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Non-fossil fuels are urgently needed for maritime and inland shipping applications to mitigate the sector’s adverse impact
on the global climate. This study investigates the performance of potassium borohydride (KBH,) as an alternative,
carbon-free energy carrier on the basis of detailed process simulations of the overall energy storage cycle in Aspen Plus®.
After optimizing the individual on-board and off-board process steps, the feasibility of installing a KBH,-based energy
supply system on board of an inland-waterway cargo vessel is evaluated and critical process steps are highlighted along

with current research challenges.
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1 Introduction

Anthropogenic greenhouse gas (GHG) emissions are re-
sponsible for continuous global warming [1]. In 2019, the
global average temperature reached 1.1°C above pre-
industrial levels and global warming is expected to increase
even further; currently by a rate of 0.2 °C per decade [2]. In
order to avoid significant and irreversible damage to the
natural ecosystem and human society, the global commun-
ity has agreed on taking measures to limit global warming
below 2°C compared to pre-industrial times during the
Paris Climate Conference in 2015 [3]. Such ambitious goals
can, however, only be achieved through a significant reduc-
tion of GHG emissions from all sectors [1].

Accounting for 25 % of the global carbon dioxide (CO,)
emissions, transportation-related activities are a major con-
tributor to climate change [4]. The shipping industry is cur-
rently responsible for only 2.64% of these emissions [5],
but under a business-as-usual scenario, shipping emissions
are projected to have increased up to 250 % by 2050 due to
an increased demand for international sea freight transport
[6]. This development jeopardizes the ambitious Paris
Agreement goals [6]. In order to mitigate the shipping sec-
tor’s adverse impact on the global climate, the International
Maritime Organization (IMO) is pursuing efforts to reduce
GHG emissions related to international shipping by at least
50 % by 2050 compared to 2008 [7]. Next to technological
solutions to increase the energy efficiency of ships (optimi-
zation of ship design, use of lighter materials, etc.) and
operational measures (reduction of voyage speed, optimiza-
tion of shipping routes, etc.), the use of alternative fuels is a
promising option to fulfill these ambitions [7, 8]. This shift
towards an increased use of non-fossil fuels for shipping is
accelerated by the IMO’s decision to decrease the upper
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limit on sulfur content of ship fuels from 3.5 % to 0.5% in
2020 in order to reduce the harmful emissions of sulfur
oxide and particulate matter [9, 10].

Next to liquefied natural gas, methanol and biofuels,
hydrogen (H,) has been identified as a promising alterna-
tive to heavy fuel and marine gas oil, which are currently
predominantly employed in the shipping sector [9]. While
significant progress is being made in the industrial-scale H,
production from renewable energy through water electroly-
sis [11,12] and the use of fuel cells (FC) on board of ships
[13,14], the transportation and large-scale storage of H,
remains a major bottleneck for its wide-spread use as fuel in
the shipping industry [15, 16].

With a lower heating value LHVy of 120 M] kg, H,
exhibits an excellent gravimetric energy density [17]. How-
ever, due to the gas’s low density at atmospheric conditions,
its energy content by volume of 9.9 MJ m™ is not competi-
tive with that of fossil fuels [15, 18]. In response to this chal-
lenge, a variety of different storage technologies has been
developed. Physical-based storage methods include the stor-
age of pure H, in compressed, liquefied or cold/cryo-com-
pressed form, while material-based storage technologies rely
on the use of storage materials. The latter can bind large
amounts of H, through physical (zeolites, metal organic
frameworks, etc.) or chemical sorption (liquid organic hy-
drogen carriers, ammonia, metal hydrides, etc.) [18].
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Among the chemical H, storage materials, metal borohy-
drides and in particular sodium borohydride (NaBH,) have
received significant attention over the past two decades, as
the chemically bound H, can be released via hydrolysis
under relatively mild conditions [19]. Continuous research
efforts have, however, not yet resulted in the H, storage
material’s successful commercialization but have, in con-
trast, suffered serious setbacks [20]. From an engineering
point of view, the successful implementation in technical
systems is mainly complicated by the limited solubility of
the hydrolysis by-product sodium metaborate (NaBO,),
which entails the risk for by-product accumulation within
the H, release reactor and eventual system clogging [21].

The present study focuses on a rather similar alkali boro-
hydride for use as H, storage material in the shipping sec-
tor: potassium borohydride (KBH,). Due to its higher molar
mass and therefore lower theoretical gravimetric H, storage
capacity compared to NaBH,, KBH, has been much less
investigated [19] apart from isolated studies regarding
material properties [22-25], the hydrolysis reaction [26-30]
as well as a series of patents [31-34]. However, KBH, is less
hygroscopic than NaBH, [35, 36], less heat is released dur-
ing the hydrolysis reaction [35] and the hydrolysis by-prod-
uct potassium metaborate (KBO,) is much less susceptible
to crystallization than NaBO, at low system temperatures
[22-25].

