the effect of the acid concentration of the feed, the experiments
were performed by changing the reactant temperature with a 2.5% formic acid
solution (FC#1, FC#2, and FC#3 in Table 2.2). This is because, as shown in
Equation 2.3, the hydrolysis of SBH is affected by the reactant temperature and
pH, so changing reactant temperature for analyzing the effect of feed
concentration were determined that the system behavior according to the
reactant temperature could be changed due to the effect of the pH increased due
to the relatively small amount of acid input. Therefore, experiments FC#1,
FC#2, and FC#3 were analyzed together with RT#1, RT#2, and RT#3.

As in the experiment according to the reactant temperature in Chapter
2.3.1, the hydrogen generation characteristic analysis was divided into three

sections: from the start of feed injection to 600 s (0—600 s, Section 1), from 600
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s to the end of feed injection (600 s—feed end, Section 2), and until no more
hydrogen was generated (feed end—experiment end, Section 3).

The experimental results according to reactant temperature in case of 2.5%
acid concentration feed are presented in Figure 2.16, Figure 2.17, Figure 2.18
and Table 2.6. The experimental results of reactant temperature over time are
shown as Figure 2.16. Even with the feed concentration of 2.5%, there was no
significant difference in the initial temperature increase pattern, and after rising
to a high temperature, the target temperature was reached and maintained. The
time required to achieve the target temperature of 160 °C was similar to the case
of the feed concentration of 5%. As shown in Figure 2.17 and Figure 2.18, at
the beginning, there was no significant difference between the acid
concentration of 5% case and 2.5% case. Since there is no basic reaction
product, it seems that sufficient protons are provided for the reaction even at an
acid concentration of 2.5%, resulting in a sufficient reaction. However, after
400 s, the 2.5% concentration experiments showed lower hydrogen generation
than the 5% concentration experiments. As the amount of reaction product
increases, the reaction rate decreased as the pH of the reactant were higher than
in the case of 5% concentration. It can also be confirmed that the difference in
the amount of hydrogen generated gradually increases at all reactant

temperatures. At all reactant temperatures, it can be seen that the difference of
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Table 2.6 Hydrogen generation amount according to reactant temperature in

case of 2.5 % feed concentration

Reactant Hydrogen generation amount (g)
Temperature (°C)  Section 1 Section 2 Section 3 Total
160 41.05 37.48 11.14 89.67
180 44.08 38.19 10.40 92.67
200 44 .47 41.12 8.94 94.53
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hydrogen generation amount between the 2.5% concentration and the 5%
concentration gradually increased, which also seems to be due to the increase
in the reactant pH at low acid concentration.

In the case of acid concentration of 5%, there was no significant difference
in hydrogen generation amount between 180 °C and 200 °C, but there was a
difference in hydrogen production between 180 °C and 200 °C in the case of
acid concentration of 2.5%. This is interpreted as the following reasons. In the
case of the 5% acid concentration, a sufficient reaction is possible at a reactant
temperature of 180 °C or higher, and thus a difference between 180 °C and 200 °C
is not significant. However, in the case of a 2.5% acid concentration, a sufficient
reaction does not occur due to a pH increase triggered by an acid shortage, so
the effect of promoting the reaction by reactant temperature was shown at 180 °C
or higher.

Also, noteworthy, as shown in Figure 2.19, in the case of the 2.5% acid
concentration experiment, unreacted agglomerated SBH was commonly
observed after the end of reaction in all experimental cases. This unreacted
agglomerated SBH was not observed at an acid concentration of 5%. This
seems that as the pH increased as the reaction progresses, the feed could not
penetrate and the reaction did not occur any more on the surface of unreacted

agglomerated SBH. A similar amount (about 50 g) of unreacted agglomerated
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Figure 2.19 Example of the unreacted agglomerated SBH after experiment
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SBH was observed at all reactant temperatures. This indicates that when the
acid concentration was 5%, all SBH participated in the reaction but little SBH
did not react when the reactant temperature was low, but when the acid
concentration was 2.5%, about 10% of the SBH did not even participate in the
reaction. Therefore, in the experiments FC#1, FC#2, FC#3, feed corresponding
to the stoichiometric number of 4.0 was injected, but the reaction was
performed under approximately the conditions of 4.5 stoichiometric number. In
fact, the viscosity of the reaction product was similar to the previous 4.5
stoichiometric number experiment (SN#1, SN#2).

The "B solid NMR spectroscopy results of reaction product FC#1, FC#2,
and FC#3 are shown in Figure 2.20. It can be seen that the lower the reactant
temperature, the greater the dissolved residual SBH in the reaction product. And
compared with the ''B solid NMR spectroscopy results of 5% concentration
feed experiments in Figure 2.9, it can be seen that the proportion of tri-
coordinated boron (B¢_3) is smaller. This means that SBH reacted with more
water, which is similar to the result of Figure 2.14, which is actually similar to
the product when it is performed with a higher stoichiometric number. Also, the
unreacted dissolved SBH was observed even at high reactant temperature,
unlike the 5% experimental result or the stoichiometric number 4.5 experiment.

In summary the !'B solid NMR results, when using the 2.5% concentration feed,
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about 10% of solid SBH does not participate in the reaction, and the SBH that
participated in the reaction showed a lower conversion despite the fact that it
reacted with a stoichiometric number of higher than 4.0.

This means that an additional feed is required for a complete reaction, and
in this case, the hydrogen storage density is rather decreased. Therefore, the
original purpose of increasing the hydrogen storage density cannot be achieved.

In conclusion, it was found that it is inappropriate to use a 2.5% acid
concentration feed in a single batch reaction. However, since hydrogen
generation rate and reactant temperature rise tendency is similar to 5% acid
concentration at the initial stage of the reaction, there seems to be room for
improvement through additional operation strategies. This were dealt with in

Chapter 4.
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2.3.5. Hydrogen conversion of the liquid hydrolysis of solid SBH

According to Equation 2.3, the theoretical amount of hydrogen generated
by this system is 21.22 g H, per 100 g of SBH. The conversions of experiments
are shown in Table. 2.6. In all cases of 5% acid concentration, the conversion
was >95%, which was mostly affected by the temperature of the reactant. In
study of Akkus, M.S. [75], where the hydrolysis reaction of vapor and solid
SBH was conducted, the conversion decreased above a certain temperature.
This seems to be because when the vapor temperature increases at atmospheric
pressure, the decrease in vapor density reduces the number of reaction sites. In
this study, we were able to overcome this limitation by increasing the system
pressure and by performing a hydrolysis reaction with liquid water.
Furthermore, compared to other studies on the acid-accelerated hydrolysis of
SBH aqueous solution, there was no basic stabilizer and a higher conversion
was obtained at a low reactant temperature due to a direct reaction being
possible.

