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HIGHLIGHTS

» Mechanical characteristics of NaBH, are fundamental to bunkering system design.

« The effect of operational conditions on NaBH, must be experimentally studied.

« Better understanding of the flow behaviour of NaBH, is critical for safe fuel handling.

« Circular bunkering system design must include both NaBH, and its spent fuel.

« Circular NaBH, bunkering requires adaptations to current port and vessel infrastructure.

ARTICLE INFO ABSTRACT

Keywords: To reduce global emissions, hydrogen is increasingly considered as an energy carrier for renewable energy storage.
Sodium borohydride However, traditional storage methods for hydrogen such as compression or liquefaction require high pressures,
Sodium metaborate extremely low temperatures, and still result in a low volumetric energy density. As a solution, sodium borohydride

Hydrogen carriers

(NaBH,) is proposed as an alternative method to store hydrogen. NaBH, is a granular material that can be stored
Circular bunkering

Granular fuels using ambient temperature and pressure, and has a relatively high volumetric and gravimetric energy density
Mechanical characteristics compared to traditional hydrogen storage. This paper explores the application of NaBH, as a fuel in the maritime
Operational conditions industry, and elaborates on how the use of NaBH, leads to a circular bunkering (refuelling) process. By using
Maritime shipping hydrolysis to extract hydrogen from NaBH, during vessel operation, a so called spent fuel remains and needs
to be stored on the vessel until next port call. Additionally, examples of various bunkering equipment that can
be used to design the circular bunkering process of NaBH, are presented. Moreover, it explains how design of
bunkering equipment depends on the mechanical characteristics of the fuel and spent fuel. The main finding of
this work is that NaBH, is a promising solution for a sustainable future. Before NaBH, can be used as a fuel,
vessels and ports need to be adapted to facilitate circular bunkering with such a novel solid-state energy carrier.

1. Introduction through compression [7,8], but also liquefaction, or cryocompression
(liquefaction under high pressure), which is well described in literature.
However, these storage methods encounter issues like high pressure, low
volumetric density, high energy consumption, and the necessity for thick
insulated walls.

To overcome these disadvantages, alternative methods to store hy-
drogen are increasingly researched, and an overview of these methods
is shown in Fig. 1, inspired by the work of van Rheenen et al. [9]. These
alternative storage methods can be sorted into two categories: liquid and
solid.

Liquid hydrogen carriers can be broadly categorised into silane-
based, nitrogen-based, and organic compounds. Silane-based carriers

Greenhouse gas emissions drive global warming [1], which could
cause considerable and permanent damage to natural ecosystems and
human societies. Therefore, at the Paris Climate Conference in 2015,
an agreement was reached to implement measures to restrict global
warming to a maximum of 2 °C [2]. Given that the maritime sector con-
tributes around 3 % of global emissions, with a projected increase [3],
the International Maritime Organisation (IMO) has set targets to reduce
maritime emissions by at least 50 % by 2050, relative to 2008 levels [4].
One strategy to achieve these targets is for marine vessels to adopt alter-
native fuels, such as hydrogen [5,6]. Traditionally, hydrogen is stored
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Nomenclature

Abbreviations

DBT Dibenzyltoluene

H, Hydrogen

H,O Water

IMO International Maritime Organization
KBH, Potassium borohydride

LHV Lower Heating Value

LiBH, Lithium borohydride

LiH Lithium hydride

LNG Liquid Natural Gas

LOHC Liquid Organic Hydrogen Carrier
Mg Magnesium

MgH, Magnesium hydride

MgO Magnesium oxide

MOF Metal Organic Framework

NaBH, Sodium borohydride

NaBO, Anhydrous sodium metaborate
NaBO,-2H,0 Dihydrate sodium metaborate
NaBO,-4H,0 Tetrahydrate sodium metaborate
NH; Ammonia

NH3;BH; Ammoniaborane

PHS Polyhydrosiloxane

PTS Port-to-Ship or Pipe-to-Ship

RH Relative Humidity

SisH;, Pentasilane

SiH, Silane gas

STS Ship-to-Ship

TEU Twenty-foot Equivalent Unit
TTS Truck-to-Ship

wt% Weight percent

Area [m?]

Clearance [m]
Diameter [m]
Friction factor [-]
Gravitational acceleration [m/s?%]
Lateral stress ratio [-]
Length [m]

Mass [kg]

Molar mass [g/mol]
Rotational speed [rpm]
Pressure [Pa]

Pitch [m]

Thickness [m]
Temperature [K]
Circumference [m]
Volume [m3]

Height [m]

Flow rate [m3/s]
Density [kg/m3]
Stress [Pa]

Efficiency [-]
Degrees Celsius [°C]

53QBQ.N<G'—]”’O*UD§BHNOQ"HUO>§~
=3

Hydrogen Storage
Material-based

* Compressed (Hz) ‘

Physical-based

+ Liquid (Hz)

1. Silane-based
+ Polyhydrosiloxane (PHS)

1. Physical absorption
* Metal organic frameworks

* Cryo-compressed (Hz)

2. Metal hydrides
* Magnesium hydride (MgHz)

2. Nitrogen-based
+ Ammonia (NHs)

3. Complex hydrides
+ Sodium borohydride (NaBH)

3. Organic (LOHCs)
+ Dibenzyltoluene (DBT)

Fig. 1. Classification of hydrogen storage methods.

consist of silicon and hydrogen compounds that react with water in
the presence of catalysts to release hydrogen and form silicon diox-
ide. Among these, silane gas (SiH,) has a high storage capacity but is
highly flammable. Safer alternatives such as polyhydrosiloxane (PHS)
and pentasilane (SisH;,) have been proposed, but their storage capacity
is significantly less than that of silane gas [10]. Nitrogen-based storage
options are primarily represented by ammonia, which has a high hy-
drogen content, but to remain liquid, it requires low temperatures or
elevated pressure [11]. Furthermore, ammonia is highly toxic and cor-
rosive [11], and the release of hydrogen is endothermic and requires
high temperatures [12]. Organic carriers, commonly referred to as liq-
uid organic hydrogen carriers (LOHCs), are generally safe and easy to
handle. Despite these advantages, they suffer from relatively low hydro-
gen storage capacities, and hydrogen release is an endothermic process
that typically requires high temperatures [12,13].

Solid hydrogen carriers can be broadly classified into three cate-
gories: physical absorption, metal hydrides, and complex hydrides. Each

class presents distinct advantages and limitations in terms of hydrogen
storage, reversibility, and operational conditions. Physical absorption
materials, such as metal-organic frameworks (MOFs), store hydrogen
within their porous structures without breaking the H-H bond [14,15].
While these materials offer reversible storage, their storage capacities
significantly degrade over multiple cycles [7], and they typically require
low temperatures and high pressures to maintain sufficient hydrogen
storage capacities [16-18]. Metal hydrides, such as lithium hydride
(LiH) and magnesium hydride (MgH,), chemically bind hydrogen within
their crystal structure. LiH offers a relatively high storage capacity but
is highly reactive with water and requires high temperatures for hydro-
gen release [19-21]. MgH, is more stable, and also easier and safer to
handle, though it also requires high temperatures for hydrogen release,
and it has lower storage capacity than LiH [21,22].

Complex hydrides consist of boranes and borohydrides: molecules
that either have a BH; or BH, group [23]. Among boranes, ammo-
nia borane (NH;BHj3) has attracted significant attention due to its high
hydrogen content. Hydrogen can be released from ammonia borane
through pyrolysis, alcoholysis, or hydrolysis, with the latter being the
most favourable due to its relatively mild operating conditions [24]. For
hydrolysis, ammonia borane reacts with water to produce hydrogen, am-
monia, and borates [25]. However, a key limitation is that not all stored
hydrogen is released during the reaction, reducing its effective storage
capacity [26,27].

