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Abstract

For a hydrogen-based economy, safe and efficient hydrogen storage is essential. Compared to other chemical
hydrogen storage technologies, such as ammonia or methanol, liquid organic hydrogen carrier (LOHC) systems
allow for a reversible storage of hydrogen while being easy to handle in a diesel-like manner. In our
contribution, we describe for the first time the successful utilization of the exhaust gas enthalpy of a porous
media burner to directly supply the dehydrogenation heat for a kW-scale dehydrogenation of the hydrogen-rich
LOHC compound perhydro dibenzyltoluene (H18-DBT). Our setup demonstrates the dynamics of the
dehydrogenation unit at a realized maximum hydrogen power of 3.9 kW, based on the lower heating value of
the released hydrogen. For the intended applications with fluctuating hydrogen demand, e.g. a hydrogen
refuelling station (HRS) or stationary heating in buildings, a dynamic hydrogen supply from LOHC is
important. Methane, e.g. from a biogas plant, is utilized in our scenario as a fuel source for the burner. Hydrogen
is released within 30 minutes after cold start of the system. The dehydrogenation unit exhibits a power density
relative to the reactor volume of about 0.5 kWnerm 1! based on the lower heating value of the hydrogen and a
catalyst productivity of up to 0.65 g gpe! min™! for hydrogen release from H18-DBT. An analysis of the by-
products and reaction intermediates shows low by-product formation (e.g. maximum 0.6 wt.-% for high boilers
and 0.9 wt.- % for low boilers) and uniform distribution of intermediates after the reaction. Thus, a relatively
homogeneous temperature distribution and a uniform LOHC flow in the reaction zone can be assumed. Our
findings illustrate the dynamics (heating rates of about 10 K min') and performance of direct heating of a
release unit with a burner and represent a significant step towards LOHC-based hydrogen provisioning systems
at technically relevant scales.
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1. Introduction

A hydrogen-based economy requires the storage and transportation of large quantities of hydrogen over long
periods and distances [1]. Especially in regions that do not have enough capacities to produce so-called green
hydrogen (e.g. due to lack of wind, solar or hydro power or high population density), this is of crucial importance
to ensure a permanent and secure availability of hydrogen in sufficient amounts [2, 3]. Due to its high
gravimetric energy density of 33.3 kWh kg and short refueling times, hydrogen, a particularly clean and
climate-neutral energy carrier, has great potential in stationary applications with high energy requirements and
mobile applications, such as heavy duty or long-distance freight transport [4, 5]. However, storing hydrogen in
the gaseous form is expensive since it has a low volumetric energy density (3 Wh I'") under atmospheric
conditions [2, 6]. In recent decades, several technologies have been explored to solve this challenge and to store
large quantities of hydrogen over a long period of time and in a dense and safe form to serve as an energy vector
comparable to today's fossil fuels [1, 4, 7-13]. Chemical or physical storage of hydrogen is a very attractive
option to meet the desired requirements of a hydrogen-based economy [1, 7, 14]. Chemical hydrogen storage
technologies can generally be divided into technologies that use gaseous or liquid compounds as hydrogen-lean
storage molecules. CO,- or N»r-based technologies store hydrogen in the form of methanol or ammonia
molecules with high gravimetric energy density (approx. 5 — 6 kWh kg™!). The release of pure hydrogen from
the latter, however, requires steam reforming and cracking processes combined with gas separation and
purification steps. Hydrogen storage technologies such as liquefied and compressed hydrogen or the use of
liquid organic hydrogen carrier systems reach lower gravimetric energy densities (approx. 1.5 —2 kWh kg™!),
but enable much easier production of pure hydrogen [8]. In comparison to methanol, the use of LOHC systems
does not emit harmful greenhouse gases (e.g. CO») at the point of use. Compared to ammonia, LOHC are easier
to handle due to their lower toxicity and liquid aggregate state at ambient temperature [8].

