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Introduction

Greenhouse gas emissions are responsible for global warming [1], and this could lead to sig-
nificant and irreversible damage to the natural ecosystem and human society. As the maritime
sector accounts for approximately 3% of the global emissions [2], the International Maritime
Organization (IMO) posed restrictions on the emissions of the maritime sector to pursue a de-
crease of emissions of 40% by 2030, and 70% by 2050, with respect to 2008 [3]. This could
be achieved by increasing the efficiency of maritime vessels [4], e.g. by designing modular
power plants for maritime vessels [5]. Another option is to switch to alternative fuels such as
hydrogen [6]. Traditionally, hydrogen is compressed and stored as a gas, liquefied, or cryo-
compressed (liquefied under high pressure). However, each of these methods has drawbacks
such as high pressures, low volumetric density, high energy requirements, and thick (insulated)
walls. To overcome these disadvantages, alternative methods to store hydrogen are increasingly
researched. Alternative methods, where hydrogen is stored in a carrier material, can be sorted
into two different categories: liquid hydrogen carriers and solid hydrogen carriers. There are
multiple viable hydrogen carriers, but the solid hydrogen carrier sodium borohydride (NaBH4),
which is a granular material, is particularly promising [7]. It is non-flammable, can be stored
at ambient conditions (pressure and temperature), and has a relatively high volumetric energy
density [8–10] compared to traditional hydrogen storage. When using NaBH4 as fuel for mar-
itime vessels, it reacts with water inside a reactor to produce hydrogen and a reaction product
(spent fuel). The latter has to be stored for the remainder of the voyage and can be regener-
ated onshore. Both the NaBH4 and its spent fuel are granular materials that can be classified
as granulate or powder, depending on the size of their particles. While Lensing [11], Nievelt
[12], and Düll et al. [13] investigated the use of NaBH4 and other solid hydrogen carriers for
maritime vessels, they did not discuss their mechanical characteristics which are required to
design suitable storage and handling equipment.

This paper aims to identify the required mechanical characteristics of NaBH4 and its spent
fuel, to be able to design equipment for handling and storage using the Discrete Element Method
(DEM). First, a circular bunkering process will be discussed, providing insight into the required
storage and handling equipment. Then, a methodology to determine the required mechanical
characteristics of NaBH4 and its spent fuel is presented. Finally, a conclusion is given, and how
the empirically determined data can be used for modelling equipment with DEM is discussed.

*Corresponding author: M.C.vanBenten@tudelft.nl
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Circular Bunkering Process

In Figure 1, the required circular bunkering process to bunker multiple vessels simultane-
ously is shown. First, the fuel (NaBH4), is stored in the port storage, from where it can be
transported to the onboard fuel storage of the vessels when moored along the quay. During
vessel operation, NaBH4 is mixed with water and fed to the reactor, where it is converted into
hydrogen (H2), and a reaction product (spent fuel), conform Equation 1 [14]:

NaBH4 + (2 + x)H2O → NaBO2 · xH2O+ 4H2 for x ∈ [0, 2, 4] (1)

While the obtained hydrogen is used to power the vessel, the spent fuel (NaBO2·xH2O) has
to be stored. First, the spent fuel, also known as sodium metaborate, is separated by crystalli-
sation from the unreacted fuel and water, where after it can be stored in the vessel’s spent fuel
storage. When the vessel receives new fuel, the spent fuel has to be transported to the port
storage to be able to execute a new mission. At the port, the spent fuel can be regenerated into
the fuel, as shown in Equation 2 [15, 16]:

NaBO2 · xH2O+ (2 + x)MgH2 → NaBH4 + (2 + x)MgO + (2x)H2 for x ∈ [0, 2, 4] (2)

where MgH2 and MgO denote magnesium hydride, magnesium oxide, and magnesium, re-
spectively. The design, configuration, and capacity of vessels’ and port storage facilities and
handling equipment for both the fuel and the spent fuel depends on numerous factors, such as
the number of vessels N, the type of vessels, and the behaviour of the materials. The latter
can be quantified by measuring the mechanical characteristics of the materials, which will be
discussed in the next section.