Common borohydrides are lithium borohydride (LiBH,), sodium
borohydride (NaBH,), and potassium borohydride (KBH,) [9]. All three
can release hydrogen through pyrolysis or hydrolysis. Pyrolysis gener-
ally requires high temperatures, making hydrolysis the more favourable
technique. LiBH, has the highest storage capacity but shows less effi-
cient hydrolysis. This leaves KBH, and NaBH,, and since the latter has a
higher storage capacity than the former [9], NaBH, is a much-researched
borohydride for hydrogen storage.

NaBH, is a granular material that is traditionally used as a reduc-
ing agent in the chemical industry [28-33]. Using NaBH, offers several
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significant benefits: it is non-flammable, can be stored under ambient
conditions, and has a relatively high energy density [34-36]. In terms
of both gravimetric and energy density, NaBH, is expected to outper-
form compressed hydrogen by a factor of four to six, due to its ability to
store a higher amount of hydrogen [37]. While physical hydrogen stor-
age methods typically provide pure hydrogen by simply opening a few
valves, releasing hydrogen from material-based storage systems requires
more effort. For NaBH,, hydrogen can be liberated through two main
processes: thermolysis or hydrolysis. Thermolysis is less favourable as
it necessitates high temperatures, between 400 °C and 600 °C [38-40].
To reduce the high-temperature requirements of thermolysis, Mao et al.
[41] studied the effects of additives on the decomposition temperature of
several NaBH,-additive mixtures. They concluded that they could lower
the thermal requirements for thermolysis, but it is still too high for prac-
tical applications. Kumar et al. [42] investigated a similar approach and
managed to reduce the decomposition temperature to well below 300 °C,
but this is still considerably high. In contrast, hydrolysis can occur under
ambient conditions, as borohydrides react spontaneously and exother-
mically with water [19,43] and can be accelerated with catalysts such
as ruthenium, platinum, or cobalt [44,45].

Due to these advantages, using sodium borohydride as a fuel is being
researched increasingly. Aiello et al. [46], Marrero-Alfonso et al. [47],
Senoh et al. [48], Marchionni et al. [49], Xueping et al. [50], Chen et al.
[51], Lee et al. [45], and Jeong et al. [52] focus on the hydrolysis re-
action, but Gislon et al. [53] also include the hydrolysis reactor design.
Alligier et al. [54] and Arzac et al. [55] focus on the hydrolysis of NaBH,
in combination with fuel cells. Luo et al. [56], Ma et al. [57], and Miley
et al. [58] study the use of a direct borohydride fuel cell, avoiding the
need for a separate hydrolysis reaction. Mohring and Luzader [59] inves-
tigate and present the design of a sodium borohydride power plant for
road vehicles and report successful implementation. They use hydroly-
sis to release the hydrogen, which they then feed to either fuel cells or
combustion engines. Kim et al. [60] and Kwon et al. [61] present the
design of a power plant for an unmanned aerial vehicle using NaBH,,
employing hydrolysis and fuel cells. They also manufactured the pro-
posed design and documented successful operation. Santos and Sequeira
[62] conducted a thorough literature study on the application of sodium
borohydride as a fuel, and Rivarolo et al. [63] investigated the techno-
economic aspects of the use of sodium borohydride for hydrogen storage.
The use of sodium borohydride on maritime vessels is investigated by
Lensing [64], and also the Indian navy showed interest in the use of
NaBH, for its submarines [65,66].

It has to be noted that many authors describe a mixture of sodium
borohydride and water as fuel, which greatly reduces the energy density.
Only Kwon et al. [61] use solid-state NaBH, in their designs, and Lensing
[64] describes both solutions and solid-state NaBH,. Furthermore, be-
sides the work of Nievelt [67], the required handling and storage steps
are not mentioned, which are crucial when considering a novel fuel for
any type of application. Broadening the scope to derivatives of NaBH,,
Diill et al. [68] describe the use of KBH, on maritime vessels. They men-
tion solid-state storage of the fuel but do not describe the handling and
storage steps.

The novelty of this work lies in the development of a circular bunker-
ing process for sodium borohydride as a solid fuel for maritime vessels.
While previous studies have focused primarily on the reaction kinetics,
fuel cell integration, system-level applications, or techno-economic as-
pects of NaBH,, they rarely address the practical applications of using
NaBH, as a solid-state, granular fuel in maritime operations. In contrast,
this study identifies the adaptations and innovations required for exist-
ing ports and vessels to utilise NaBH,, considering both the fuel and the
spent fuel. It is also amongst the few that consider the implications of the
rather chemically-oriented working principles of sodium borohydride as
a fuel on the design of the storage and handling equipment that is re-
quired. Therefore, this study first discusses the state-of-the-art bunkering
processes of traditional fuels in the maritime industry in order to identify
the required handling and storage steps. Then, it demonstrates how these
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processes must change when switching to NaBH, as a fuel and finally
outlines the different requirements for the equipment onboard vessels
and at ports, together with the required mechanical characteristics of
solid-state NaBHy.

2. Bunkering of maritime vessels

The state-of-the-art bunkering methods for maritime vessels are
derived using the Port of Rotterdam and the Port of Amsterdam as exam-
ples [69-72], and three different bunkering methods are used to supply
maritime vessels with fuel are identified:

+ Ship-to-Ship (STS)
« Port-to-Ship or Pipe-to-Ship (PTS)
* Truck-to-Ship (TTS)

Ship-to-Ship bunkering means that a specialised refuelling vessel, vessel
A, is used to supply fuel to the vessel in need, vessel B (also referred to
as mother and daughter vessels, respectively [73]). This can be either in
the port, close to the port, or on the open ocean. Truck-to-Ship bunkering
entails the refuelling of vessel B by means of trucks alongside the quay,
and for Port-to-Ship bunkering, vessel B connects to a fixed refuelling
point in the harbour. Often the fuel supplied through these refuelling
points is stored in the port, e.g., the Port of Amsterdam has a fuel supply
that stores up to nine times the daily fuel demand, as reported by Roos
[74]. However, as the fuel that is supplied to the vessel when connected
to the fixed refuelling point can also be stored elsewhere, this is also
referred to as Pipe-to-Ship. The bunkering methods are summarised in
Fig. 2.

Furthermore, Liquid Natural Gas (LNG) is more and more adapted
in ports worldwide and readily available as a bunkering fuel through
either of the three bunkering methods described [75-77]. Next to that,
ammonia and hydrogen are also considered as alternative fuels and are
likely to be bunkered using STS, TTS, or PTS [78-81].

Although the presented (one-way) bunkering methods prove useful
and are well used for conventional fuels and increasingly for alternative
fuels, the use of NaBH, as a fuel requires several adaptations to the
fuel infrastructure of both the ports and the vessels such that a circular
bunkering process is realised. What this means, and how this works, will
be discussed in the next section.