However, in case of 2.5% acid concentration of feed, at all reactant
temperatures, much lower conversions (<90%) were shown than for the 5%
acid concentration. In particular, about 50 g of unreacted agglomerated SBH
that did not participate in the reaction was commonly observed after the

reaction. Therefore, it is not appropriate to lower the acid concentration to 2.5%
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in order to improve the hydrogen storage density.
When the feed injection rate was different, the conversion was similar if
the total feed injection amount was the same. Moreover, the additional feed

compensated for low conversion at low reactant temperatures.
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Table 2.7 Hydrogen generation amount and conversion of experiments

= Hydrogen generation (Q) Conversion (%)
number
RT#1 100.83 95.0
RT#2 103.49 97.5
RT#3 104.08 98.1
FIR#1 51.80 97.6
FIR#2 51.67 97.4
FIR#3 51.53 97.1
FIR#4 103.74 97.8
FIR#5 103.42 97.5
SN#1 102.83 96.9
SN#2 103.54 97.6
FC#1 89.67 84.5
FC#2 92.67 87.4
FC#3 94.54 89.1
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2.4. Summary

In this chapter, the parameters affecting the hydrogen generation
characteristics of a hydrogen generation system based on acid-accelerated
liquid hydrolysis of solid-state SBH were analyzed. Experiments were
performed by pressurizing the reactor to 40 bar to cause a hydrolysis reaction
with liquid water at reaction temperatures of up to 200 °C. The following
conclusions can be drawn:

(1) Reaction temperature and hydrogen production tended to be
proportional. The amount of hydrogen generated at reactant temperatures
between 180 and 200 °C did not exhibit any significant differences. However,
the results between 160 and 180 °C exhibited a greater difference. Based on the
"B NMR spectroscopy results, the difference in the amount of hydrogen
generated was due to unreacted dissolved SBH, and there was no significant
difference in the composition of the reaction product.

(2) For on-board applications, it is necessary to have flexible control of
the hydrogen generation rate. It was revealed that when the feed injection rate
increased, the hydrogen generation rate also increased. However, there was an

upper limit depending on the initial SBH charging amount. This indicates that
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for the desired hydrogen generation rate, the feed injection rate and SBH
charging amount must be considered simultaneously.

(3) An increase in stoichiometric number resulted in a decrease in
hydrogen storage density. However, since the amount of unreacted dissolved
SBH when the reaction was performed at low temperatures and the viscosity of
the product are reduced. Also, the solution-gel transition temperature was
significantly reduced with a slight increase in the stoichiometric number, and
since the gel-state product had very high viscosity, it is practically impossible
to discharge the product below the solution-gel transition temperature. The
strategy of increasing stoichiometric number could be selected for applications
where it is difficult to discharge the reaction product or increase the reaction
temperature.

(4) To increase the hydrogen storage density of the hydrogen storage
system applied in this study, it is necessary to reduce the amount of acid used.
The reduction in acid use can be even more dramatic, especially if the water
used for hydrolysis is obtained from fuel cells. To compare with the 5% acid
concentration experiments, a reaction temperature of 160, 180, and 200 °C was
performed with the 2.5% acid concentration feed. At the beginning of the
reaction, there was a similar tendency to the case of the 5% acid concentration,

but as the reaction progressed, the hydrogen generation amount gradually
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decreased. This seems to be because the reaction rate decreased as the pH of
the reactants increased due to the low acid concentration. Also, about 50 grams
of unreacted agglomerated SBH that did not participate in the reaction was
observed at all reactant temperatures. Therefore, it is not appropriate to perform
the reaction with only a 2.5% acid concentration feed. However, at the
beginning, even with a 2.5% acid concentration feed, sufficient hydrogen
generation and reactant temperature rise were shown, so there is a possibility to
improve the hydrogen storage density through an appropriate operation strategy.
(5) In all cases of 5% acid concentration, the conversion of SBH was >95%,
suggesting that it could be beneficial to pressurize the system to cause a
hydrolysis reaction with liquid water at high temperatures. The conversion was
most affected by the temperature of the reactant, while additional feed could

compensate for the low conversion at lower reactant temperatures.
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Chapter 3. Thermal simulation of SBH hydrogen

generation system

3.1. Introduction

As mentioned in Chapter 1, the kinetics of SBH hydrolysis reaction is not
fully understood. Also, since the kinetics are different depending on the catalyst
used, there is a limit to the study on the simulation. In addition, since most of
the studies have been conducted on low-power systems, the need for research
in areas where it is advantageous to check through simulations such as
maximum performance evaluation and thermal management is low. However,
when a hydrogen generation system based on hydrolysis of SBH is applied to
high-power fuel cell applications, there are important details that cannot be
confirmed only through experiments. Equation 3.1 is the general hydrolysis
reaction of SBH.

NaBH, + 2H,0 — NaBO, + 4H, + AH (3.1)

Where AH is the standard enthalpy change of formation expressed in kJ.
The AH can be expressed as Equation 3.2.

AH = ¥ AHeactant — 2 AHproduct (3.2)
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Y AHcactant 1S the sum of the standard enthalpies of formation of the
reactants expressed in kJ/mol; ¥ AHproquce is the sum of the standard
enthalpies of formation of the products expressed in kJ/mol. The enthalpy of
formation is the enthalpy of the hypothetical reaction required to form the
species from its constituent elements in their standard states at standard
pressure. AH is positive if a reaction adds energy to a system, i.e., is
endothermic, and negative if a reaction subtracts energy from a system, i.e., is
exothermic. Calculation of AH is expressed as Equation 3.3 based on the
knowledge that the enthalpy of SBH formation is —188.6 kJ/mol, the enthalpy
of NaBO; formation is =977 kJ/mol, the enthalpy of H,O formation is —285.8
kJ/mol, and that the enthalpy of H, formation is zero, because this is already
the most elementary form [95].

AH=(1X(=977)+4x0) — (1 x (—188.6) + 2 X (—285.8))
(3.3)
= —216.8K]

As can be seen from Equation 3.3, SBH hydrolysis is an exothermic
reaction that emits a lot of heat to the environment. Therefore, when a large
amount of hydrogen is generated for high-power applications, a huge amount

of heat is generated in the system, and it becomes very important to remove

excess reaction heat for stable operation.
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In this chapter, simulation of the SBH hydrogen generation system focused
on thermal management essential for high flow rate hydrogen generation was
performed, and the simulation was validated through experimental results, and
the system behavior at extreme operation, which is difficult to confirm through
experiments, was evaluated. The kinetics of SBH hydrolysis under
experimental conditions of this study were derived from the hydrogen
generation rate experimental results. Thermal modeling of the cooling system

components was also performed.
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3.2. Model description

3.2.1. Hydrolysis reaction modeling

The dynamic behavior of the reactor is modelled by a set of differential
equations derived from mass and energy balances on the reactant mixture. It
also considers heat transfers between the utility fluid circulating inside the
helical coil, the helical coil wall and the reactant mixture.

For this system, the model has been established using the following
assumptions:

i) The reactor is perfectly mixed with homogeneous temperature and

concentrations in the reaction mixture

i1) Feeding of the reactive is performed without volume contraction.

iii) The reactions are carried out in a pseudo-homogeneous phase

iv) The physicochemical properties of each component of the reaction

mixture are constant in the considered range of temperature, and the

physical properties of the reaction mixture are revalued at each

computation step as functions of temperature.

v) The kinetic laws of the chemical reactions are function of the feed

injection rate and the reaction progress ratio.
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Since it is a reaction of injecting a liquid feed into solid SBH, it cannot be
regarded as completely homogeneous in the beginning, but it is assumed that it
is homogeneous in the model.