In this contribution, the potential of KBH, as energy car-
rier in the shipping sector is evaluated on the basis of a
detailed analysis of the full KBH4-based energy storage
cycle. While alkali borohydrides have previously mainly
been considered for application on board of light-duty
vehicles or for use in portable devices [37], this study
focuses on the application of KBH, in the shipping industry,
not only due to the vast potential for reduction of GHG
emissions in this sector [6], but also due to the nature of the
on-board H, release: H, is released from KBH, through
hydrolysis, i.e., through the reaction between KBH, and
water (H,O). In case of shipping applications, the latter can
be directly extracted from the waters surrounding the vessel,
thereby eliminating the need for storing large amounts of

H,O on board, which directly increases the carrier’s overall
energy storage capacity [38].

2 Modeling Framework

The following section describes the modeling strategy fol-
lowed in the present study.

2.1 Process Overview

The envisaged KBH,-based fuel cycle, which serves as the
basis for the present study, can be divided into two locally
separated subprocesses, as depicted in Fig.1. On board of
the inland waterway or seagoing vessel, the energy carrier,
which is stored in the form of a dry, solid powder to avoid
spontaneous H, liberation through self-hydrolysis [26], is
mixed with H,O. The latter can either be stored in a sepa-
rate tank or directly produced on board of the ship from
the waters surrounding the vessel through reverse osmosis.
While the use of such a reverse osmosis system has also
been considered in a recently published feasibility study
regarding the use of NaBH, as H, storage material for
inland shipping applications [39], such costly water purifi-
cation might not be necessary and, depending on the water
quality, seawater could be directly used in the hydrolysis
reaction as exemplarily demonstrated by Xi et al. [40] in the
case of NaBHy,.

The resulting aqueous mixture is preheated and fed to a
catalytic reactor, where H, is generated through hydrolysis.
The latter is fed to a proton-exchange membrane fuel cell
(PEMEFC), while the H,-lean, aqueous by-product solution
is stored on board of the ship until it can be unloaded at a
designated harbor and brought to a regeneration facility.
There, it needs to be dried and regenerated.

A variety of different methods have been proposed for the
rehydrogenation of NaBO, during the last two decades, as
summarized in a detailed review by Nunes et al. [41].
According to the type of energy source, these processes can

KBH,
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hydrogenation hydrolysis 2
E. [> electrolysis | oot iﬂ ****************** —>| fuel cell [> E,
25°C 1 bar 80 °C ¢ 3 bar

in ball milling reactor refueling with metal catalyst
Hzl station
MgH, MgO KBO, reverse

synthesis reduction osmosis*
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Figure 1. KBH,4-based energy storage cycle for shipping applications; only major process steps and streams

shown for reasons of clarity.
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be grouped into electrochemical, thermochemical and
mechanochemical regeneration pathways, of which the
mechanochemical reduction of NaBH, in the presence of
an auxiliary metal is currently the most advanced [41,42].
The regeneration of KBH, has been much less explored.
The few reported regeneration methods are, however, simi-
lar to the ones proposed for NaBH, [32,43]. The regenera-
tion scheme adapted in the present study is based on a
study by Li et al. [43], who demonstrated that KBH, can be
mechanochemically synthesized from anhydrous KBO,
through ball milling with magnesium hydride (MgH,)
under ambient conditions. Full conversion of KBO, was
reported to be achieved in case MgH, was supplied in ex-
cess to the reactant mixture [43].

The supplied MgH, is oxidized in the course of the regen-
eration process. Thus, in order to achieve a fully closed fuel
cycle, the reduction of the generated magnesium oxide
(MgO) as well as the rehydrogenation of the as-produced
magnesium (Mg) is indispensable, which greatly increases
the complexity of the overall system.

2.2 Aspen Plus® Process Model Setup and Simula-
tion Strategy

The process simulation software Aspen Plus® V12 [44] was
used to simulate the previously described energy storage
cycle on the basis of mass and energy balances without con-
sidering the kinetics of the involved process steps or process
economics. Customized models were integrated into the
simulation environment by dynamically linking Aspen
Plus® to Microsoft® Excel.

As most physical properties of the storage cycle’s two
key components KBH, and KBO, are not available in the
software’s standard material property database, the miss-
ing parameters were either supplied from external data
bases such as the NIST Chemistry WebBook [45,46] or
regressed with the software’s built-in data regression sys-
tem. In particular, the temperature-dependent solubility
was modeled using an electrolyte non-random-two-liquid
(ELECNRTL [47]) model under the assumption of negli-
gible pressure dependence. The necessary input values,
namely equilibrium and binary interaction parameters,
were determined based on experimental data from litera-
ture [22-24]. Exemplarily, the determined solubility curve
of KBO, in H,O along with the corresponding reference
literature data is shown in Fig.2. As can be taken from
the figure, the solubility of KBO, in H,O is only slightly
dependent on temperature. In contrast, the solubility of
NaBO, in H,O exhibits a much more pronounced tem-
perature dependence with solubilities ranging from
16wt % at 5°C to 49wt % at 95°C [48].