3. Circular bunkering process

While conventional fuels only produce exhaust gases during vessel
operation, using sodium borohydride on board marine vessels requires
a circular bunkering process where next to fuel, spent fuel is stored.
Inspired by the work of Diill et al. [68], who investigated the use of

Vessel A Vessel B

a) Ship to Ship (STS)

S

b) Truck to Ship (TTS)

/ 6 c) Port / Pipe to Ship (PTS)

Fig. 2. Traditional bunkering of (alternative) fuels.
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potassium borohydride as fuel for marine vessels from a chemical point
of view, the circular bunkering process for a single vessel using sodium
borohydride (NaBH,) is illustrated in Fig. 3. First, the sodium borohy-
dride, acting as the fuel, is stored at the port fuel storage facility. From
here, it can be transferred to the vessel’s onboard fuel tanks when the
vessel is moored at the quay. During vessel operation, the NaBH, must
be continuously mixed with purified seawater (fuel preparation) before
being fed into the chemical reactor. Here, hydrogen can be released via
the hydrolysis of NaBH, as shown in Eq. (1) [82,83]. This reaction pro-
duces (after a crystallisation step) dry or hydrated sodium metaborate
(NaBO, - xH,0) as a by-product, commonly referred to as spent fuel.

NaBH, + (2 + x)H,0 — NaBO, - xH,0 + 4H, )

Here, x € [0,2,4] is the degree of hydration of the spent fuel crystals.
Typically, a higher degree of hydrogenation increases the efficiency of
the reaction. The obtained hydrogen can be used in, e.g., fuel cells to
generate the required propulsion and auxiliary power for the vessel, and
the sodium metaborate (NaBO, - xH,0) has to be stored until the next
port call. The sodium metaborate, called spent fuel, is separated from the
unreacted fuel and water by crystallisation in the spent fuel treatment
and subsequently stored in the spent fuel storage tanks. Note that the
unreacted fuel is fed back into the reactor.

Upon arrival at the destination port, the vessel receives new fuel
(NaBH,), while simultaneously the spent fuel can be retrieved from these
tanks and transported to the regeneration facility, where first the spent
fuel is prepared for the primary regeneration step. Then, one of the
following reactions occurs [34,84,85]:

NaBO, + 2MgH, — NaBH, + 2MgO 2
NaBO, - xH,0 + yMg — NaBH, + (2 + x)MgO + (x — 2)H, 3

where x € [2,4]. Mg stands for magnesium (pure), MgH, for magne-
sium hydride (both referred to as reductive agents), and MgO denotes
magnesium oxide. The obtained NaBH, has to be separated from the
unconverted spent fuel and magnesium oxide and subsequently dried.
Finally, the magnesium oxide can be regenerated into the required
reductive agent using pure hydrogen in the secondary regeneration.
Whether the process can be described by Eq. (2) or Eq. (3) depends
on the excess water used in the chemical reactor and if the spent fuel is
dried to NaBO, on board the vessel. As the latter requires temperatures
up to 250 °C, an alternative is to store the hydrated (NaBO,-2H,O or
NaBO,-4H,0) spent fuel, which has the benefit that only magnesium is
required for the regeneration. Even more, in the case of NaBO,-4H,0,
hydrogen is produced in the regeneration. The downside of the hydrated
spent fuels is that they have a higher molar volume and mass, which can
be more challenging to incorporate into vessel design. This increase in

Seawater _l

| Reverse
Osmosis
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Table 1
Molar volume and mass of sodium borohydride and sodium metaborate
(https://pubchem.ncbi.nlm.nih.gov; https://www.borax.com).

Particle density Molar volume Molas mass

[g/L] [mL/mol] [g/mol]
NaBH, 1.07 35.36 37.84
NaBO, 2.46 26.70 65.80
NaBO, - 2H,0 1.90 53.59 101.83
NaBO, -4H,0  1.74 79.23 137.86

mass and volume originates from the addition of external water in Eq.
(1) in twofold. First, four hydrogen atoms are replaced by two oxygen
atoms, increasing the molecular mass. Second, any excess of water is
retained in the spent fuel as crystal water, further contributing to both
mass and volume. This results in a different molar mass and volume for
the fuel and the three possible forms of spent fuel, and these are listed
in Table 1. Note that each mole of NaBH, results in a mole of the spent
fuel. Therefore, the total weight of each generated spent fuel (whether
anhydrous, dihydrate, or tetrahydrate) is more than that of the original
fuel. However, storing the anhydrous spent fuel reduces the required
storage volume compared to the dihydrate and tetrahydrate spent fuel.
This means that regardless of the type of spent fuel, the vessel will in-
crease in mass during its voyage, but the exact amount of mass increase
can be regulated using the amount of drying of the spent fuel. The exact
operating principles of the chemical reactor and the regeneration facility
are still being researched [16,86], and also the design of the bunkering
process can affect these processes, and vice versa. As a result, it is not yet
known which spent fuel will have to be stored on the vessel and in the
port. Still, we do know for certain that we need to bunker sodium boro-
hydride and one of the three forms of sodium metaborate. Consequently,
we can already give directions for the design of the required bunker
process.

Using the traditional bunkering practices depicted in Fig. 2 and the
requirements for using sodium borohydride as a marine fuel shown in
Fig. 3, the required circular bunkering process can be deduced. Unlike
traditional methods, which only require the transfer of fuel from the stor-
age facility to the vessel, the use of NaBH, as a marine fuel introduces
the retrieval of spent fuel from vessels back to the storage facilities, as
depicted in Fig. 4. Note that the bunkering methods do not change in
definition, but an additional backflow of spent fuel is only added. This
implies that the existing infrastructure for bunkering marine vessels has
to be expanded significantly. Furthermore, since the fuel and spent fuel
are not liquids, but granular materials, the equipment needs to be ad-
justed accordingly. Even more, as granular materials can be sensitive
to operational conditions, such as (ambient) temperature and humidity

1

f

o Spent Fuel

<—l Treatment
Fuel Chemical

reparation Reactor

Onboard
Fuel Tank

Onboard
Spent Fuel Tank

Legend

. Port
- = Regeneration Fuel Storage
- = Bunkering

D = Dehydrogenation

= Hydrogen (Hz)

Secondary
Regeneration

_,

Port
Spent Fuel Storage

Separation + Fuel Drying

Primary
Regeneration

Spent Fuel
Preparation

Fig. 3. Sodium borohydride and sodium metaborate as marine fuel. Note: generating power with hydrogen produces water, which is reused by the fuel preparation

and the hydrolysis reaction, but this is not shown here to avoid complexity.
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NaBH4 b) Truck to Ship (TTS)

/ NaBO. ) port/ pipe to Ship (PTS)

Fig. 4. Circular bunkering of sodium borohydride and sodium metaborate.

Bunkering Design

Capacity
Requirements

Port
Infrastructure

Vessel
Infrastructure

Bunkering
Equipment

Material
Characteristics

!

Operational
Conditions

Fig. 5. Design elements for bunkering design.

[87-89], this has to be taken into account when designing the circular
process. These different design elements affecting the bunkering design
are summarised in Fig. 5, and need to be evaluated before this novel cir-
cular bunkering process can be implemented in ports and vessels (arrows
indicate the connections between the design elements).