If the kinetics of hydrolysis of SBH follow the Arrhenius law, the reaction

rate can be expressed as Equation 3.4.

nc
r = koe Fa/RTr 1_[ C;“ (3.4)
i=1

where k, is the Arrhenius coefficient, R is ideal gas constant, C; is the
concentration of component i, a; is partial order of component i. However,
the kinetics of hydrolysis of SBH have not yet been clearly understood, and it
varies depending on the catalyst used and the experimental conditions.
Therefore, in this study, the reaction rate equation was derived from the
hydrogen generation rate based on the reaction of Equation 3.5.
NaBH, + (2 + x)H,0 — NaBO, * xH,0 + 4H,, (3.5)

As confirmed in Chapter 2, since most SBH reacts at a sufficiently high
reaction temperature (180 °C) or higher, in this case, the amount of hydrogen
generated can be defined as a function of the feed injection rate and the reaction
progress ratio. The reaction progress ratio (y) is defined as the amount of feed
injected after the start of the reaction compared to the total amount of injected

feed (Equation 3.6).
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[ fdt

- (3.6)
mg sgul’

where My is the feed injection rate, mgspy 18 the initial SBH charging
amount, f is the feed injection rate, F is the feed injection amount per 1 g
SBH determined by the experimental conditions. Therefore, the reaction rate is
expressed as the Equation 3.7.
r=f'"(f,v) (3.7)
In this study, the goal is not to know the exact reaction rate of the reaction,
but to analyze the reaction through the hydrogen generation rate, so the reaction
rate can be expressed as a function of the amount of hydrogen produced, so it
can be shown as Equation 3.8. The reaction rate function is derived from the
experimental results.
My = 9(r) = f(f,v) (3.8)
As shown in Equation 3.3, when SBH is hydrolyzed, the heat of reaction
is 216.8 kJ/mol, which generates 43.2 kJ of heat per mol of hydrogen. Therefore,

the reaction heat release of the system is determined as in Equation 3.9.

AH

reac — mmHZ = 21.43 my, (3.9)

From Equation 3.5, the molar balance of the reaction components is as

shown in Equation 3.10.

dnHZ — 4 dnSBH — _ 4 dnfeed _ fdnprod (3 10)
dt dt 24+x dt x dt ’
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The molar balance and the mass change rate of component x have a

relationship as shown in Equation 3.11.

dn, 1y
a M, (3.11)

Therefore, the mass change rate of SBH and reaction product can be

expressed as Equation 3.12.
= ———My, (3.12)

The key variables in simulation are the mass and physical properties of the
reactant inside the reactor. The reactant is a substance in the reactor at a specific
time and is defined as the sum of unreacted SBH, feed residue, and product.
That is, it means a reaction component excluding the generated gaseous
hydrogen. The mass change rate and mass at time t of the reactant in reactor
are shown in Equation 3.13

M, = Mgy + Mfeed + Mprod

t t
m,(t) = f m, dt = f (™spr + Mpeed + Mproa)dt (3.13)
0 0

t

m,(t) = mospn + f
0

t
fdt—f Ty, dt
0
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The physical property x of the reactant in reactor when t seconds have
passed since the start of feed injection x,(t) can be expressed as Equation
3.14.

t, t .
XSBH (mO,SBH + [, Mspu dt) + Xprod Jy Mprod At

: — (3.14)
mospu + [, f dt — [, gz dt

x(t) =

Xsgy 18 the physical property x of SBH and Xpoq is the physical property
of reaction product. x can be specific heat, density, thermal conductivity, etc.
The physical properties of particular interest in this study are specific heat and
thermal conductivity. The specific heat is corelated using the univariate
polynomial functions as a function of temperature, as expressed Equation 3.15
[96].

Cp(T) = a+ BT +yT? + 8T3 + £T* (3.15)
where a, 8, ¥, 6, and & are substance-dependent constants, obtained from
dedicated tables, and T is absolute temperature, expressed in K [97]. The
specific heat value of reactant component as seen in Figure 3.1. As shown in
Figure 3.1, It can be seen that the specific heat values of SBH and NaBO, under
the main reaction temperature conditions do not change significantly. Therefore,
in this simulation, the specific heat values of SBH and NaBO, were treated as
constants. The physical properties of H,O and hydrogen were calculated by

Refprop 9.1 [98].
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The energy balance for the reaction components is expressed as the

following differential equation (Equation 3.16).

me(©) - o) 5T = Oree — 0 — 0~ Oy (.16)
where (. is heat release by helical cooling coil, Q,, is heat release by reactor
wall and Q ¢ 1s the heat required to heat up the feed to the react.

The hydrogen generation system was modeled through the mass and
energy balance equations implemented through the above equations.

The method described above is to model hydrolysis of SBH indirectly
through experimental results. As described above, the purpose of this study is
not to identify the reaction mechanism of SBH hydrolysis, but to analyze the
hydrogen generation characteristics, so there is little need to directly analyze
the reaction kinetics.

However, for more academic analysis, the reaction kinetics of acid-
accelerated hydrolysis of SBH under the operating conditions of this SBH
hydrogen generation system were analyzed through an Arrhenius equation. In
addition, since the Arrhenius equation assumes a homogeneous reaction, if the
experimental results follow the Arrhenius equation, the homogeneity of the
reaction after the beginning stage (refer to Figure 2.6) mentioned in Chapter 2
can be indirectly shown.

Analysis through the Arrhenius equation was performed through
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experiments at 5% acid concentration, which showed a sufficient conversion
rate (RT#1, RT#2, RT#3 in Chapter 2).

Considering the reaction of this hydrogen generation system in which
solid-phase SBH reacts with liquid-phase feed, Equation 3.4 can be written as
Equation 3.17.

r = koe Fa/RTr[feed) (3.17)
which [feed] is concentration of feed. It was assumed that the hydrolysis
reaction of SBH accelerated by formic acid was the 1® order reaction. This
referenced research results that the hydrolysis reaction using the same
carboxylic acid, acetic acid, was the 1% order reaction [66]. Also, since the feed
is continuously supplied, it is assumed that the concentration of the feed is
constant. With this assumption, it becomes difficult to accurately obtain k; in
Equation 3.17, but the activation energy E, of the reaction can be accurately
calculated. In order to accurately obtain k, a batch reactor for identifying the
reaction mechanism should be used, not a semi-batch reactor.

In the experimental results at 600s ~ 1400s, which are homogeneously
reacted areas in experiment RT#1, RT#2, and RT#3 in chapter 2 (Figure 2.6),
as shown in Figure 2.7, the cumulative hydrogen generation amount of each
experiment is similar at 600s, but the accumulated hydrogen generation at

1400s is differ due to the difference in reaction rate according to the reactant
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temperature. Arrhenius plot is derived from this reaction rate difference, and
the activation energy can be known through the slope of Arrhenius plot.

Figure 3.2 shows the cumulative hydrogen generation amount converted
into mol in the homogeneous reaction condition of RT#1, RT#2, RT#3 and the
result of linear interpolation. An Arrhenius plot can be created by taking the log
on the slope of each linear interpolation line in Figure 3.2. Through this method,
the Arrhenius plot of the 5% acid concentration experiment (RT#1, RT#2, RT#3)
is shown in Figure 3.3.