1.1. LOHC technology and heat supply during hydrogen release

In recent years, LOHC systems have gained increasing attention for the transport or storage of large amounts
of hydrogen at ambient pressure and temperature [5, 12, 15-19]. LOHC systems are composed of organic
compounds that can be catalytically hydrogenated and dehydrogenated in repeated reversible cycles [6, 15, 20].
A liquid storage medium for hydrogen enables storage in simple vessels under ambient conditions, transfer with
pumps, and use of existing liquid fuel infrastructure. Exothermic hydrogenation and endothermic
dehydrogenation of the carrier molecule can either be performed in the same reactor in the application case of
energy storage or in different reactors, in the application case of transportation [17, 21, 22]. LOHC technology
also allows the required hydrogen output power (conversion unit) or the energy stored in the LOHC system
(storage volume) to be adjusted depending on the demand [16].

The LOHC system dibenzyltoluene (HO-DBT)/ perhydro dibenzyltoluene (H18-DBT) has advantageous
properties for industrial applications [15, 18, 23, 24] compared to previously discussed systems, such as
toluene/methylcyclohexane [25] or N-ethylcarbazole/perhydro—N-ethylcarbazole [8, 26]. The DBT-based
LOHC system was selected for our application due to its high hydrogen storage capacity of 6.2 mass %, high
thermal stability, well characterized toxicological and eco-toxicological properties, and excellent commercial
availability. In addition, the high boiling point of 390°C (HO-DBT) and the high flash point of 200°C results in
good intrinsic safety and simplified handling of this LOHC system [15, 27, 28].

The key process step for hydrogen release is the catalytic dehydrogenation of H18-DBT. Regarding the storage
capacity of this LOHC system, 56.6 g of releasable hydrogen is stored in 11 of H18-DBT. This means that
2.05 kWh of energy is stored in 1kg of H18-DBT [29, 30]. Typically, the dehydrogenation requires a
temperature level between 280°C and 320°C, a Pt/Al,Os-catalyst, a low pressure level of 0.1 MPa to 0.5 MPa,
and energy in the form of heat [6, 30, 31]. The amount of energy required for the strongly endothermic H18-
DBT dehydrogenation is 65 kJ per mol of H, (at ambient conditions) [27]. Consequently, 27 % of the lower
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heating value of the hydrogen stored in H18-DBT is required to provide the heat for the dehydrogenation
reaction. Thus, heat provision and heat integration aspects are an important focus in developing effective
hydrogen release processes for this LOHC system [16].

Current LOHC systems typically use catalyst pellets placed in tubes as packed beds [32-34]. Various options
are described in the literature to achieve optimal system dynamics and power density of the LOHC
dehydrogenation unit if the catalyst-filled reaction volumes are heated from the outside [20, 32, 35-39]. For
most published LOHC dehydrogenation applications, heat for the endothermic reaction is supplied via a heat
transfer fluid [6, 15, 34, 40]. Previous studies have also described the coupling of the dehydrogenation process
with various heat sources [41]. Preuster et al. utilized the waste heat of a solid oxide fuel cell [16] and Hampel
et al. applied the exhaust gas enthalpy of a hydrogen-fueled micro gas turbine for dehydrogenation experiments
[42]. Furthermore, Schumacher et al. demonstrated the use of waste heat from an internal combustion (IC)
engine in a simulation study [43]. Krieger et al. presented a theoretical concept and simulations for coupling
the LOHC dehydrogenation process with industrial waste heat [44]. Rao et al. [45] simulated the optimization
of a LOHC dehydrogenation system by supplying energy with a hydrogen burner. Badakhsh et al. [46]
demonstrated LOHC dehydrogenation using a highly integrated heat pipe reformer with a hydrogen burner and
Ali et al. [47] used a microchannel reactor for the dehydrogenation of perhydro-dibenzyltoluene. Furthermore,
with the so-called hot pressure swing reactor concept, a design for integrating the heat of hydrogenation for
dehydrogenation was presented [17, 29, 48]. The dynamic behavior of the dehydrogenation process in
combination with a polymer electrolyte membrane (PEM) fuel cell, was studied by Fikrt et al. [40] and Geiling
etal. [39]. While Fikrt et al. improved the dynamic behavior of the dehydrogenation process by pressure changes
in the free-volume between the dehydrogenation unit and the PEM fuel cell, Geiling et al. used pressure changes
inside the dehydrogenation unit to enable dynamic combined operation of PEM fuel cell and LOHC
dehydrogenation unit [39, 40]. Moreover, Miiller et al. investigated the potential to combine different types of
fuel cells with an LOHC release unit [49] and Haupt et al. used simulations to demonstrate the potential of heat
integration via a combined heat and power system [50]. There is still significant potential to increase H18-DBT
dehydrogenation performance, especially reactor heating dynamics and efficiency through optimized thermal
management. One promising option to achieve this target is the use of a burner for direct heating of the
dehydrogenation reactor.