4. Port infrastructure

It is evident from Fig. 4 that modifications to the port infrastruc-
ture are necessary before sodium borohydride can be used as fuel for
marine vessels. First, regardless of the bunkering method, the equip-
ment has to be suitable for transporting granular materials instead
of fluids and gases. Furthermore, for PTS bunkering, alongside the
fuel being provided to the vessel, the spent fuel has to be reclaimed
and stored, introducing additional equipment for the transportation
and storage of the spent fuel to the port’s infrastructure. TTS bunker-
ing increases the number of truck movements to, from, and within
the port. Only for STS bunkering the infrastructure of the refuelling
port might remain unchanged, although the lower energy density of
NaBH,, compared to traditional fuels, increases either the size or the
number of required refuelling ships. In summary, the above-stated
modifications effectively double the handling and transport operations,
potentially creating logistical challenges. Additionally, an on-site regen-
eration plant may be needed, which could also handle spent fuel from
other ports. The regenerated fuel would then need to be redistributed,
creating multiple streams of granular materials to, from, and within the
ports.
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4.1. Capacity requirements

To gain insight into the port requirements concerning the bunker-
ing of sodium borohydride, a comparative analysis with conventional
bunker fuel and NaBH, is conducted. Typically, energy densities are
compared to draw conclusions; however, given that the circular bunker-
ing system illustrated in Fig. 4 is not yet fully developed, this task
remains complex. Consequently, the analysis in this paper is limited to
comparing the chemical energy content of the fuels. Combined with the
density of the fuel and spent fuel, this allows for the expression of fuel
storage requirements in terms of mass and volume.

Note that the density mentioned above is the bulk density. This
is a common term in the field of bulk solids and powder technology,
and it captures the granular nature of these materials. While a liquid
or a gas can be considered a continuum, granular materials can not.
These materials are made up of individual particles, or grains, with
air/gas-filled spaces (voids) between them, lowering the overall density
of the material. For example, studies that examine the applicability of
sodium borohydride for hydrogen storage, e.g., Santos and Sequeira [62]
and Li et al. [90], often use its particle density, 1.07 g/cm?>. However,
preliminary experiments showed that the bulk density of sodium boro-
hydride is approximately half the particle density, which greatly affects
any estimations done on the energy density of systems using this novel
fuel. Therefore, in the remainder of the paper, the bulk density will be
considered, unless stated otherwise.

The equivalent mass of sodium borohydride is determined using the
Lower Heating Value (LHV) of both conventional fuels and hydrogen,
together with the mass content of hydrogen in NaBH,. Taking into ac-
count that the hydrolysis reaction shown in Eq. (1) effectively doubles
the generated hydrogen per unit mass of NaBH,, and that the weight
percentage of hydrogen in sodium borohydride is equal to 10.8 %, Eq.
(4) can be derived:

LHV

mNaBH4 — conv.fuel * Mconv.fuel . 1 (4)
LHVy, 2 Wiy,

where my,gy, is the equivalent mass of NaBH,, My fyq is the mass
of the conventional fuel, wt%y, is the weight percentage of hydrogen in
NaBH, (10.8 %) and LHV , s, and LHVy, are the lower heating values
of conventional fuel and hydrogen, respectively. The factor 2 accounts
for the hydrogen liberated from the water mixed with the sodium boro-
hydride, in accordance with Eq. (1). As the unreacted NaBH, is fed back
into the reactor, all of the consumed fuel will be converted to spent fuel,
assuming a closed system with no losses. This implies that each mole of
sodium borohydride is converted to one mole of spent fuel. Therefore,
their molar masses (M), provided in Table 1, can be used to convert
the storage requirements for sodium borohydride into the corresponding
storage requirements for the spent fuel using Eq. (5):

M

spentfuel

(%)

Mygpentfuel = MNaBH, * MNaBH4
where My,gy, and Mpeysy denote the molar mass of the sodium
borohydride and spent fuel, respectively. Finally, the required storage
volume (V) for both the sodium borohydride and its spent fuel can be
determined using their bulk density (p,), according to Eq. (6):
v=2 ®)
Po

This approach can be used to estimate the required additional storage
capacity for ports, by converting each conventional fuel that is bunkered
in a port to the equivalent amount of sodium borohydride and its spent
fuels. The Port of Rotterdam is taken as a case study. Here, between 7
and 10 million tonnes of fossil fuel are bunkered annually [69]. Table 2
presents the different fossil fuels, quantities bunkered in 2023, and their
densities and lower heating values. This is then used to convert the en-
ergy contained in these fossil fuels to the amount of sodium borohydride
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Table 2
Characteristics of annually bunkered fuels at the port of Rotterdam [91-94].
Fuel Quantity (2023) [tonnes - 10°] Density [kg/m?] LHV [MJ/kg]
ULSFO 6.29 850 42.4
VLSFO 27.0 950 41.6
HSFO 245 980 40.4
MGO 7.47 850 42.6
MDO 5.06 865 42.7
LNG 2.14 455 48.0
50 Mass [10° tonnes] 49.02
Volume [10° m3]

42.4

@ Fuel Spent Fuel
31_3232.88
30
23.27
20.24
20 17.24
11.63
101 5,4 8.01
Fossil Fuels NaBH,4 NaBO, NaBO, NaBO,
-2H,0 -4H,0

Fig. 6. Port requirements for sodium borohydride with spent fuel compared to
fossil fuels. *The bulk density of spent fuel is assumed to be 50 % of their par-
ticle density, in line with documented bulk density of 500 kg/m? for sodium
borohydride (Sigma Aldrich). **The lower heating value of hydrogen is set at
120 MJ/kg.

and spent fuel that would be required, and this is shown in Fig. 6. It can
be noted that in any case, the mass and volume of the stored NaBH, are
higher than the current practice for fossil fuels. As the spent fuel that will
be stored at the port is yet unknown, the increase in storage capacity re-
garding the spent fuel cannot be predicted with certainty. However, it is
evident that mass will increase even more than is the case for the sodium
borohydride. Now, although the additional mass and volume that need
to be accounted for design of future ports is an important aspect, the op-
erational conditions while handling and storing the fuel and spent fuel
must also be considered.

4.2. Hygroscopic behaviour of NaBH,

Next to the storage capacity requirements for the bunkering of
sodium borohydride, understanding the operational conditions for port
equipment is crucial for efficient and safe bunkering operations. Since
sodium borohydride and its spent fuels are granular materials, their be-
haviour is affected by operational conditions such as temperature and
humidity [95]. More importantly, sodium borohydride is hygroscopic
and absorbs moisture from the ambient air if no countermeasures are
taken [96].

Murtomaa et al. [96] investigated the effect of relative humidity on
the absorption of moisture and found that the powder was stable up to
19 %RH at 25 °C. Furthermore, the rate at which moisture was absorbed
increased with increasing humidity with an initial high absorption rate
that gradually stabilised over time. This can be explained by the for-
mation of dihydrates (NaBH, - 2H,0). Initially, the sodium borohydride
crystal absorbs the moisture from the air to form a dihydrate.

As the dihydrate can not take up any more water, the crystal begins
to dissolve. The dissolution is slower than the formation of dihydrates,
hence the gradually decreasing moisture absorption rate. Furthermore,
Beaird et al. [98] state that NaBH, attracts moisture until it is com-
pletely dissolved, a phenomenon known as deliquescence. They also
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Fig. 7. Deliquescence behaviour of NaBH, powder as a function of temperature
and relative humidity [97,98].

Table 3
Operational conditions of top 10 ports worldwide [101].