Through the derived Arrhenius plot, it was found that the activation energy
of the hydrolysis reaction of SBH catalyzed by formic acid under high
temperature and pressure in this study was 5.29 kJ/mol. This was lower than
the activation energy data (7.5 ~ 8.8 kJ/mol) of the experiment performed under
acetic acid at normal pressure and similar to the activation energy data (4.9 ~
6.2 kJ/mol) of the experiment performed under HCI1.[99] Considering that HCI1
is a stronger and more dangerous acid than formic acid, the method of this study
has advantages. Also, since the Arrhenius plot as shown in Figure 3.3 follows
the Arrhenius equation exactly as the R-squared value is 0.998, it can be seen

that the hydrolysis reaction occurs homogeneously after 600s of the reaction.
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3.2.2. Heat transfer modeling of cooling system

The hydrogen generation system in this study removes excess heat of
reaction with the helical cooling coil installed inside the reactor. The numerical
model was developed to predict the heat transfer in the helical cooling coil
vertically installed in the reactor. Convection heat transfer in the tube,
conduction through the tube wall, and convection heat transfer to the reactant
in the reactor were considered as the dominant heat transfer modes. The shape
and dimension symbols of the reactor and helical cooling coil are shown in
Figure 3.4. The biggest difference between a general helical coil heat exchanger
or a commercial batch reactor and hydrogen generation system in this study is
that the internal heat exchange area and heat transfer coefficient of component
are continuously changed as the reaction progresses. The volume occupied by

the reactants in the reactor can be expressed as Equation 3.18.
2 2p 2
fp + m<D,
2
p

where h.; is distance between reactor bottom and coil. The volume of the

T T 3.18
V;”(t) = _Drinzhr (t) - chout ( )

4 (hr (t) - hcs)

reactant is expressed as Equation 3.19 based on a function of the mass of the

reactant in Equation 3.13 and the density in Equation 3.14.

t t .
_ mr(t) _ Mo sBH + J-O f dt — fO Mmyo2 dt

- _ (3.19
pr(t) pr(t) )

V(t)
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The height of the reactant inside the reactor at the time t after the feed

injection can be expressed as Equation 3.20.

h(£)
4 (mospn + Jy f dt — J, 1y dt) , ,/pz +m2D,?
T[pr(t) - Ucout Thcs (3-20)
, , ’pz + m2D,?
Drin - dcout T

As shown in Equation 3.20 and Figure 3.4, the heat transfer through the
outer coil must be calculated by dividing the region of 40 bar hydrogen and the
region of the reactant.

The thermal model of vertical helical coil was conducted as one helically
coiled tube divided into several small control volumes. Each control volume is
composed from a portion of tube defined as a model parameter as shown in
Figure 3.5. The model equations were formulated from the mass, energy and
momentum balances applied to each system in each selected control volume.
The energy balance of coolant, tube, and reactant are expressed as Equation

3.21 and 3.22, where T, is helical coil tube temperature of each control volume.

_ 10T, 4
mCCpCR—% + mcgsing = —Ui(Tf - TC)Z (3.21)
Cc 3
Qc = Updy(Te = T,) = U;d(Ty — T¢.) (3.22)
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Figure 3.5 Control volume of the reactor and vertically helical coil
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The inner overall heat transfer coefficient U; and the outer overall heat

transfer coefficient U, are determined according to Equation 3.23.

1 1
U. = ’ U, =
' d.. In dcin + dcout 0 d In chout
l + cm chin i + cout dcin + dcout (3‘23)
R; 2k, R, 2k,

In this system, the effect of gravity is negligible because the pitch of the
coil and the diameter of the coil tube are small. Therefore, if the heat transfer
coefficient considering the effect of the coil shape is applied, the control volume
can be set based on the straight shape as shown in Figure 3.6. Since the coolant
is injected at the top of reactor, it passes through the region where the external
fluid is hydrogen and exits from reactor after passing through the region where
the external fluid is the reactant. The energy balance of the hydrogen region as
Equation 3.24 can be used to obtain the coolant temperature at the boundary

between the hydrogen region and the reactant region, Tf;f.
' _ y,, An2 - 3.24
meCps(Tigr — T;) = Uy T(Tr —T), T = Tif (3.24)

The cooling water outlet temperature, Ty, can be obtained by Equation

3.25 of the energy balance of the reactant region.
. A,
iy Cpp(Tjer = Ty) = Up — (Tr = T), T = Troue (3.25)

The amount of heat transfer through the helical cooling coil is as Equation

3.26.
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Qc = mpCps(Trour — Trin) (3.26)

In order to determine the amount of heat transfer through the helical
cooing coil through the above equations, it is necessary to calculate the overall
heat transfer coefficient of the helical coil, and for this, the Nusselt number
must be calculated. Several correlations found in technical literature were used
in the developed model to obtain the inner convection heat transfer coefficient
and friction factor, as well as the outer convection heat transfer coefficients.
The correlations were formulated as a function of the dimensionless numbers
commonly used in convection heat transfer processes to data reduction. The
Nusselt, Reynolds, Prandtl, Rayleigh and Grashof numbers are calculated from

Equation 3.27-3.31.

h-x
Nu, = == (3.27)
prv-x
Rey =— (3.28)
C .
pr=-PF (3.29)
K
Ra, = Gr, ' Pr (3.30)
T,—T,) x3
Gr, = 9P T — r) X (3.31)

where h is convection heat transfer coefficient, k is thermal conductivity, v

is velocity of fluid, u is dynamic viscosity, Cp is specific heat, g is
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gravitational acceleration due to Earth, [ is the coefficient of thermal
expansion, v is the kinematic viscosity, and x is the characteristic length.
Based on the Reynolds number, the inner convection heat transfer
coefficient of the water flowing into the tube is determined from the inner
Nusselt number. The single-phase inner heat transfer correlations available in
this system are summarized in Table 3.1. In most experiments, the cooling were
conducted in laminar flow region, so the correlations of Schmidt [100] and
Manlapaz and Churchill [101], which can obtain relatively accurate results in
the laminar flow region, was selected to calculate the inner heat transfer
coefficient of helical cooling coil. In addition, calculations for various other
correlations were also performed, and an appropriate correlation was selected.
The inner convection heat transfer correlation used in this simulation is as
follows. In the laminar flow region, Nusselt numbers are given by Equation

3.32 and Equation 3.33.

)0.194—] %

Nu; = 3.65 + 0.08[1 + 0.8(d/D)°9]Rel0-5+0.2903(d/D)****| py. (3.32)

1/3

Nu; = (48+ Sk >3+1816( )1'5
wi= 11 (1 + 1342/PrHe?)? ' 1+ 1.15/Pr (3.33)

The definition of dimensionless number in Equation 3.32 is as Equation
3.34.; He is twist number of the helical cooling coil and Dn is the Dean

number.
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(3.34)

In the turbulent flow region, Nusselt numbers are given by Equation 3.35
[102].

(g) Re - Pr

Nui =
1.07 + 12.7\/% (Pr2/3 — 1) (3.35)

{ = (1.82InRe — 1.64)72,22000 < Re
The critical Re number transitions from the laminar flow region to the

transition region is defined by Equation 3.36.

. 045
Regpq = 2300 [1 + 8.6( l;‘") ] (3.36)

Cc

The Nu number in the transition region is as Equation 3.37.

Nu; = € - Nu;pe=pe,,; + (1 = C) * Nu; re=20000

22000 - Re (3:37)
22000 — Regy;

Regarding the helical cooling coil outer heat transfer process, it is difficult
to derive an accurate relational expression because the flow outside the coil is
affected by many more variables than inside the coil, such as the type of
material, the shape of the reactor, and the flow pattern of reactant. In order to
calculate the outer natural convection heat transfer coefficient, many studies

have been conducted and empirical formulas have been derived. Table 3.2
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summarizes the correlations between the results of some studies conducted in
areas similar to the conditions of this study. The calculation of the outer natural
convection heat transfer coefficient of helical cooling coil is important to
analyze the coil wall temperature and detailed heat flux. However, the internal
heat transfer amount and the external heat transfer amount of the coil must have
the same value due to the energy balance, and since this study focuses on heat
dissipation through the coil, the objective can be achieved by accurately

modeling the inside of the helical cooling coil.
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3.3. Results and discussion

3.3.1. Simulation validation

The SBH hydrogen generation system in this study was modeled by
inputting the geometric shape and material properties of the reactor and cooling
devices. The simulation was conducted by inputting the hydrogen generation
rate, coolant inlet temperature, and coolant mass flow rate, and the derived
reactant temperature and coolant outlet temperature were compared with
experimental values to verify the simulation. For validation of this simulation,
two experiments (SV#1, SV#2) as shown in Table 3.3 were used. The hydrogen
generation rate, coolant inlet temperature, and coolant mass flow rate of the
experiment are shown in Figure 3.7 and Figure 3.8.