The modeling of the on-board KBH, hydrolysis and of
the onshore KBH, synthesis as well as of the onshore Mg
regeneration and MgH, synthesis is presented in the follow-
ing.
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Figure 2. Solubility of KBO, in H,O as a function of tempera-
ture; region, in which KBO, and H,O form homogeneous mix-
tures is indicated in light gray, and region of interest for hydrol-
ysis by-product composition is qualitatively highlighted by a
hatching.

2.2.1 On-board Hydrogen Release

H, is released on board of the ship through the hydrolysis of
KBH,. This reaction proceeds spontaneously upon contact of
KBH, with H,O in dependence on the system temperature
and the composition of the aqueous reactant mixture. How-
ever, itis generally carried out in the presence of a metal cat-
alyst to accelerate the H, release process [26,28]. While cata-
lysts based on noble metals such as rhodium, ruthenium and
platinum exhibit superior catalyst activities and stabilities,
the use of non-noble metals such as cobalt has been of con-
tinuous interest in view of the raw material’s lower price [49].

The hydrolysis reaction temperatures and pressures are
in excellent agreement with the typical operating conditions
of common low-temperature PEMFCs. The latter usually
operate at temperatures T between 50 and 80 °C and pres-
sures p between 1 and 3 bar [50]. In case of sufficiently high
H,O/KBH, feed ratios (FR) for full dissolution of the
hydrolysis by-product, the hydrolysis reaction can be repre-
sented by Eq. (1) [19,22,51]:

KBH, + (4 + e JH,0 —KB(OH), + 4H, + n,H,0 0
AHRp <0

Here, it should be noted that a potassium tetrahydroxy-
borate rather than a potassium metaborate solution is gen-
erated during hydrolysis with the formed metaborate ions
being present in the aqueous solution in the form of
B(OH); [51].

According to the previously presented reaction equation,
H,O not only serves as a reactant, which supplies half of the
generated H,, but also as a solvent for the hydrolysis
by-product, as is the case with the hydrolysis of NaBH,
[19]. Thus, H,O must be fed in excess amounts ., to the
reactor to avoid the formation of super-saturated, aqueous
solutions and thereby reduce the risk for by-product crys-
tallization and reactor clogging. This additional H,O supply
must, however, be kept as low as possible to save weight on
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board of the ship. The resulting region of interest for the

hydrolysis by-product composition is qualitatively high-

lighted in the corresponding solubility diagram in Fig.2 by

a hatching.

The process flow sheet of the on-board H, release
through hydrolysis of KBH,, which served as basis for the
Aspen Plus® simulations is depicted in Fig.3. The corre-
sponding major unit operations are specified in Tab.1. In
the process flow diagrams in Fig. 3 as well as in the follow-
ing Fig.4 and Fig. 5, energy streams that were considered
for the calculation of the overall energy efficiency are indi-
cated by dashed arrows. Furthermore, the legend given in
Fig.3 is also applicable to the process flow diagrams in
Fig.4 and Fig. 5.

The following major assumptions were considered in the
model:

— All process steps are at steady state.

— The reactant feed streams consist of 100 % KBH, or H,O.
This assumption serves as mere simplification for model-
ing purposes, while in reality, impurities would be pres-
ent in the supplied raw materials.

- The hydrolysis reaction (R1) proceeds with a KBH, con-
version X of 100 % [32].

— Electricity is generated in the FC (HyPM™ HD 180,
Hydrogenics) with an efficiency #gc in the range of
40-55 % and an efficiency 5y of approx. 50 % under half
load according to this FC’s typical performance curve
[52].

- Heat losses to the environment as well as the power con-
sumption of auxiliary system components are neglected.
Furthermore, the process simulation is based on the fol-

lowing design specifications:

- The KBH, feed flow rate is adapted according to the
required FC power output and corresponding H, demand.

— The H,O feed is set to the minimum possible flow rate,
at which by-product crystallization within the reactor is
avoided.

— The air supply to the FC is adapted according to the H,
feed stream to achieve a stoichiometric H,/O, mixture.

2.2.2 Onshore Potassium Borohydride Regeneration

As briefly described in Sect. 2.1, the present study assumes
the synthesis of KBH, through rehydrogenation of KBO, in
the presence of MgH, in a ball milling reactor under ambi-
ent conditions. As a low H,O content in the reactant mix-
ture was found to be crucial for achieving high KBH, yields
[43], the residual H,O must be fully removed from the
spent fuel beforehand. The synthesis of KBH4 from anhy-
drous KBO, and MgH, can be represented by [43]:

KBO, 4 2 MgH, - KBH, + 2 MgO AHy < 0 )

For separation of the solid reaction products, the present
study considers the solvent extraction of KBH, with ethyl-
enediamine (EDA) and the subsequent solvent regeneration
through thermal evaporation.

The process flow sheet of the onshore KBH, regeneration,
which served as basis for the Aspen Plus® simulations, is
depicted in Fig. 4. The corresponding major unit operations
are specified in Tab. 2.

The following major assumptions were considered in the
model:

— All process steps are at steady state.

- Anhydrous KBO, can be obtained by removal of H,O
from the spent fuel solution (E1) at temperatures above
250°C [53].

- KBO, is fully converted to KBH, in the KBH, synthesis
reactor (R2) [43].