Port Temperature [°C] Humidity [%RH]
City/Country Min Avg Max Min Avg Max
Shanghai/China 2 17 32 67 74 81
Singapore/Singapore 25 28 32 78 80 83
Busan/South-Korea 1 15 29 56 69 87
Rotterdam/The Netherlands 2 11 22 73 78 85
Jebel Ali/Dubai 18 30 36 48 56 62
Port Klang/Malaysia 23 28 33 77 81 85
Antwerp/Belgium 2 12 23 71 78 86
Los Angeles/U.S.A 6 22 29 38 50 62
Hamburg/Germany -1 10 23 73 80 88
Laem Chabang/Thailand 24 28 34 65 74 79

investigated the specific conditions that were required for deliquescence
and found that for certain combinations of temperature and relative
humidity, the crystals did not attract any moisture from the ambient
air, but outside of this ‘safe’ region, deliquescence occurred. They com-
pared their results with the work of Stockmayer et al. [97] and found
a good agreement. The results are shown in Fig. 7. Their findings are
also in line with the (previously described) work of Murtomaa et al.
[96]. Additionally, no hydrogen release was measured during the mois-
ture uptake by NaBH, when studying the deliquescence, which is also
confirmed by Kong et al. [99]. Fillinchuk and Hageman [100] and
Murtomaa et al. investigated the stability of the dihydrate crystals. They
found that once formed, NaBH, - 2H,0 decomposes at temperatures ex-
ceeding 40 °C, releasing the water that was initially absorbed. When
further heated, Fillinchuck and Hagemann observed that hydrogen was
released by the reaction of NaBH, and H,O. Therefore, it can be con-
cluded that although the deliquescent behaviour of sodium borohydride
causes the formation of dihydrates and eventually leads to the complete
dissolving of the initial dry material, no hydrogen is generated unless it
is heated.

4.3. Operational conditions and design implications

Now, assuming that the bunkering process for sodium borohydride
will occur at one or more of the world’s largest ports and knowing that
the deliquescent behaviour of NaBH, is affected by temperature and rel-
ative humidity, the environmental conditions at these locations should
be considered. Table 3 provides a summary of the temperatures and rel-
ative humidity at the ten largest ports, which can influence the design
requirements for port equipment handling sodium borohydride.

It is evident that for each of the ports depicted in the table, the
minimum relative humidity exceeds the deliquescence limits of NaBH,.
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Therefore, unless countermeasures are implemented to isolate the mate-
rial from ambient air—such as using closed, actively controlled storage
and transport systems to ensure the relative humidity is sufficiently
low—deliquescence will occur, effectively resolving the fuel and trans-
forming it from a granular solid to a liquid. This is highly undesired,
as this decreases the energy density of the circular bunkering process
significantly and could damage the storage and handling equipment.
Therefore, the next section will describe the requirements for the
bunkering process at ports.

4.4. Bunkering requirements

Limited research has been found regarding such a novel, circular
bunkering process, and therefore a quantitative review and compar-
ison of the exact equipment requirements can not yet be provided.
Fortunately, the use of granular materials as fuel for maritime vessels
is not a novel concept, as historically, steamships relied on coal as an
energy supply [102]. Next to that, handling and storing granular mate-
rials has been done for decades [103]. Common dry bulk materials as
commodities are iron ore and other minerals, typically stored in open
storage fields, also referred to as stockpiles [104,105]. Another example
is the transport of grain, corn, and starch, often done with pneumatic
transport [106]. However, sodium borohydride and sodium metaborate
are not among these conventional commodities, and there is no guaran-
tee that existing handling and storage equipment is suitable for this new
fuel and its respective spent fuels.

As discussed in the previous section, NaBH, is highly hygroscopic
and, under most conditions, deliquescent; hence, closed storage is re-
quired. Furthermore, as temperature fluctuations during the day may
lead to significant temperature ranges and moisture condensation inside
the storage facility [107], climate control might be required. Next, the
storage equipment should be designed to contain large quantities of fuel
and spent fuel and be able to maintain and discharge the materials even
after days or weeks of static storage. For such conditions, time consoli-
dation (consolidation of a bulk material due to storage for an extended
amount of time) could be an issue. NaBH, is an inorganic salt, and such
materials are found to be affected by time consolidation by Stoklosa
et al. [108], resulting in a reduced ability for the materials to flow
(flowability). This means that the effects of time consolidation should
be investigated and mitigated to ensure that the material’s flowability—
and therefore the ability to (dis)charge the materials from their storage
systems—is maintained. Neglecting this could lead to malfunctioning
and thus significant downtime and additional costs.

Aside from being stored, the sodium borohydride and sodium metab-
orate need to be transported across the port, and for transport of bulk
solids, numerous types of equipment are available. An often-used solu-
tion is the belt conveyor, which can be used to transport bulk solids for
over 98 km [109]. However, as with storage, an enclosed (controlled)
environment is preferred, so the belt conveyor needs to be fully enclosed.
Alternatively, conveying solutions such as a pipe conveyor, screw con-
veyor, or pneumatic conveyor might prove applicable as well. Moreover,
the proposed circular bunkering process of Fig. 4 consists of various fuel
and spent fuel flows. It can be expected that some of these flows have
to be transferred between equipment, and for these tasks, e.g., transfer
chutes can be used [110].

In addition, there are a number of logistical challenges: redistribution
of the fuel and spent fuel due to differences between ports using trucks,
trains, or even ships (that carry the (spent) fuel as cargo); transportation
of the spent fuel to the regeneration facility; and the distribution of the
fuel back to the ports, and also, placement of the regeneration facilities,
but these challenges are out of scope and will therefore not be included
in this work.

5. Vessel infrastructure

While the stored and transported fuel and spent fuel at the port side
are always dry, solid flows, the expected material flows in the vessel

Renewable and Sustainable Energy Reviews 223 (2025) 116039

Vessel Infrastructure

Onboard 1 Fuel l«—— Water
Fuel Tank Preparation
I

2
|
Chemical Onboard Spent
Reactor Fuel Tank

Spent Fuel

Ll Treatment

Fig. 8. Vessel infrastructure and process flows. (1) Solid flow of NaBH, to the
fuel preparation. (2) Liquid flow of NaBH, solution to the reactor. (3) Liquid
flow of a mixture of water, NaBO, -xH,0, and unreacted NaBH,. (4) Liquid flow
of unreacted NaBH, solution. (5) Solid flow of NaBO,-xH,O to the spent fuel
tank.

are both liquid and solid. To illustrate this, Fig. 8 is constructed, where
five material flows are shown. Note that the contents of this figure are
already discussed alongside Fig. 3, but here more detail is given to the
material flows.

Actually, only two of the flows contain dry, solid material: flow 1
(NaBH,) and flow 5 (NaBO,-xH,0). The other flows are liquid, and as a
result, a combination of (conventional) piping and pumping installations
working alongside bulk handling and storage equipment is required in-
side the vessels. Next to this, the capacities of the required fuel tanks
change, and there needs to be storage for the spent fuel onboard the
ship. Furthermore, the fuel preparation, the reactor, and the spent fuel
treatment also need to be placed inside the vessel, so first the capacity
requirements for the vessel will be discussed.