The coolant outlet temperature of the simulation and the experiment as
shown in Figure 3.9 and Figure 3.10 was compared to check whether the
cooling system was properly modeled and whether it showed an appropriate
response to the change in the coolant mass flow rate. Overall, the simulation
results followed the experimental results well as shown in Figure 3.9 and Figure
3.10. In particular, it showed the effectiveness of cooling system modeling by

responding appropriately to changes in coolant mass flow rate. The main error
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Table 3.3 Experimental conditions for simulation validation

Parameter SV#1 SV#2
SBH charging amount (g) 500 500
Feed injection rate (mL/min) 45 75
Feed concentration (wt.%) 5 5
Reactant temperature (°C) 200 Above 180
Stoichiometric number 4.0 4.0
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Figure 3.7 Experimental data of SV#1 inputed in the simulation (a) coolant

and hydrogen mass flow rate, (b) coolant inlet temperature
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Figure 3.8 Experimental data of SV#2 inputed in the simulation (a) coolant

and hydrogen mass flow rate, (b) coolant inlet temperature
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Figure 3.9 Experiment and simulation comparison of SV#1 (a) reactant

temperature, (b) coolant outlet temperature
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Figure 3.10 Experiment and simulation comparison of SV#2 (a) reactant

temperature, (b) coolant outlet temperature
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occurred at the beginning of the reaction and when the coolant mass flow rate

was low as shown in Figure 3.11. The cause of these error can be analyzed as

follows.
1) In this simulation, it is assumed that the reactant is homogeneous, but in
the initial stage of the reaction, there is inevitable non-homogeneity in the
reactant despite stirring. Although the overall temperature of the reactant
rises, if the SBH in contact with the cooling coil does not react, the
temperature and thermal conductivity of that part are relatively low, so the
heat transfer amount is reduced, which makes the experimental value of
the coolant outlet temperature smaller than the simulation value.
ii) In case of the low coolant mass flow rate, the flow of coolant is very
slow, so even if it is well insulated, the time to reach the coolant outlet
temperature measurement point from the inside of the reactor is long, and
it led to lose heat from coolant. This can be explained that the experimental
value of the coolant outlet temperature is smaller than the simulation value
when the coolant mass flow rate is low. In particular, the smaller the
coolant mass flow rate, the higher the coolant outlet temperature, so the
heat dissipation amount to the surroundings increases. For the same reason,
when the input coolant mass flow rate is 0, the coolant outlet temperature

may not be given a meaning. In the simulation, the minimum flow rate was

116



set to prevent the occurrence of singularity points divided by 0.

The reactant temperature also confirmed that the simulation results
followed the experimental values well. Based on these results, the validity of
the simulation of the SBH hydrogen generation system performed in this study

was confirmed.
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Figure 3.11 Error between experiment and simulation of the reactant
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3.3.2. Limit hydrogen generation ability evaluation

For optimal design of hydrogen generation system, it is necessary to
evaluate the maximum hydrogen generation rate that can be generated in a
single reactor. Since it is dangerous to confirm the maximum hydrogen
generation rate through experiments, the limit hydrogen generation ability was
evaluated through simulation.

The experimental results of the hydrogen generation rate according to the
feed injection rate in Chapter 2 as normalized time according to the reaction
progress ratio was shown in Figure 3.12 (a). The normalized time N,
represents the reaction progress ratio as the reaction progress time t expressed

based on the total feed injection time t;r as shown Equation 3.38.

t
N, = — (3.38)
trr

The result of converting the result of Figure 3.12 (a) into hydrogen
generation rate per | mL/min of feed injection rate is shown in Figure 3.12 (b).
From results of Figure 3.12 (b), it was found that there was no significant
difference in the hydrogen generation rate per 1 mL/min according to the feed
injection rate. Therefore, in the simulation, the hydrogen generation rate was
expressed as a function of the feed injection rate and the reaction progress ratio.
The hydrogen generation rate per 1 mL/min of feed injection rate over
normalized time applied to the simulation was set to the average value of the
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Figure 3.12 Experimental results of (a) hydrogen generation rate according
to feed injection rate over normalized time (b) hydrogen

generation rate per 1 mL/min feed injection over normalized time
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results in Figure 3.12 (b), and the value is shown in Figure 3.13.

For the evaluation of limit hydrogen generation ability, the cases that the
initial SBH charging amount was 1 kg and the feed injection rate was 150
mL/min, 175 mL/min, 200 mL/min were simulated. It was assumed that the
coolant inlet temperature was kept constant at 50 °C, and the limiting
performance of the helical cooling coil used in this study was evaluated by
measuring the reactant temperature while changing the coolant mass flow rate.
For each feed injection rate, the simulation results of the reactant temperature
and heat release rate by the cooling coil when changing the coolant mass flow
rate were shown in Figure 3.14, Figure 3.15, and Figure 3.16. As a result of the
simulation, it was confirmed that the maximum coolant mass flow rate of the
helical cooling coil installed in the hydrogen generation system was actually
about 50 g/s, given that there was no significant difference in the reactant
temperature and heat release rate between the coolant mass flow rate of 100 g/s
and 50 g/s. In the simulation results of the reactant temperature (Figure 3.14 (b),
Figure 3.15 (b), and Figure 3.16 (b)), the maximum temperature in case of 200
mL/min feed injection rate was recorded at 220 °C even when the cooling
system was continuously operated at maximum coolant mass flow rate.
Considering the safety and local high temperature caused by non-uniformity of

reaction, the maximum output through this hydrogen generation system is about
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Figure 3.15 Simulation results in case of 175 mL/min feed injection rate (a)
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Figure 3.16 Simulation results in case of 200 mL/min feed injection rate (a)
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175 mL/min feed injection rate.

To simulate the actual limiting power operation, the system behavior was
analyzed when the feed injection rate was 150, 175, and 200 mL/min. The
coolant mass flow rate was proportionally controlled based on the target
reactant temperature (180 °C). The reactant temperature and coolant mass flow
rate are shown in Figure 3.17, and the coolant outlet temperature and heat
release by the cooling coil are shown in Figure 3.18. As previously confirmed,
stable operation was possible up to the feed injection rate of 175 mL/min.
Considering that the optimal operating conditions of a typical fuel cell are a
voltage of 0.6 V and a current density of 1.2 A/cm?, the fuel cell output power

according to the hydrogen flow rate is expressed as Equation 3.39.