For the specific requirements of this application, i.e. heat dissipation over a broad area and a large power
modulation range, a porous media burner seems particularly beneficial. Compared to a burner concept using a
free laminar flame [46], such a burner is characterized by increased heat and mass transfer in the reaction zone.
The reason for this behavior is the significantly higher conductivity and emissivity of solids compared to gases.
A fundamental factor for the penetration of the flame front into the porous medium is the relation between the
heat generated by the combustion reaction and the heat dissipation, which results from the heat transport in the
reaction zone [51]. The advantages associated with this type of burner include low pollutant formation and high
fuel flexibility. A porous media burner can be operated with liquid and gaseous fuels over a wide range of
equivalence ratios. The homogeneous temperature distribution on the burner surface of the porous media burner
results in low NOy and CO emissions [51-54]. Furthermore, the variable burner shape and simple burner design
were reasons for choosing a porous media burner for this study [51]. Consequently, direct heating of a
dehydrogenation unit with a porous media burner via the exhaust gas is a promising approach to achieve
dynamic and energy-efficient release behavior.

To the best of our knowledge, no direct heating of a LOHC release unit on a kW-scale using a porous media
burner (PMB) has been realized so far. In a previous work of some of us, a small-scale dehydrogenation setup
with a maximum hydrogen release of 72 W, heated by a porous media burner was developed [55]. As we have
learned from our previous work, this solution offers the advantage of a very dynamic controllability of the
heating process in combination with a high heating temperature. The burner exhaust gas volume flow and
temperature can be adapted to the requirements of the dehydrogenation plant within a few seconds, simply by
adjusting the burner load. In this article, a release unit directly heated by a porous media burner is investigated
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at a technically relevant kW-scale, with the reactor developed and designed on the basis of the findings of our
previous work.

1.2. Reaction intermediates and by-product formation during the dehydrogenation of H18-DBT

An important factor to be considered in the dehydrogenation of H18-DBT is the formation of reaction
intermediates and by-products. In this context, the reaction intermediates are species with partially
hydrogenated rings and regioisomers. Thus, up to six DBT species can be formed by dehydrogenation of H18-
DBT, ecach of them consisting of several regioisomers [31]. The by-products formed by undesired side-
reactions, can be divided into low boiling components (e.g. toluene, cyclohexane) and higher boiling
components (e.g. fluorene derivatives with boiling points >390°C at ambient pressure) [29]. While the traces
of low boiling by-products formed during dehydrogenation, such as methane, benzene, toluene, cyclohexane,
methylcyclohexane, ethane, carbon dioxide, and carbon monoxide, can be almost completely removed by
degassing the LOHC material, some of the high boiling by-products are more difficult to separate without
LOHC losses [17, 39, 56]. These high boilers typically represent LOHC substances themselves (they are
hydrogenated and dehydrogenated together with the Hx-DBT compounds), but their formation should be
limited to a certain amount as they change the physico-chemical properties of the carrier liquid [56]. The content
of intermediates and by-products in the reaction product depends on the catalyst [29, 33, 57, 58], but is also
influenced by reaction conditions [31]. In particular, the concentration of reaction intermediates can give
information about temperature and flow distributions in the reaction volume. As an example, one can assume
inhomogeneous temperature and flow distribution if mainly completely unloaded and loaded DBT are present
in the product stream. Due to the dynamics of the dehydrogenation reaction, an equal distribution of the reaction
intermediates indicates a homogeneous temperature and flow distribution [29, 31, 56]. By monitoring the
reaction intermediates and by-products through samples taken in the product stream, we aim to obtain an
indication of the temperature and flow distribution in our dehydrogenation unit during the hydrogen release
reaction from H18-DBT.