5.1. Capacity requirements

Van Rheenen et al. [111] investigated the equipment sizing for the
application of sodium borohydride as a maritime fuel. Their study in-
volved a medium-sized vessel, such as a ferry or a small cargo ship, with
a total power of 2 MW. They concluded that the chemical reactor and the
spent fuel treatment equipment are important to include in ship design
due to their considerable size, while the equipment required for mixing
NaBH, with water is negligibly small. However, they did not take into
account the sizing of the fuel and spent fuel tanks. To address this, we
use Ammar et al. [112] to estimate the required storage tanks for sodium
borohydride and the spent fuel. They analysed a 15,000 TEU container
vessel, which has storage tanks of approximately 11,400 m? and a maxi-
mum continuous rating of 37.6 MW. Their analysis used diesel fuel with
a lower heating value of 42.5 MJ/kg and a density of 850 kg/m?, values
that are also employed in this analysis. Similar to the port side analysis,
Egs. (4) and (6) can be used to translate the conventional fuel needs to
the sodium borohydride and spent fuel requirements for the vessel in-
frastructure, and the results are shown in Fig. 9. Given the uncertainty
regarding which form of spent fuel will be used on maritime vessels,
the results for both hydrated (NaBO,-2H,0 and NaBO,-4H,0) and an-
hydrous (NaBO,) sodium metaborate are provided. Also, the approach
of Rheenen et al. is used to estimate the required size for the reactor
and spent fuel treatment, and the mass is estimated by assuming thin-
walled cylinders for both the reactor and the spent fuel treatment. It
can be noted that although the size and mass of this equipment are not
negligible, it is orders of magnitude smaller than the required storage ca-
pacity. The required storage capacity in terms of both mass and volume
is affected by the transition from conventional diesel to sodium borohy-
dride. The mass of required sodium borohydride is 60 % more than the
required amount of fossil fuels, but even more noteworthy is the increas-
ing mass of the vessel when converting NaBH, to spent fuel. Compared
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Fig. 9. Storage capacity for a 15,000 TEU container vessel. *The bulk densities
of spent fuels are assumed to be 50 % of their particle densities, in line with
documented bulk densities of sodium borohydride. **The expected size of the
chemical reactor and spent fuel treatment is based on the results of van Rheenen
et al. [111]. ***For the mass of the chemical reactor and spent fuel treatment,
thin-walled cylinder tanks are assumed.

to the total mass of the NaBH,, the spent fuel is 70 %, 170 %, and
260 % heavier, corresponding to anhydrous, dihydrate (NaBO,-2H,0),
and tetrahydrate (NaBO, -4H,0) sodium metaborate. On the other hand,
the anhydrous spent fuel reduces in volume by 30 %, while for the di-
hydrate and tetrahydrate, an increase of 40 % and 110 % can be seen,
respectively.

5.2. Bunkering requirements

The bunkering requirements for the vessel’s infrastructure will be
discussed using Fig. 8. As flows 2, 3, and 4 are liquid flows, we assume
conventional piping and pumping systems can be used. Flows 1 and 5
need to be able to handle a solid flow of sodium borohydride and sodium
metaborate, respectively. Similar to the ports’ infrastructure, the mate-
rials should not be exposed to ambient conditions, and consequently,
handling equipment for these flows needs to be enclosed. Conversely, as
the transport distances are relatively short, such that the material has
no time to take up moisture from the ambient air, climate control may
not be necessary.

The solid, granular NaBH, (flow 1) is extracted from the NaBH, stor-
age tank, while flow 5 is discharged into the spent fuel tank. This could
be (dual) fuel tanks or separate tanks. The benefit of a dual fuel tank
is that less space is required during vessel operation. The tank capac-
ity for sodium borohydride decreases, while at the same time, there is
an increasing amount of spent fuel. Separation of the materials would
require a flexible storage volume, for instance, by means of a moving
wall inside the tank. This storage method has already been proposed by
Lensing [64], but the feasibility of such a dual fuel tank solution de-
pends on the material’s mechanical characteristics, which have not yet
been investigated thoroughly.

On the other hand, single storage tanks would take up more space.
Although the exact spent fuel is not yet determined, the capacity re-
quirements presented for a 15,000 TEU vessel (Fig. 9) can be used to
estimate the effect of the additional storage space. Compared to dual
fuel storage, the additional storage space would be at least 23,500 m3.
Assuming the volume of a twenty-foot container (1 TEU) is equal to
33.3m3 (6.06 m x 2.44 m x 2.59 m), an equivalent amount of 613 con-
tainers, or 4 % of the ship’s capacity, has to be sacrificed to be able to
carry the fuel and spent fuel. Regardless of the exact design of the stor-
age tank(s), the effect of time consolidation should be investigated and,
if needed, accounted for in the design of the equipment.

Another important requirement for the bunkering equipment inside
the vessel is the ability to control the amount of fuel extracted from
the fuel tank, i.e., being able to control the throughput of flow 1. This

Renewable and Sustainable Energy Reviews 223 (2025) 116039

Table 4
Air temperature distribution of the world’s oceans [119].

Temperature [°C]

Mean Minimum Maximum
Arctic Ocean 1.2 -1.9 10
North Atlantic Ocean 23 1.0 31
South Atlantic Ocean 22 12 31
North Pacific Ocean 19 1.0 30
South Pacific Ocean 25 15 31
Indian Ocean 26 19 32
Southern Ocean 2.1 -1.9 9.8

ensures that only the desired amount of NaBH, enters the fuel prepa-
ration. This is important since the mixture of fuel and water from the
fuel preparation is fed to the chemical reactor, where hydrogen for the
ships’ fuel cells is produced. The amount of fuel in the reactor needs
to be controlled to be able to have a variable power generation (with-
out significant hydrogen buildup); hence, controlling the flow of NaBH,
from the storage to the fuel preparation (flow 1) is essential.

5.3. Operational conditions

Unlike ports, which are fixed at a geographical location, ships move
between ports across oceans, and therefore, the operational conditions
experienced along the route are never constant. It is therefore evident
that the bunkering equipment on ships has to be designed to account
for this ever-changing environment. Still, an estimate of the operational
conditions on the vessel can be made by looking at the average condi-
tions on the world’s seas. Shakespeare and Roderick [113] investigated
the relative humidity at surface level of the world’s oceans and con-
cluded that, independent of time and geographical location, an average
of 80 % RH can be experienced. They also showed that the air tempera-
ture a few meters above the sea surface is approximately the same as the
sea surface water temperature (+4 degrees). Temperature is dependent
on geographical location, and Table 4 presents the average temperature
ranges for the air above different oceans. It is clear that the tempera-
ture varies significantly from ocean to ocean but also across the oceans.
Therefore, when designing vessels using sodium borohydride as a fuel,
the operational conditions presented in Tables 3 and 4 should be taken
into account, together with the expected missions of the vessel, such that
bunkering equipment can be designed accordingly.

Next to temperature and relative humidity, vibrations of the bunker-
ing equipment should be considered. These vibrations are caused, e.g.,
by the impact of waves on the hull of the ship or by the ship’s engines,
and propagate through the vessel to reach the storage tanks and other
bunkering equipment [114,115]. This can affect the characteristics and
flowability of the materials during storage and handling [116-118], and
consequently these vibrations should be taken into account in the design
stage.

6. Bunkering equipment

This section presents examples of bunkering systems that fulfil the
requirements described in the previous sections (e.g., closed system de-
sign). As most of the examples include both storage equipment and
handling equipment, the term ‘bunkering equipment’ will be used to
refer to the complete system. Furthermore, we discuss which material
characteristics of NaBH, and the spent fuel(s) are required to enable ef-
fective equipment design. The aim of this section is to emphasise the
importance of understanding the mechanical characteristics of NaBH,
and its spent fuel(s) to support informed decisions in designing effec-
tive bunkering equipment and processes, rather than prescribing specific
solutions.

The aim of this section is not to propose novel types of bunkering
equipment nor to make a definitive selection of what should be used for
this new fuel and its spent fuels. Rather, it is to highlight the importance
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Fig. 10. Hopper storage with screw discharge and inclined transport [120].

of understanding the specific characteristics of NaBH, and the spent
fuel(s) before substantiated decisions can be made regarding equipment
and process design.