- During product extraction (S1), KBH,

Air;

" i> KB(OH), H,0 1 »spent

fuel
=y EFC1
e A
H20in H0 > Airgy
KBH, hydrolysis
x \';I> Hzoout

is dissolved in EDA up to molar KBH,
contents xgpyy, 1, of 0.0417.
- 20 % of the EDA supplied to the prod-

Material uct extraction step (S1) remains in the
— Solid solid phase.

— Liquid - Heat losses to the environment as well

Gas as the power consumption of auxiliary

system components are neglected. In

""" Energy particular, the necessary input of

mechanical energy during ball milling

Figure 3. Process flow sheet of the on-board hydrolysis of KBH,4, which served as basis

for the Aspen Plus® simulations.

(R2) is not considered in the present
study due to a lack of literature data
regarding the performance and power

Table 1. Description of the major Aspen Plus® unit operations (UO) employed for modeling the on-board hydrolysis of KBH.,.

UoO T [°C] p [bar] Model Specifications

R1 80 3 RStoic KBH, + (4 + n1¢,) H,O — KB(OH), + 4 H, + 1o, H,0, X = 1
FCl (a) 80 3 RGibbs H,+050, > H,0,X=1

FC1 (b) - - Calculator Erci = |AHR|9pc
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Figure 4. Process flow sheet of the onshore KBH,4 regeneration, which served as basis for the Aspen Plus® simulations.

Table 2. Description of the major Aspen Plus® unit operations (UO) employed for modeling the onshore KBH,4 regenera-

tion.
Uuo T [°C] p [bar] Model Specifications
El 250 1 Flash2 Xm0 = 0
R2 25 1 Rstoic KBO, +2 MgH, — KBH,+2MgO, X = 1
S1 25 1 Sep xggH,,L = 0.047, xgpa, 1 = 0.953
E2/E3 120 1 Flash2 Xgpas = 0
H1 100 (Tmax.cold) 1 HeatX Tout,cold = 100°C
H2/H3 110 (Traxcold) 1 HeatX AT = 10°C

consumption of an upscaled ball milling reactor for

KBH, synthesis.

Furthermore, the process simulation is based on the fol-
lowing design specifications:

- The MgH, supply to the KBH, synthesis reactor (R2) is
adjusted according to the KBO, feed stream in a way that
the reactant mixture contains 2.7 molyg> molgpos ’ [43].

— The EDA supply is set to the minimum flow rate, which
allows for full KBH, extraction.

2.2.3 Onshore Magnesium Regeneration and
Rehydrogenation

As the continuous generation of waste products during
the regeneration of KBH, needs to be avoided, the reduc-
tion of MgO as well as the rehydrogenation of the as-pro-
duced Mg must be considered. The metal oxide reduction
pathways proposed in literature for closing the NaBH,-
based fuel cycle are based on conventional methods for
the industrial-scale production of Mg. They include the
regeneration of MgO through silicothermic reduction as

Chem. Ing. Tech. 2022, 94, No. 5, 1-14
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applied in the widely used Pidgeon process [54,55] as
well as the production of Mg through molten salt electrol-
ysis of magnesium chloride (MgCl,) [56,57]. While both
production processes, but in particular the former, are
characterized by a high energy demand and carbon foot-
print [58-60], continuous research is being conducted to
reduce the process’s energy intensity and environmental
impact [61,62] or to derive novel, less energy-intensive
pathways for Mg production [63]. The present study con-
siders the regeneration of Mg from MgO through the
electrochemical pathway, as the environmental impact of
such a process can be significantly decreased through
integration of renewable energy sources [59] and a con-
siderable expansion of the latter can be expected within
the next years [1].

This method includes the chlorination of MgO at an ele-
vated temperature of 900 °C and the subsequent electrolysis
of the generated MgCl, at 670 °C [56, 61], as represented by
Egs. (3) and (4), respectively. It must be noted that the use
of a reducing agent such as carbon for binding the gener-
ated oxygen (O,) is necessary for MgO chlorination on an

www.cit-journal.com



¢ These are not the final page numbers!
6

Chemie

Research Article Ingenieur
Technik

industrial scale in order to minimize the oxidation of MgCl,
[64]. This is, however, not considered in the present study.

MgCl, Mg +Cl, AHg >0 (4)

While heating the MgO-rich material stream generated
during KBH, synthesis to the elevated operating tempera-
ture of the previously described process steps, H, is desorb-
ed from the contained residual MgH,. In the developed pro-
cess model, this dehydrogenation step is assumed to occur
at a constant temperature level
and H, is assumed to be fully
desorbed at a temperature of
450 °C, which represents a sim-

form MgH, according to Eq.(5) [56] and the generated
metal hydride can subsequently be refed to the KBH, syn-
thesis reactor.

The process flow sheet of the onshore Mg regeneration
and rehydrogenation, which served as basis for the Aspen
Plus® simulations is depicted in Fig.5. The corresponding
major unit operations are specified in Tab. 3.