P—062F' 3.39
=u MHZmH2 (3.39)

which P is fuel cell power, F is Faraday constant and 7y, is the hydrogen
flow rate and the unit is g/s. When the maximum feed injection rate of this
hydrogen production system is 175 mL/min, the hydrogen generation rate is
0.22 g/s, which means that a fuel cell of about 12 kW can be operated.
Considering that the volume of the reactor used in this study is about 3.2 L, it
seems that it is possible to operate high-power fuel cell applications sufficiently
by introducing a larger reactor or by connecting several reactors in parallel.
Also, the simulation results when the upper limit of the coolant flow rate is
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limited to 50 g/s under the same conditions are shown in Figure 3.19 and Figure
3.20. As previously evaluated, even if the coolant flow rate is 50 g/s or more,
there is no significant difference in cooling performance, so there is no
significant difference in the maximum reactant temperature. Considering the
pump power and pressure drop, it seems appropriate to set the maximum

coolant flow rate to 50 g/s.
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3.4. Summary

In this chapter, the reaction and thermal management simulation of the
SBH hydrogen generation system of this study was performed. A heat transfer
model was prepared to consider the reactant properties and heat transfer area
that change as the reaction progressed, and the hydrolysis reaction was modeled
through the hydrogen generation rate according to the feed injection rate and
the reaction progress ratio calculated based on the experimental results. The
simulation was validated by comparing the reactant temperature and the coolant
outlet temperature with the experimental values when the cooling water flow
rate, hydrogen generation rate, and coolant inlet temperature were taken as
input values. The reactant temperature was simulated with an error of 5% or
less except for the initial stage of the reaction where non-homogeneous reaction
was observed.

Since the validity of the simulation was confirmed, the limit hydrogen
generation ability of hydrogen generation system in this study, which is difficult
to confirm by experiment, was evaluated. When the feed injection rate was 150,
175, and 200 mL/min, the maximum effective coolant flow rate of the cooling
coil was evaluated to be approximately 50 g/s. Base on the simulation result of

the reactant temperature with proportional control of the coolant mass flow rate,
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stable operation was possible up to the feed injection rate of 175 mL/min, which
can operate about 12 kW of fuel cell applications. Considering that the volume
of the reactor used in this study is about 3.2 L, it seems that it is possible to
operate high-power fuel cell applications sufficiently by introducing a larger

reactor or by connecting several reactors in parallel.
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Chapter 4. Operation strategy of SBH hydrogen

generation system

4.1. Introduction

In Chapter 2, the effect of various parameters on the performance of the
hydrogen generation system based on acid-accelerated liquid hydrolysis of
solid-state SBH was analyzed. As a result of experiments of Chapter 2, it was
shown that the hydrolysis of SBH performed at high temperature and high
pressure reacted more than 95% in condition of the stoichiometric number 4 or
higher and 5% formic acid solution.

Since the value of SBH as a hydrogen storage material is in terms of ease
of transportation and storage, the SBH hydrogen generation system should be
designed as an 'on-board' system. Also, it is important to achieve a high
hydrogen storage density. To this end, in this chapter, the improvement of the
operation strategy of the SBH hydrogen generation system was studied through
the following two experiments.

i) It was confirmed whether the flexibility in hydrogen generation rate

could be obtained by changing the feed injection rate within a single batch
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reaction.

In order to be used as an 'on-board' system, it should be possible to control
the hydrogen generation according to the hydrogen demand of fuel cell
applications. Otherwise, a relatively large volume of buffer tank is required. In
addition, the internal pressure of the buffer tank cannot be higher than the
reactor pressure because installing a separate compression equipment increases
the weight and cost of the system and reduces the energy efficiency. In Chapter
2, It was confirmed that the hydrogen generation rate was changed by the
change of the feed injection rate. In addition, it was checked whether the
hydrogen generation rate was changed when the feed injection rate was
changed within a single batch reaction.

ii) It was confirmed whether the hydrogen storage density could be

increased while obtaining a high conversion rate by changing the feed

concentration within a single batch reaction.

The amount of formic acid using should be minimized for reasons such as
increased feed cost, safety management issues, and decreased hydrogen storage
density. In particular, if water generated from a fuel cell is used as a feed, the
effect of the concentration of formic acid on the hydrogen storage density of
the system may be greater. As described in Chapter 2, a sufficient conversion

could not be obtained with a 2.5% concentration of formic acid solution.
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However, considering that hydrolysis of SBH reacts better at lower pH, it can
be explained that the lower conversion is because the pH increased as the
amount of basic product gradually increased. Considering that a sufficient
reaction occurred even when 2.5% formic acid solution was used at the initial
stage of the reaction, it seems that the amount of formic acid consumed per
batch reaction can be reduced through a strategy of injecting a low
concentration formic acid solution at the initial stage of the reaction and a high
concentration formic acid solution at the later part of reaction.

To sum up, in this chapter, the operability of the 'on-board' hydrogen
generation system based on hydrolysis of SBH was evaluated, and an operation

strategy for maximizing the hydrogen storage density was derived.

136



4.2. Experimental condition

Experiments to evaluate the feasibility of 'on-board' operation were
performed by changing the feed injection rate according to the reaction progress
ratio. In addition, experiments to minimize the amount of formal acid used were
performed by changing the concentration of injected feed according to the
reaction progress ratio. Variables were changed based on reaction progress ratio
of 25%, 50%, 75%, and 100%, and specific experimental conditions are shown
in Table 4.1. Experiments were performed on other parameters under the
conditions of the SBH charge amount of 500 g, and the stoichiometric number
0f 4.0. The reactant temperature was set to between 180 °C and 200 °C in order
to minimize the vibration of the hydrogen generation rate. This is because, as a
result of Chapter 2, in the case of the stoichiometric number 4.0, using 5% feed
condition, there was no significant difference in the conversion at the reactant
temperature of 180 °C and 200 °C.

If the hydrogen generation rate increases or decreases according to the
increase or decrease of the feed injection rate, it can be evaluated that the 'on-
board' operation is possible. To confirm this, the hydrogen production flow rate
was confirmed by changing the feed injection rate of 45 mL/min and 75 mL/min

according to the reaction progress. SBH was charged with 500 g and the

137



Table 4.1 Experiments conditions for ‘on-board’ operability evaluation and

optimization of hydrogen storage density

Ex. Reaction progress ratio
Feed condition
number 25 % 50 % 75% 100 %
Concentration (%) 5
OB#1
Injection rate (mL/min) 45 75
Concentration (%) 5
OB#2
Injection rate (mL/min) 75 45
Concentration (%) 5
OB#3
Injection rate (mL/min) 45 75 45
Concentration (%) 2.5 5
HD#1
Injection rate (mL/min) 45
Concentration (%) 25 5
HD#2
Injection rate (mL/min) 45
Concentration (%) 2.5 5
HD#3
Injection rate (mL/min) 45
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reaction started with injection at 45 mL/min so that there was no effect due to
lack of reaction site.

In Chapter 2, it was confirmed that it was difficult to achieve a sufficient
reaction with a 2.5% concentration of formic acid solution. However, at the
initial stage of reaction, there was no significant difference in the reaction
pattern of the 2.5% and 5% acid concentration of feed, the initial 25%, 50%,
and 75% reaction progress ratio were injected with a solution of 2.5%, and then

a 5% solution was injected to confirm an increase in the conversion.

139



4.3. Experimental results and discussion

4.3.1. ‘On-board’ operability evaluation

Through experiments OB#1, OB#2, and OB#3, it was evaluated whether
flexible hydrogen generation rate change for on-board operation is possible.
The hydrogen generation rate of an experiment in which entire batch reaction
was conducted at the feed injection rate of 45 mL/min and 75 mL/min was set
as a reference. And the hydrogen generation rate was measured while changing
the feed injection rates of 45 mL/min and 75 mL/min according to the reaction
progress in one batch reaction. Experiment OB#1 confirmed the system
response according to the increase in feed injection rate, OB#2 the system
response according to the decrease in feed injection rate, and OB#3 the system
response according to multiple feed injection rate changes.