6.1. Hopper silo storage

Bunkering equipment for a novel circular fuel such as sodium boro-
hydride should be enclosed, and a commonly used solution for this type
of bunkering is a hopper silo fitted with a screw conveyor for discharge,
of which an example can be seen in Fig. 10. A hopper silo is essentially
a rectangular or circular bin, fitted with a hopper at the bottom. This
hopper has a conical or wedge-like shape, and the bottom opening, or
aperture, is connected to other equipment to facilitate the discharge of
the materials from the silo. The main principle for silos and hoppers is
determining the expected stresses on the equipment walls, so that it can
be designed accordingly. To determine the horizontal stress exerted on
the equipment walls in vertical sections, Eq. (7) can be used [95].

2ppA N [1 exp < —Ktan(¢,)Uz >] @

M = U A

where ¢, denotes the horizontal stress on the silo walls, which is a func-
tion of the depth at which the stress is determined, z. Naturally, z is
bounded between 0 and the total height of the silo, but an important
note is that z = 0 at the free surface of the stored material, at the top
of the silo. Also, 5, depends on both equipment and material character-
istics. Of the equipment, the circumference U and the area A (constant
for the height of the silo) are required. The required material character-
istics, also referred to as mechanical characteristics, are the bulk density
py, the lateral stress ratio K (the ratio between the horizontal and verti-
cal stress), the wall friction ¢, (friction between the bulk material and
the equipment wall), and g, the gravitational acceleration. Often such
silos are designed for a first-in-first-out principle, also known as mass
flow. This means that while discharging, all material is in motion, and
no material is left behind in the silo.

Additionally, the outlet dimensions at the bottom of the hopper need
to be determined to ensure the stored material can discharge properly,
and this can be calculated using Eq. (8) [95].

Gc,cril

dc/p,crit = H(Gc/p) (8
b,crit

whered, , ., is the critical outlet dimension for a conical (¢) or a wedge-

shaped hopper (p). H(®) is a function of the inclination of the conical
(®,) or wedge-shaped (®,) hopper, and g denotes the gravitational accel-

eration. o, ,;, describes the stress required at the outlet opening to start
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Outlet

Fig. 11. Schematic view of a screw conveyor.

discharge and is a function of the internal friction (friction between par-
ticles in the bulk material) and the geometry of the hopper. Lastly, p,, .,
denotes the bulk density at the outlet conditions, which is a function of
the stress exerted on the bulk material.

6.2. Screw conveyor

Often used equipment for discharge and transport of bulk materials
is the screw conveyor, which has a fully enclosed design consisting of a
circular or U-shaped tube in which a helix rotates (Fig. 11). The rota-
tion of the helix causes the grains to be pushed along the bottom of the
tube, and therefore a screw conveyor is rarely completely filled [121].
Because of the fully enclosed design, this solution is ideal for sodium
borohydride, ensuring that the material cannot interact with the ambi-
ent air. Since the main objective of the screw conveyor is to discharge
the silo and further transport the granular material, a good starting point
for the evaluation of its operating principles would be to determine the
volumetric flow rate (QV) and the gravimetric flow rate (QM) (Egs. 9
and 10) [122,123].

Qy = a% ((Dy +2¢)* =D ) (p—tn ©)
Qu=Qv - 10)

where «a is the filling rate, D, is the screw diameter, D, is the shaft
diameter, c is the clearance between the tube/casing and the screw, p is
the screw pitch, ¢ is the thickness of the helix, » is the rotational speed of
the helix, and p, is the bulk density. At first glance, the volumetric flow
rate Q) does not depend on any material characteristics, but Waje et al.
[122] state that the filling rate strongly depends on the mechanical char-
acteristics of the conveyed bulk material. Furthermore, the motor power
required to achieve the desired flow rate depends on additional infor-
mation, such as the friction between the bulk material and the casing
[121].

In addition, sodium borohydride is deliquescent when the relative
humidity exceeds 19 %, and therefore conditioning the air inside the
enclosed equipment is desirable. This can be achieved using a system
based on the concept presented by Waje et al. [122], who designed a
screw conveyor that actively dries the conveyed materials. Although
they used it to dry wet materials, it can also be used to keep materi-
als dry by supplying dry air or an inert gas, such as nitrogen, instead of
a heated medium.

6.3. Tube chain conveyor

A different approach for a closed handling system for bulk materials
is the tube chain conveyor [124-127]. Its main principle is based on the
“damming up disc” principle. Transportation discs are fixed on a chain,
which is pulled through a circular tube. The bulk material is therefore
dragged along, and by filling the tube at one end while emptying it at the
other, the bulk material is transported whilst protected from the outside
environment. A picture of a real-life tube chain conveyor is shown in
Fig. 12a, and a schematic illustration of the complete system can be
seen in Fig. 12b. As the chain with filled pockets (a pocket is the gap
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Fig. 12. Chain tube conveyor; (a) transportation of wheat; (b) schematic view
of a horizontal tube chain conveyor. (Adapted from [124,126].)

Fig. 13. Sprocket (a) and rim wheel (b) for redirection of a tube chain
conveyor [126].

between two discs) is pulled through the tube from inlet to outlet, it
also has to return to the inlet with empty pockets to pick up new bulk
material. Therefore, it can be considered slightly more complex than a
screw conveyor, where the helix simply rotates at a fixed position inside
the tube. However, unlike most mechanical conveyors, its main benefit is
that the chain tube conveyor can be used to transport bulk material in all
three dimensions [125]. But, instead of simply pulling the chain through
a multi-directional tube, using either a sprocket or rim wheel to redirect
its direction can improve its efficiency, and these two mechanisms are
shown in Fig. 13. The mass flow (Q,,) of such a system can be expressed
with Eq. (11), adapted from [124].

7rD2Ri v
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Fig. 14. Schematics of pneumatic conveying [134].

where 5 accounts for the filling and transport efficiency, which de-
pends mainly on the geometry (e.g., volume of the tube compared to the
transportation discs and chain), Dy, denotes the radius of the tube, p,
is the bulk density, and V is the chain speed. Next to the mass flow,
the drag force that is required to pull the chain through the tube also
depends on some material characteristics, such as the lateral stress ratio
K and the friction between the particles.

Other transport equipment options are the (enclosed) belt conveyor
[128], the pipe belt conveyor [129-131], and the (enclosed) chain con-
veyor [132,133]. As the working principles of the chain conveyor are
similar to the tube chain conveyor, this will not be elaborated on here.
Furthermore, since exposure of sodium borohydride to ambient air has
to be minimised, we think the (enclosed) belt conveyor and the pipe belt
conveyor are less feasible for this purpose, but they are not excluded
from consideration yet.

6.4. Pneumatic conveying

Instead of mechanical conveying by means of a screw or tube chain
conveyor, where the bulk material is either pushed or dragged by a me-
chanical device, pneumatic conveying uses a gas, mostly air, to transport
bulk materials. A schematic view of a pneumatic conveying system is
presented in Fig. 14. Its main features are a feed hopper, either a fan,
blower, or compressor, a conveying pipeline, and a receiver hopper. The
main benefit of pneumatic conveying is that the only moving media are
the bulk material and the gas that conveys the materials, and this can
be normal air, dry air, or any other gas that is desired. Note that the hu-
midity of the conveying gas has to be sufficiently dry when transporting
NaBH,, due to its hygroscopic nature. Furthermore, the bulk material
can be conveyed in three dimensions for long distances, as long as there
is sufficient pressure drop. The hopper must be designed according to
Eq. (7). The pressure drop AP depends on both geometrical aspects and
the mechanical characteristics of the conveyed material [134] and can
be determined using Eq. (12) [135]. The pressure drop can in turn be
used to calculate the mass flow (Q,,) using Egs. (13) and (14).