As can be taken from Fig. 5, the electrolysis of H,O and
MgCl, were included into the model in the form of black-
box processes, for which a specified energy consumption

Table 3. Description of the major Aspen Plus® unit operations (UO) employed for modeling the
onshore Mg regeneration and rehydrogenation.

plification in comparison to the YO rral p [bar] Model Specifications
experimentally observed desorp- g3 450 1 RStoic MgH, - Mg+H,, X =1
tion behavior [65,66]. Further- )
more, the present study considers R4 320 30 RStoic Mg +H, = MgH,, X =09
the separation of residual Mg  R5 900 1 User2 MgO +Cl, - MgCL +0.50,, X =1
from MgO through therrr.lal E4 1093 . Usera Xrags = 0
evaporation of the former prior
to the chlorination of the metal C1 64/270 (in/out) 1/30 (in/out) Compr Misentropic = 0.85, Nmechanical = 0.95
oxide. H4/H5  134/183 1 Heater ATy = 10°C

In order to close the KBHy- (Toaxcold)
based fuel cycle, Mg generated

i He6 / H7 1080 / 900 1 User2 Toutcold = 1080°C / 900 °C
according to Egs. (3) and (4) (T )
. max,cold
needs to be reacted with H, to e
TN
- MgO, MgH,, M,
Mg ’ g0, Mgh,, Mg N ¢ Ers
recycle
H4 H5
dehydrogenation

02<::|

®
/_\ N E
H.O C— ° E4
c1 > 0,
f E 1 compression
{ Eev ot A : E4’ )
Mg evapoartion
R4 | e
Mg- . Hr/Mgstynthesis €---- ER5
feed s MgH;, Mg X
‘_ _____ T— H7 MgCl; synthesis
e «— < MeClx
<
i EEL2

Figure 5. Process flow sheet of the onshore Mg regeneration and rehydrogenation, which served as basis for the Aspen Plus® simula-

tions.
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per unit of product was assumed without detailed consider-

ation of the involved process steps. H, was assumed to be

produced through alkaline water electrolysis with an effi-
ciency of 60 % and a corresponding energy demand Eg;; of

198 MJ per kg of H, [15]. The energy demand of electrolytic

cells for Mg production is dependent on the employed pro-

cess and the individual production plants [67]. Typical values
for industrial processes range from 36 to 47.52 MJkgug '

[61,67,68], while the energy consumption could be

decreased to as low as 28.8 MJ kgMg_1 in laboratory experi-

ments [61]. In the present study, an energy demand Egy, of

36 MJ kgMg’1 is assumed.

The following major assumptions were considered in the
model:

— All process steps are at steady state.

- H, compression from 1 to 30bar (Cl) is carried out in
two stages with pressure ratios of 7 and 4.3 and intercool-
ing to the initial temperature.

- Mg hydrogenation (R4) proceeds with a Mg conversion
X 0f 90 % [66].

- MgH, is fully dehydrogenated at a temperature of 450 °C
(R3).

- MgO chlorination (R5) proceeds with a MgO conversion
X of 100 %.

- Heat losses to the environment as well as the power con-
sumption of auxiliary system components are neglected.
Furthermore, the process simulation is based on the fol-

lowing design specifications:

- The H, supply to the MgH, synthesis reactor (R4) is
adapted according to the Mg feed stream to achieve a
stoichiometric H,/Mg mixture.

- Similarly, the Cl, supply to the MgCl, synthesis reactor
(R5) is adjusted to the MgO feed stream according to the
reaction stoichiometry.

2.3 Application Case

As an application case, this study considers a mid-sized
inland cargo vessel from Sendo Shipping B.V. [69], which is
propelled by two electric motors (Volvo Penta D16) of
450 kW each [70]. While the necessary electricity is currently
provided by two diesel generators, the present study assumes
the use of five 180 kW PEMFCs (HyPM™ HD 180 [52]) to
cater for power demands up to peak loads of 900 kW. Rele-
vant technical specifications can be taken from Tab.4 and
are defined in accordance with literature data [70, 71].

Table 4. Technical specifications of the model ship considered
in the present study.

Parameter Value

Dimensions 110 mx11.45m (length xwidth)

Power demand 450 kW (partial load), 900 kW

(full load)

Cargo capacity 164 TEU (3400, 6276 m®)

3 Results and Discussion

The developed Aspen Plus® simulation model was em-
ployed to optimize and evaluate the individual process steps
as well as the overall energy storage cycle as a whole. The
results are discussed in the following.

3.1 Optimization of Operating Conditions for
On-board Hydrogen Release

The hydrolysis system’s overall performance is highly sensi-
tive to the operating temperature, pressure and H,O/KBH,
FR. While the operating conditions of the two main system
components, i.e., hydrolysis reactor and FC, could theoreti-
cally be decoupled through integration of additional tem-
perature and H,O management systems, the present study
assumes hydrolysis reactor and FC to operate under identi-
cal conditions to minimize the complexity of the overall
system.

The minimum necessary H,O excess ., and thus mini-
mum necessary H,O/KBH, molar FR to avoid by-product
precipitation in the hydrolysis reactor in dependence on the
reaction temperature and pressure is depicted in Fig. 6
along with the low-temperature PEMFC’s typical operating
window.