Figure 1: Circular Bunkering Process

Mechanical Characteristics of Bulk Materials

In a previous paper, we defined three categories of mechanical characteristics [17]: bulk ma-
terial characteristics, interface characteristics, and particle characteristics. The former describes
the characteristics of the bulk material and the interaction with itself, such as bulk density, par-
ticle size distribution, internal friction and cohesion, while the interface characteristics describe
the interaction of the bulk material with the equipment, such as the wall friction or adhesion.
The last category, particle characteristics, focuses on the individual particles, e.g. their density,
size, and shape. Furthermore, these mechanical characteristics are not fixed but are affected
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Figure 2: Mechanical Characteristics and Operation Conditions [17]

by operational conditions such as temperature, stress history, and humidity. Temperature and
humidity affect the moisture content of bulk materials, which in turn affect their cohesion and
adhesion through capillary forces [18]. Next to this, temperature changes can result in the ex-
pansion or contraction of individual particles [19], effectively altering the particle size, bulk
density, and other characteristics. Stress history, including handling, time consolidation, and
packing, affects the mechanical characteristics mainly due to prolonged and varying stresses
applied to the particles. Handling could result in changing particle size and shape distributions
due to attrition and breakage of particles [20], which in turn affect other characteristics such as
cohesion and internal friction. Time consolidation may lead to deformations of the particles,
effectively enlarging the contact area of particles with their neighbours and the equipment, such
that cohesion and adhesion increase [21]. Packing describes the orientation of particles with
respect to each other, hence a change in the packing can result in a change of characteristics
such as internal friction, bulk density, cohesion, and adhesion. A visualisation of the different
mechanical characteristics and the operational conditions is shown in Figure 2.

Methodology

To understand the behaviour of bulk materials, empirical data is required. Therefore, an exper-
imental plan has been developed and shown in Table 1. It specifies the determined mechanical
characteristics and the considered operational conditions for each experiment. Using this plan,
the behaviour of the fuel and the spent fuel is quantified, such that the gathered data can be used
to calibrate, verify, and validate material models in a DEM environment. These models will be
used to provide guidelines for the design of storage and handling equipment.

Discussion

Ring shear tests, sieve analysis and imaging, but also individual particle strength tests showed
that NaBH4 is a free flowing material, unless it is consolidated over time or the moisture content
exceeds a certain level. Furthermore, dynamic vapour sorption tests indicated a threshold for
the relative humidity of the environment above which NaBH4 starts to attract water from the air.
Surprisingly, this threshold differs from the 19% RH found in the work of Murtomaa [22], Li
[23], and Beaird [24]. Lastly, once moisture has been absorbed by NaBH4, it could not simply
be removed by drying the material, as the material would cake together and form a single large
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Experiment
Mechanical

Characteristics
Operational
Conditions

Ring Shear
Tester

• Bulk Density
• Cohesion
• Internal Friction
• Tensile Strength
• Unconfined Yield Stress
• Consolidation Stress
• Flow Function
• Lateral Stress Ratio
• Wall Friction
• Adhesion

• Time Consolidation
• Handling
• Temperature1

• Relative Humidity1

Sieve • Particle Size (Distribution)
• Time Consolidation
• Handling

Imaging
• Particle Size (Distribution)
• Particle Shape (Distribution) -

Individual Particle Strength Test • Particle Strength -
Dynamic Vapour Sorption Test • Moisture Uptake2 • Relative Humidity

Moisture Depth Test • Moisture Penetration (Rate)2 • Handling

Ledge Test • Angle of Repose
• Time Consolidation
• Temperature1

• Relative Humidity1

Draw Down Test
• Angle of Repose
• Shear Angle
• Discharging Time

• Time Consolidation
• Temperature1

• Relative Humidity1

Equipment Test3 • T.B.D. • T.B.D.

Table 1: Determined Mechanical Characteristics with Experiments

1: Depends upon the availability of a climate chamber
2: Moisture is not a mechanical characteristic, but it greatly affects them and is categorised as such
3: An experiment with real-life equipment is required to validate the developed DEM models

mass. These first results indicate that handling and storage equipment for NaBH4 has to be
designed such that no moisture can be absorbed by the material, but how time consolidation
will affect the design is not yet clear.

Conclusions

NaBH4 holds great promise as an alternative fuel for the maritime industry, and a circular
bunkering process has been proposed which shows the required storage and handling equipment
for both port and vessel operations. As the design of storage and handling equipment strongly
depends on the mechanical characteristics of the fuel and the spent fuel, which are currently
unknown, an experimental plan has been proposed to determine the relevant mechanical char-
acteristics under various operational conditions. Preliminary results showed that an increase in
moisture content in combination with time consolidation alters their behaviour indicating the
importance of taking into account the storage and handling conditions on the vessel and at the
port. DEM simulations are expected to provide insight into the behaviour of the materials, such
that efficient equipment can be designed and NaBH4 can be used as fuel for maritime vessels.

This research is supported by the project Sustainable Hydrogen Integrated Propulsion Drives
(SH2IPDRIVE), which has received funding from RvO (reference number MOB21013), through
the RDM regulation of the Ministry of Economic Affairs and Climate Policy.
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