The hydrogen generation rate and hydrogen generation amount of OB#1,
OB#2, and OB#3 were shown in Figure 4.1, Figure 4.2, and Figure 4.3. Since
the reaction time varies according to the feed injection rate, a normalized time
was introduced for comparison according to the reaction progress. The
normalized time N; represents the reaction progress as the reaction progress

time t expressed based on the total feed injection time t;r as shown
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Equation 4.1.

trr

As a hydrogen generation rate result of experiment OB#1 in Figure 4.1 (a),
it can be confirmed that the hydrogen generation rate, which followed the 45
mL/min reference, was increased with the 75 mL/min reference after the feed
injection rate change point (gray dotted line). The graph of the cumulative
hydrogen generation in Figure 4.1 (b) also followed the 45 mL/min reference,
but it was seen that it increased more rapidly as the feed injection rate increased.

In the result of experiment OB#2 in Figure 4.2, it was also seen that the
hydrogen production decreased according to the decrease of the feed injection
rate. In Figure 4.2 (a), undershoot and overshoot were observed at the hydrogen
flow rate after normalized time 0.75. This seems to be because the coolant mass
flow rate did not decrease as much as the reaction heat decreases, resulting in
supercooling of the reactant temperature, the hydrogen generation rate
decreased more than the reference, and as the temperature recovers, the
hydrogen generation rate became larger than the reference. This phenomenon
can be improved by preemptively adjusting the coolant mass flow rate
according to the change in the feed injection rate since the feed injection rate is
a variable that can be directly adjusted. Based on the results of experiment
OB#3, it was confirmed that it is possible to change the feed injection rate
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multiple times within one batch reaction. As can be seen from the graph of
Figure 4.3 (b), it was confirmed that the cumulative hydrogen generation
amount had almost the same slope as each reference graph according to the feed
injection rate (red dotted line).

According to the results of experiments OB#1, OB#2, and OB#3, about
0.1 normalized time was consumed for the response of hydrogen generation as
the feed injection rate was changed, which is about 100 to 120 seconds. The
larger the initial SBH filling amount, the longer the total feed injection time, so
it seems that it is possible to change the feed injection rate for multiple times
within a single batch reaction. Based on these results, it is judged that the on-
board operation of this hydrogen generation system is sufficiently possible.
This seems to be able to provide a flexible operation strategy even in a system

that introduces multiple reactors rather than a single reactor.
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4.3.2. Maximize hydrogen storage density

In Chapter 2, even if 2.5% concentration feed is used, it was confirmed
that the hydrogen generation amount was similar to the results of the 5%
concentration feed test at the initial stage of the reaction. Therefore, the reaction
was started with 2.5% concentration feed, and after a certain reaction progress
ratio, 5% concentration feed was used to verify whether the conversion
corresponding to the experiment using 5% concentration feed was shown.

The hydrogen generation rate and cumulative hydrogen generation amount
of experiments HD#1, HD#2, and HD#3 are shown in Figure 4.4, Figure 4.5,
and Figure 4.6 and Table 4.2. Initially, the hydrogen generation rate results
followed the results of the 2.5% concentration reference experiment, and as 5%
concentration feed was injected, generally the hydrogen generation rate was
higher than that of the 2.5% concentration reference. Summarizing the
experimental results, the cumulative hydrogen generation amount increased as
the 5% feed injection ratio increased. However, even in the case of HD#1,
which used 2.5% concentration feed the least, it showed less hydrogen
generation amount than the case of using only 5% concentration feed. Also, the
improvement of the hydrogen storage density, which was the original purpose,
could not be obtained. As the ratio of 2.5% concentration feed injection

increased, the hydrogen storage density decreased slightly.
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Table 4.2 Experimental results of HD#1, HD#2, HD#3

Ex. number 5% ref | HD#1 HD#2 HD#3 2.5% ref

Hydrogen generation (Q) 104.03 1 102.86 99.24 97.60 | 94.18

Conversion (%) 98.1 97.0 935 92.0 88.8

Hydrogen storage density (wt.%)| 6.7 6.7 6.5 6.4 6.3

Hydrogen storage density
. 16.3 16.6 16.5 16.7 16.6
excluding water (wt.%)

Unreacted agglomerated SBH (g) 0 ~5 ~15 ~30 ~50
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The ''B solid NMR spectroscopy results of experiments HD#1, HD#2, and
HD#3 are shown in Figure 4.7. As the 2.5% concentration feed increased, the
proportion of unreacted dissolved SBH in the product increased. As the 2.5%
concentration feed increased, the proportion of unreacted dissolved SBH in the
reaction product increased and the proportion of tri-coordinated boron
decreased. This seems to be because as the 2.5% concentration feed injection
rate increased, the amount of unreacted agglomerated SBH increased and the
SBH participating in the reaction decreased, resulting in a relatively high
stoichiometric number reaction.

Pictures of unreacted agglomerated SBH observed after the experiments
are shown in Figure 4.8. The unreacted agglomerated SBH observed when
using 2.5% concentration feed decreased as the 5% concentration feed injection
ratio increased. In the case of HD#1, about 5g of unreacted agglomerated SBH
was observed, but this is often observed even when 5% concentration feed is
used for reasons such as incomplete stirring. This unreacted agglomerated SBH
seems to be improved by additionally injecting 5% concentration feed, but in
this case, it seems to be meaningless because the effect of increasing the
hydrogen storage density is eliminated.

However, if the operation of the hydrogen production system is focused

on reducing the cost of feed, or if the water used for the hydrolysis reaction is
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the water generated from fuel cell, the amount of formic acid used may be more
important. The formic acid usage of experiments HD#1, HD#2, and HD#3 was
87.5%, 75%, and 62.5% compared to the formic acid usage of the 5%
concentration reference experiment, showing a much greater difference than the
difference in conversion rates. As can be seen in Table 4.2, in the case of the
calculated hydrogen storage density excluding water, the order was HD#3 >
HD#1 > 2.5% reference > HD#2 > 5% reference. The condition in which
excessive unreacted agglomerated SBH occurs is inappropriate to use in actual
operation. However, injecting 2.5% concentration feed during the initial 25%
reaction progress ratio, such as HD#1, seems to be an operation strategy worth

considering in practical usage of SBH hydrogen generation system.
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Figure 4.7 ''B solid NMR spectroscopy results of reaction product in case of

(a) HD#1 (b) HD#2 (c) HD#3
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4.4. Summary

In this chapter, operation strategy for on-board operation feasibility and
hydrogen storage density improvement of SBH hydrogen generation system
based on liquid hydrolysis of SBH.

To utilize the characteristics of SBH, which has a great advantage in
transportation compared to other hydrogen storage methods, hydrogen
production by SBH is expected to be carried out at the place of hydrogen
demand. Therefore, the SBH-based hydrogen generation system must have a
flexible hydrogen generation rate. This is also important to reduce the volume,
weight, and cost of the entire system by reducing the size of the buffer tank. For
on-board operation feasibility evaluation, it was confirmed by experiments how
hydrogen generation rate responds by changing the feed injection rate within a
single batch reaction. Based on the reference experiment conducted at a
constant feed injection rate of 45 mL/min and 75 mL/min in a single batch
reaction, the experiments in which the feed injection rate was changed
according to the reaction progress ratio was compared. As a result, it was
confirmed that when the feed injection rate was changed in a single batch
reaction, the hydrogen generation rate followed the changed feed injection rate

reference experimental result. In addition, the time it took for the hydrogen
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generation rate to respond according to the change in the feed injection rate was
about 100 seconds. Thus, it was confirmed that if the entire batch reaction time
is secured by sufficient SBH charging amount, it is possible to change the feed
injection rate multiple times. Through the experimental results, it was shown
that the SBH hydrogen generation system in this study can flexibly control the
hydrogen generation rate and can be used as an on-board hydrogen generation
system.