-
N

1 bar

-
-

2 bar

/
4

3 bar

-
o

S

[ec]

H,0/KBH, feed ratio / -
[(e}

|

|

20 40 60 80 100 120
Temperature / °C

~

Figure 6. Minimum H,0/KBH,4 molar feed ratio to avoid by-
product crystallization during KBH, hydrolysis as a function of
temperature and pressure; typical PEMFC operating window in-
dicated in gray and determined, optimized operating condi-
tions highlighted by a circle.

Higher pressures generally have a beneficial effect on the
minimum H,O/KBH, FR as the H,O content in the gas
phase and thus the amount of H,O, which is evaporated
from the liquid phase, is decreased with increasing system
pressure. In contrast, an optimum system temperature,
below which the minimum H,O/KBH, FR is decreasing
with increasing temperature and above which the minimum
H,O/KBH, FR is increasing with increasing temperature,
can be identified for all pressures. This is due to two tem-
perature-dependent phenomena with opposite effects on
the necessary H,O excess #,,: On the one hand, the H,O
vapor pressure is increasing with increasing temperature

Chem. Ing. Tech. 2022, 94, No. 5, 1-14 © 2022 The Authors. Chemie Ingenieur Tech-
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leading to increased water evaporation [72], which results
in an increased water demand at higher temperatures. On
the other hand, higher temperatures result in a slightly
higher by-product solubility, as shown in Fig. 2, and thereby
help to decrease the necessary amount of H,O to fully dis-
solve a certain quantity of KBO,.

Based on these considerations, an optimum operating tem-
perature and pressure of 80 °C and 3 bar with a correspond-
ing minimum H,O/KBH; FR of 7.4moly,0 molgpps ™
(2.5gm0 gKBH4'1) was identified and employed in all calcula-
tions. Under these optimized reaction conditions, the H,
product stream exits the hydrolysis reactor with a relative
humidity of approx. 71 % and could thus be directly fed to
the PEMFC without the need for an additional H,O man-
agement system to reduce the risk for FC flooding or dry-
out of the FC membrane [73].

With only 16 wt %, the solubility of the reactant KBH, in
H,O is lower than that of the by-product KBO, [23,24].
Thus, while the by-product stream exiting the hydrolysis
reactor is in the form of a solution under the chosen H,O/
KBH, FR, the reactant stream entering the reactor is a sus-
pension with a solid particle loading of approx. 15wt %.
From an engineering point of view, this brings along con-
siderable challenges in terms of controlled reactant flow
guidance and mixing within the reactor as well as in terms
of mechanical catalyst stability and entails the necessity for
developing novel catalytic reactor concepts for such multi-
phase reaction systems. Unlike in the case of NaBH,, lim-
ited practical experience of multiphase reactors for the
hydrolysis of KBH, has, however, been gained and pub-
lished until now.

3.2 Technical Feasibility of Integrating the
Hydrogen Release System on Board of the
Model Ship

In order to cater for the model ship’s power demand under
partial and full load, KBH, must be supplied to the hydroly-
sis system at feed flow rates of 46 gs™' and 113 gs™', respec-
tively, as can be taken from Fig.7. The slightly nonlinear
relation between the PEMFC’s power output and the neces-
sary KBH, feed flow rate is due to the considered FC’s
decreasing efficiency with increasing net power output [52].

Considering that the ship is usually operated at partial
load for 95 % of its voyage time [74], an average KBH, feed
stream of 50gs™' must be supplied to the on-board H,
release system. The hydrolysis system’s fresh H,O demand
of 113gs™" under partial, 279 gs™ under full and 121 gs™
under average load can be significantly decreased by recy-
cling the H,O generated in the FC. In particular, under the
previously specified operating conditions, 54 % of the ves-
sel’s fresh H,O demand can be covered through H,O recir-
culation. If necessary, a reverse osmosis system such as
Pragma Chimica’s PRAGMA RO 500 with a permeate
throughput of 500Lh™ and an energy consumption of
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Figure 7. Necessary KBH, feed flow rates and external H,O
demand in case 0 % or 100 % of the H,O generated in the FCis
refed to the reactor as a function of the FC's power output; the
model ship’s power demand under partial and full load of 450
and 900 kW, respectively, is marked by solid lines.

0.55kW [75] could be employed to purify the freshwater
feed stream. This purification system’s energy demand
accounts for less than 0.2 % of the FC’s power output under
average load.