2
p_ HnVinl

5 12)
Qu = p,V,D?/4 (13)
. 3

=gt a9

where L and D are the length and diameter of the pipe, respectively,
fo is the friction factor, rho, is the bulk density, and V; is the parti-
cle velocity. Please note that this equation is valid for straight sections
and is merely used here to illustrate the importance of the mechanical
characteristics of the materials that have to be conveyed. When intro-
ducing bends, as often present in real-life applications, common practice
is to gather experimental data to determine the pneumatic conveying
characteristics in order to design a system properly [134].
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In the presented pneumatic conveying system, the bulk material is
fed to the pipeline by means of a rotary valve, but this can also be done
using a screw conveyor. Furthermore, instead of discharging at the bot-
tom of the hopper, the system can also be designed such that the bulk
material in the hopper is fluidised and exits at the top of the storage tank,
and these systems are often referred to as blowtanks [134,136,137].
Regardless of the exact configuration of the pneumatic conveying sys-
tem, the main working principles remain unchanged, and still (many)
mechanical characteristics of the to-be-conveyed materials are required.

Concluding, although seemingly simple at first sight, a thorough
understanding of the mechanical characteristics of a bulk material is
needed before a substantiated choice for the bunkering equipment can
be made, a conclusion that is supported by the work of Waje et al. [122].
Consequently, to design the circular bunkering infrastructure as pre-
sented in Figs. 3 and 4, the mechanical characteristics of both sodium
borohydride and sodium metaborate are required.

7. Mechanical characteristics

A granular material has many different mechanical characteris-
tics, and they can be categorised into three main groups: particle
characteristics, bulk characteristics, and interface characteristics [101].
Particle characteristics describe individual properties such as density,
size, shape, roughness, and hardness. Bulk characteristics encompass the
behaviour of a collection of particles, including interactions like bulk
density, angle of repose, inter-particle friction, cohesion, and particle
size distributions. Interface characteristics involve interactions between
the bulk material and equipment, including wall friction, adhesion, and
the ratio between particle size and characteristic size of the equipment
[138-143].

It is important to note that these mechanical characteristics are
not static but can vary significantly with operational conditions such
as humidity, stress, and temperature. For example, increased moisture
content can lead to the formation of liquid bridges between particles,
increasing cohesion and consequently reducing flowability [88,144].
Operational stresses, such as handling or time-dependent consolidation,
canresult in particle attrition, breakage [145], or deformation of the par-
ticle bed. These effects alter particle size and shape distributions, which,
through mechanisms such as van der Waals forces, influence flowability
by affecting properties like cohesion, angle of repose, wall friction, and
internal friction [108,146-149]. Temperature fluctuations also impact

Mechanical Characteristics
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flowability [150], induce sintering [151], cause thermal expansion of in-
dividual particles [89], and affect bulk density by altering the material’s
moisture content. To summarise, an overview of the various mechani-
cal characteristics and influential operational conditions is illustrated in
Fig. 15.

While the effects of operational conditions on mechanical charac-
teristics are well-documented in general—such as increased cohesion
due to liquid bridge formations—no experimental data are currently
available that specifically examine how these conditions affect sodium
borohydride and its spent fuels. However, some general mechanical
characteristics have been reported, albeit minimally. Nagar et al. [35]
describe the modelling of NaBH, and report some particle-particle char-
acteristics: the internal friction, cohesion, and the angle of repose, and
they also describe the particle size. Ghellab et al. [152] investigate the
elastic, mechanical, and thermodynamic properties of NaBH, on the
molecular scale. While we focus on the micro (particle) to macro (bulk)
scale, their analysis provides valuable insights into characteristics such
as the shear modulus and the Poisson’s ratio of NaBH, particles. The au-
thors of [153] discuss the angle of repose of the spent fuel, but it was not
specified which sodium metaborate (anhydrous, dihydrate, or tetrahy-
drate) was used. Lastly, Muradov [154] reports that for storage of NaBH,
slurries, the wall material of the storage tank should be considered care-
fully. They find that copper, carbon steel, and brass act as catalysts for
the hydrolysis reaction, while glass, polyethylene, and stainless steel are
suitable. Although we do not consider slurries in this work, the deliques-
cent nature of NaBH, suggests that such behaviour could occur under
high humidity, making these findings relevant.

To the best of the author’s knowledge, these are the only mechanical
characteristics of NaBH, and its spent fuels that are described in litera-
ture, highlighting the need for further research into this novel fuel and
its spent fuels.

8. Conclusion

This paper demonstrated that transitioning to solid hydrogen carri-
ers as alternative fuels requires significant adaptations to the bunkering
systems of both ports and vessels. Given their granular nature, their
sensitivity to time consolidation, and their low humidity storage re-
quirements, the bunkering equipment on both the vessels and at the
ports must be redesigned. If these requirements are not properly imple-
mented, issues with flowability could arise, potentially leading to power
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loss on vessels and logistical challenges at ports. Second, the port infras-
tructure must accommodate handling and storing the spent fuel that is
returned from the vessels. This expansion includes additional handling
equipment to transport the metaborate from the vessels to the storage
facilities. Furthermore, an increase in storage capacity in both ports and
vessels might be required due to the lower energy density of sodium
borohydride compared to conventional fuels. Lastly, the vessel infras-
tructure also requires adjustments. Instead of a liquid fuel tank and a
diesel engine, vessels will need dual (granular) fuel storage tanks and a
chemical reactor.

9. Recommendations

This research contributed to shaping the roadmap towards alterna-
tive fuels in maritime shipping by exploring the potential of NaBH, as
a hydrogen carrier. While the deliquescence limits of NaBH, have been
investigated already, further research is necessary to validate these con-
clusions under (controlled) realistic and variable port environments. In
particular, the flow behaviour and mechanical characteristics of both
NaBH, and its spent fuels should be investigated in the context of
storage, handling, and also the regeneration processes. This includes
characterising their mechanical and flow properties and the effect of
operational conditions, such as temperature, humidity fluctuations, and
mechanical stresses, to ensure reliable performance.

Moreover, the regeneration of spent fuel remains a critical challenge,
and more research is required to evaluate the energy requirements, re-
action kinetics, and integration potential of regeneration systems within
port infrastructure. At the same time, the logistical feasibility of circu-
lar bunkering systems should be assessed, including the identification of
ports that can support such operations and the associated storage and
transport requirements. These insights, along with the proposed port
and vessel adaptations, can inform future decision-making frameworks
for port and vessel transitions.

To support such decision-making, it is recommended that future
studies build on these findings to develop comparative frameworks for
evaluating hydrogen carrier technologies. These frameworks could help
stakeholders assess trade-offs between technical feasibility, infrastruc-
ture compatibility, and environmental impact.

A key limitation of this study is the limited availability of empirical
data on the mechanical characteristics and flow behaviour of solid-
state NaBH,. Although it is assumed to be free-flowing under controlled
conditions, this has not been conclusively demonstrated in scientific lit-
erature. Furthermore, while the effects of temperature and humidity on
laboratory-scale samples of NaBH, have been reported, little is known
about the behaviour of bulk quantities under similar conditions.

While the question of scaling up the proposed technologies is impor-
tant, it may be premature to address it in detail. Many of the required
systems for bunkering—such as closed storage, dry conveying, and cli-
mate control—already exist in other industrial applications. Therefore,
the immediate focus should be on investigating the mechanical char-
acteristics of NaBH, and its spent fuels to determine whether existing
systems can be adapted for this purpose or whether new, dedicated
solutions must be developed.
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