To improve the hydrogen storage density and reduce the fuel cost of the
hydrogen generation system in this study, it is necessary to reduce the amount
of formic acid used. As a result of the experiment using 2.5% acid concentration
feed in Chapter 2, the hydrogen generation tendency was similar to that of 5%
acid concentration feed at the initial stage of the reaction. Therefore, the
experiments were conducted using a 2.5% concentration feed at the initial of
the reaction and a 5% concentration feed thereafter to confirm whether it was
possible to reduce the amount of acid used. Based on the reference experiment
conducted at a constant feed concentration of 2.5% and 5% in a single batch
reaction, the experiments in which the feed concentration was changed
according to the reaction progress ratio was compared. As a result of the
experiments, the experiment using the least 2.5% concentration feed also

showed less hydrogen generation amount than the experiment using only 5%
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concentration feed, and the amount of hydrogen generation was inversely
proportional to the 2.5% concentration feed using ratio. The unreacted
agglomerated SBH observed in the experiments using 2.5% concentration feed
in Chapter 2 increased in proportion to the 2.5% concentration feed usage ratio.
In addition, as the 2.5% concentration feed usage ratio increased, the hydrogen
storage density decreased, and in all cases, the hydrogen storage density was
lower than that of the experiment using only 5% concentration feed. Therefore,
it was not possible to improve the hydrogen storage density through the use of
2.5% concentration feed. However, the hydrogen storage density excluding
water were higher in the experiment using the initial 75% (16.7%) and 25%
(16.6%) of the 2.5% concentration feed than the experiment using only the 5%
concentration feed (16.3%). The hydrogen storage density excluding water may
have meaning because the water used in the feed can utilize fuel cell generation
water or its cost is very low. In the case of experiments using 2.5%
concentration feed during initial 25% reaction progress ratio, the conversion
rate was about 1% lower than that of the experiment using only 5%
concentration feed, but the usage of formic acid could be reduced by 12.5%,
and the unreacted agglomerated SBH was about 5g. Therefore, in some cases,
it is possible to consider applying 2.5% concentration feed to the initial 25%

reaction progress ratio.
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Chapter 5. Concluding remarks

Development of hydrogen storage and transportation technology is
essential to expand the use of fuel cell applications necessary to revitalize the
hydrogen society to reduce greenhouse gas emissions. In this study, the
parameters affecting hydrogen generation performance, reaction and thermal
management simulation, and operation strategies of the hydrogen generation
system that produces high hydrogen generation rate required for high-power
fuel cell applications through acid-accelerated hydrolysis of SBH, a solid-state
hydrogen storage material, were analyzed.

In Chapter 2, The characteristics of the SBH hydrogen generation system
were analyzed by experiments according to various parameters such as the feed
injection rate, reactant temperature, stoichiometric number, and acid
concentration of feed. In addition, "B solid NMR spectroscopy and viscosity
measurement by rheometer were conducted to analyze the composition and
properties of the reaction product. In experimental cases of 5% feed
concentration, the conversion of SBH was >95%, and a maximum of 6.71 wt.%
gravimetric hydrogen storage density was achieved. The experimental results
indicated that it is possible to control the hydrogen generation rate through

adjusting the feed injection rate. In addition, as a result of experiments
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according to the reactant temperature, it was observed that the lower the
reactant temperature, the less hydrogen produced, and the greater the unreacted
dissolved SBH. Moreover, when the stoichiometric number increased, the
gravimetric hydrogen storage density decreased. However, increased
stoichiometric number reduced the viscosity of the reaction product and the
amount of unreacted dissolved SBH observed when the reaction was conducted
at low reactant temperatures. As a result of the viscosity measurement by
rheometer, the reaction product showed gel-solution transition characteristics
which has gel and solution state depending on their temperature, suggesting that
discharging of the reaction product is virtually impossible at a temperature
below the gel-solution transition temperature. Since the gel-solution transition
temperature can be significantly lowered by injecting a little additional feed, it
is possible to consider increasing the stoichiometric number for practical
purposes.

In Chapter 3, The reaction and thermal management simulation of the SBH
hydrogen generation system, which has been neglected so far, was performed.
Since the hydrogen generation system using SBH has been studied for low-
power fuel cell applications, there has been no needs for thermal management
simulation. However, since the hydrolysis of SBH is the exothermic reaction

and the reaction heat cannot be neglected for high hydrogen generation rate,
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thermal management is important in hydrogen generation system for high-
power fuel cell applications. Therefore, reaction and thermal management
modeling were performed to confirm such as evaluate the maximum operation
capability that were difficult to confirm through experiments. The simulation
was validated through the experimental results and showed relatively high
accuracy. In particular, except for the initial stage of reaction when the reactant
was not homogeneous, the reactant temperature was simulated with an error of
5% or less, which means that it is possible to analyze the thermal behavior of
the system through this simulation. Base on the simulation result of the reactant
temperature, stable operation was possible up to the feed injection rate of 175
mL/min, which can operate about 12 kW of fuel cell applications. Therefore, it
is possible to operate high-power fuel cell applications sufficiently by
introducing a larger reactor or by connecting several reactors in parallel.

In Chapter 4, The operation strategy for more efficient utilization of this
hydrogen generation system was analyzed. First, considering the
transportability of SBH, the hydrogen generation system using SBH is likely to
be installed in the hydrogen demanding place, so the on-board operation
feasibility of hydrogen generation system in this study should be evaluated. If
hydrogen generation can be flexibly controlled within a single batch reaction,

the buffer tank capacity can be reduced, which can increase the hydrogen
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storage density of the entire system. As a result of conducting experiments by
changing the feed injection rate within a single batch reaction, the hydrogen
generation rate was also increased or decreased according to the increase or
decrease of the feed injection rate. The time the system responds to the feed
injection rate was about 100 s, and it was confirmed that it is possible to change
the hydrogen generation rate multiple times within a single batch reaction if
there is sufficient reaction time. Based on this result, it was shown that on-board
operation of the hydrogen generation system in this study is possible. In
addition, it was evaluated whether it was possible to improve the hydrogen
storage density by reducing acid usage. As a result of the experiment according
to the acid concentration of feed in Chapter 2, based on the similar tendency of
hydrogen generation rate of 2.5% concentration feed and 5% concentration feed
at the initial stage of the reaction, a certain ratio of the reaction was conducted
with 2.5% concentration feed and the rest stage of the reaction was conducted
with 5% concentration feed to maximize hydrogen generation and reduce acid
usage. As aresult of experiments, even when 2.5% concentration feed was used
in the smallest proportion, the conversion and hydrogen storage density were
lower than when only 5% concentration feed was used, and the unreacted
agglomerated SBH observed when using 2.5% concentration feed was

increased as the ratio of 2.5% concentration feed usage increased. However,
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when replacing water used for feed with the water generated by fuel cell, using
2.5% concentration feed during the initial 25% reaction progress ratio showed
a 1% lower conversion than proceeding with 5% concentration feed, but acid
usage can be reduced by 12.5% so it can be considered to reduce fuel cost.

In this study, the hydrogen generation system for high-power fuel cell
applications based on hydrolysis of solid-state SBH at high temperature and
pressure was introduced and its effectiveness was verified. Through hydrogen
generation system of this study, it is expected that the scope of hydrogen
applications will be extended to contribute to the revitalization of the hydrogen
society in response to fuel cell applications that cannot use high-pressure
hydrogen gas or liquefied hydrogen storage methods, and need long-term safe

storage of hydrogen.
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