In conventional applications, fossil ship fuels are burnt
on board of the vessel, which results in an overall weight de-
crease. By contrast, the use of KBH, is characterized by an
overall weight increase due to the formation of the 52 %
heavier KBO, from KBH, on the one and the need for on-
board storage of considerable amounts of H,O extracted
from the waters surrounding the vessel to avoid by-product
crystallization on the other hand. The model ship’s overall
weight increase under the assumption of a total voyage time
of three days without interim loading or unloading can be
taken from Fig.8. Herein, the equipment weight was
roughly approximated based on literature data on related
technical systems [76] as well as kinetic data [30,77,78]. It
includes the weight of all major system components, most
importantly of the fuel storage tanks, the hydrolysis reactor
with gas-liquid separator and the FC stack.
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Figure 8. Temporal evolution of the overall H; release system
weight and corresponding weight share in relation to the
model ship’s cargo capacity assuming three days of continuous
operation; equipment-related system weight indicated in gray.
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While the overall mass of the KBH,-based H, release sys-
tem is increased by a factor of 2.6 after the vessel’s continu-
ous operation of three days, the maximum system weight
corresponds to merely 1.4 wt% and the maximum system
volume to 0.8 vol % of the model ship’s total cargo capacity.
The use of KBH, as energy carrier on board of medium-
sized inland-waterway cargo vessels comparable to the
model ship employed in the present study is thus deemed
feasible from a practical point of view.

3.3 Energetic Evaluation of the Overall Energy
Storage Cycle

In comparison to other chemical H, carriers such as formic
acid, dibenzyltoluene or magnesium hydride, from which
H, is released through endothermic processes that require
external energy input [15], H, release from KBH, through
hydrolysis is an exothermic process, which takes place
under near-ambient conditions. Hence, this process step
requires minimal energy input, which greatly reduces the
complexity of the on-board H, release system.

As can be taken from Fig.9, a considerable amount of
energy is, however, required for the regeneration of the
H,-lean storage material in general and for the production
of Mg through MgCl, electrolysis as well as for the solvent
(EDA) recovery in particular. The latter are responsible for
41 % and 26 % of the total energy input for KBH, regenera-
tion, respectively. A reduction of the overall energy demand
of up to 13 % with respect to the total energy input and up
to 34 % with respect to the energy demand of the core pro-
cess steps E.ore can be achieved through heat integration
within the individual process steps as indicated in Fig. 4 and
5. While an even more pronounced reduction of the overall
energy demand could theoretically be achieved through heat
integration not only within but also between the individual
subprocesses, such measures were not considered in the
present study as they would significantly increase the com-
plexity of the overall process as well as the connected uncer-
tainties.

250
¢ I
2200+
=
=

*
= 1501 1| I core process
a energy savings
£ 1004 [ blackbox process
> * theoretical minimum
o
- *
2 504
| |
0- #i =
Eer Eer Ees Ecy Ers Ees Ers Eeuq Eepo

Figure 9. Energy demand of the individual KBH4 regeneration
steps (P1: spent fuel drying, P2: EDA recovery, P3: MgH,
(de)hydrogenation, P4: Mg evaporation and MgO chlorination,
P5: H,0 and MgCl, electrolysis) per kg H, supplied to the FC.
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The overall fuel cycle’s H, storage efficiency #yy, defined
according to Eq. (6) can be increased from 22 % without to
25% with heat integration. Under the assumption of H,
production through H,O electrolysis with an efficiency of
60 % and electricity generation in a FC with an efficiency of
50 %, an energy input of 521 MJ is necessary to supply 1kg
of H, to the FC, which translates into an overall energy stor-
age efficiency 77g,g defined according to Eq. (7) of 12 %.

B LHVy,
17H2H B 0.5 LH‘/Hz + Ecore + EELZ

(6)

Npc LHVy,

- (7)
EELI + Ecore + EELZ

NMeE =

This relatively high energy demand can mainly be attrib-
uted to the need for using MgH, as auxiliary material in the
carrier regeneration step, which results in two connected
regeneration cycles instead of merely one recycling step. A
more direct route to either regenerate KBH, without the
need for an additional reactant or to reduce the employed
auxiliary material’s oxide MgO in a more energy-efficient
manner is thus highly critical for closing the overall fuel
cycle and turning KBH, into a potential candidate for
widely used H, storage materials. Furthermore, while the
herein assumed mechanochemical synthesis of KBH,
through ball milling of KBO, with MgH, under ambient
conditions has been carried out efficiently on laboratory
scale [43], the scale-up of this reactive ball milling process is
not straightforward and has not yet been successfully dem-
onstrated [42, 79, 80].

For this reason, several authors proposed regeneration
pathways based on the conventional Brown-Schlesinger
process for the production of NaBH, with boric acid as an
intermediate product [80,81], even though the latter is
complex and up to now highly energy-intensive [41]. In
view of the fact that electricity generation from renewable
energy sources will be significantly expanded within the
next years [1], the use of electrochemical processes during
the spent fuel regeneration can be seen as an interesting
option. In this context, the direct reduction of MgO
through solid oxide membrane electrolysis could be a
promising alternative to the energy-intensive Mg produc-
tion through electrolysis of MgCl, considered in the present
study [59,82]. Likewise, the direct electrochemical reduc-
tion of the alkali borate could be a promising option [41].
However, only a limited number of studies has been pub-
lished regarding this topic and until now, no successful
implementation of such an electrochemical pathway could
be demonstrated [41,42].

3.4 Comparison with Other, Non-Fossil Energy
Storage Materials

As can be taken from Fig. 10a, gravimetric and volumetric
energy densities of 7.7 MJ kgtank_l and 5.8 MJ Ly * can be

www.cit-journal.com
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Figure 10. Comparison of KBH, with other energy carriers in terms of gravimetric and
volumetric energy densities (a) and energy demand for producing, storing and even-
tually releasing 1kg H,-equivalent (b); values for CGH (compressed Hs), LigH (liquefied
H,), FA (formic acid), FTD (Fischer-Tropsch diesel), MeOH (methanol), SNG (synthetic nat-

ural gas), DBT (dibenzyltoluene) and NH3 (ammonia) from [15].

achieved with a KBH,-based H, release system. These val-
ues were determined based on the average system mass and
overall system volume of a H, release system suitable for
catering for the considered model ship’s power demand in
case of continuous operation during three days without
interim loading or unloading. A qualitative comparison
with reference data taken from [15] without further editing
shows that KBH, is superior to the physical storage of H, at
elevated pressures of 700bar and comparable to other
chemical hydrogen carriers such as dibenzyltoluene in
terms of energy densities. Similarly, the necessary energy
demand for the production, storage and eventual on-board
release of 1 kg H,-equivalent is higher but in the same order
of magnitude as that of most other, novel energy storage
materials, as shown in Fig. 10b.

In comparison with the other non-fossil energy carriers
specified in Fig. 10, the use of KBH, as H, storage material
for shipping applications entails a series of advantages,
which are mainly related to the material’s facile on-board
storage as well as to the nature of the on-board H, release
and power generation. Most importantly, unlike carbon-
based energy carriers such as Fischer-Tropsch diesel, syn-
thetic natural gas, methanol and formic acid [15], its
on-board use is fully free of the emission of greenhouse
gases, particulate matter or other pollutants. Furthermore,
KBH, is a solid material and thus much easier to handle
than gaseous or liquefied, toxic ammonia [83]. In contrast
to liquid organic hydrogen carriers such as dibenzyltoluene
[15], H, can be released from KBH, in an exothermal reac-
tion with minimum energy input. Lastly, KBH, can be
stored on board of the ship under near-ambient conditions
without the need for excessively high pressures or low tem-
peratures as is the case with the storage of H, in its physical
form through compression or liquefaction [19].
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excellent compatibility with the consid-
ered low-temperature PEMFC, particu-
larly because the H, stream entering the
FC is already humidified in the hydroly-
sis reactor, which renders an additional
H,0 management system unnecessary. A
mid-sized inland-waterway cargo vessel with an assumed
continuous operation time of three days was employed as
model ship to verify the feasibility of using KBH, as energy
carrier in the shipping sector. As the overall weight of the
H, release and power generation system only accounts for
1.4 wt % (0.8 vol %) of the overall cargo capacity, such an in-
stallation was deemed feasible.

In the recycling of the H,-lean carrier material, the regen-
eration of the auxiliary metal Mg through molten salt elec-
trolysis of MgCl, as well as the recovery of the solvent
employed during downstream processing (EDA) were iden-
tified as critical process steps and the need for thorough
heat integration, which allows for increasing the overall H,
storage efficiency from 22 to 25 %, was underlined.

The system-based gravimetric and volumetric energy den-
sities of 7.7 MJ kgmnk‘1 and 5.8 MJ L b, respectively, were
found to be comparable with the corresponding values of
other, non-fossil energy carriers. However, due to the energy-
intensive KBH, regeneration, the overall energy demand of
521 MJ for releasing 1 kg H,-equivalent on board of the ship
was found to be higher than that of most of the other consid-
ered energy storage materials and comparable to the energy
requirements for producing Fischer-Tropsch diesel.

In conclusion, a high potential can be attributed to
KBH, as energy storage material in the shipping sector
based on its ease of handling as well as the facile on-
board H, release and power generation, which is fully free
of GHG emissions. However, an efficient pathway for the
regeneration of the spent fuel is urgently needed and sig-
nificant efforts must be undertaken in this field of
research, as recyclability is an important prerequisite for
the widespread and sustainable use of any chemical ener-
gy storage material.

Chem. Ing. Tech. 2022, 94, No. 5, 1-14
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I Symbols used

E

AHg

[J kg’l] energy relative to a reference mass

[J kg‘l] net energy input relative to a
reference mass

[J kg’l] reaction enthalpy relative to a
reference mass

[-] water excess

[Jkg'] lower heating value of H,

[kg s'] mass flow rate of component i

[Pa] pressure

[K] temperature

[K] temperature difference

[-] mass fraction of component i in
phase j

[-] mole fraction of component i in
phase j

[-] conversion

[-] efficiency

I Sub- and Superscripts

cold
EDA
el
E2E
FC
G
H2H
in
max
min
out

cold stream in a heat exchanger
ethylenediamine
electrical

energy storage
fuel cell

gas

hydrogen storage
inlet

liquid

maximum
minimum

outlet

solid

I Abbreviations

EDA

ethylenediamine

ELECNRTL electrolyte non-random-two-liquid
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FC fuel cell

FR feed ratio

GHG greenhouse gas

IMO International Maritime Organizations
PEMFC proton-exchange membrane fuel cell
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