1.3. Aim of this work

The purpose of this work is to demonstrate the feasibility and the advantages of a LOHC dehydrogenation
system on a kW-scale heated directly by a porous media burner. In such a setup we aim to investigate the factors
influencing hydrogen output and system dynamics during hydrogen release from H18-DBT. A particular focus
is on the design and dimensioning of the release unit on a kW scale. The targeted power range defines the
required size of the reaction volume, the associated heat transfer area for direct heating with the burner, and the
respective burner exhaust gas velocities. In this work, a new design is shown which takes these aspects into
account. Our investigation focuses on optimizing power density, overall system efficiency, and heat input to
the dehydrogenation unit. In this context, the temperature levels and temperature distributions are investigated
via thermocouples. In our case of a technically relevant dimensioned dehydrogenation unit, a further focus is
on by-product formation. By-product formation has a significant influence on the required hydrogen
purification processes. Moreover, it can be used to identify possible temperature non-uniformities. Therefore,
product samples are analyzed for reaction intermediates and by-products.

In this work, a kW-scale hydrogen delivery system for a prototype hydrogen refueling station (HRS) is
developed. Since a permanent and safe storage of hydrogen at the refueling station is required, LOHC
technology will be used to deliver elemental hydrogen for mobile applications [12, 22]. Compared to existing
solutions, we focus on a geometrically adjusted dehydrogenation unit with 4 kW, output power (based on the
lower heating value of hydrogen) which is characterized by optimization of heat transfer for direct heating with
a porous media burner. The burner is operated with the fuel methane, which may be produced as biomethane
using renewable sources resulting in a significant reduction of absolute emissions compared to the use of natural
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gas [59]. In this contribution, hydrogen release rates, burner exhaust gas, LOHC temperature levels, and the
degree of hydrogenation for various reaction conditions (LOHC mass flows ranging from 1.6 kg h'! to 4.2 kg h-
!, average temperature in the reaction volume between 285°C and 320°C and an absolute pressure level between
1.6 bar and 3.3 bar) are presented. Catalyst productivity and hydrogen yield are calculated and compared to
values of alternative reactor and heating concepts from the literature. Furthermore, pollutant emissions of the
burner are measured during cold start and operation, and contents of reaction intermediates and by-products are
analyzed. Finally, the efficiency of the system is determined for specific measurement points.

2. Experimental
2.1. Burner and dehydrogenation setup

The investigation on a directly burner-heated dehydrogenation unit was performed in a self-designed and self-
constructed kW-scale setup (see Fig.1), which is located at the Energie Campus Niirnberg.

a) Research setup b) Dehydrogenation system

(1) LOHC storage vessel
(2) Gear pump unit for LOHC feeding
(3) Dehydrogenation system
(3a) LOHC preheater
(3b) Fixed-bed reactor
(3c) Porous media burner
(4) Hydrogen filter
(5) Hydrogen mass flow meter

(6) Exhaust system

Figure 1: Photograph of a) the research setup for H18-DBT dehydrogenation at the Energie Campus Niirnberg (picture:
EnCN / Kristin Zeug) and b) the applied dehydrogenation system in detail with the main components labelled.

The hydrogen release experiments were performed in an in-house built 7.3 | stainless-steel fixed-bed reactor
with custom-made thermal insulation (BRA-FLEX, Brandenburger Isoliertechnik GmbH&Co. KG, Germany)
and heated by an efficient porous media burner. The burner, specifically developed for our application was
operated with the fuel methane (grade 2.5 corresponding to a purity of > 99.5 %, Linde AG, Germany) using a
maximum thermal load of 3.0 kW. The methane used can also be produced as biomethane to significantly
reduce emissions. Two Bronkhorst mass flow controllers (Bronkhorst High-Tech B.V., Netherlands) controlled
the amount of methane and air fed into the burner. For the air volume flow, a F-202AC-RGB (flow range
5-150 Iy min!) and for the methane volume flow, a F-201CV-10K (flow range 0.08 — 15 Iy min!) flow
controllers were used. The equivalence ratio was evaluated using a lambda sensor (type LSU 4.9, Bosch,
Germany) positioned in the exhaust gas downstream of the LOHC preheater. The H18-DBT was pumped from
the LOHC storage vessel (capacity of about 25 1) via the LOHC preheater into the dehydrogenation unit using
a micro annular gear pump (MZR-7245, HNP Mikrosysteme GmbH, Germany). This involved controlling the
LOHC mass flow rate with the Bronkhorst Coriolis mass flow meter M15-PGD (flow range 0.2 — 5.0 kg h™!).
The volume flow of the released hydrogen was measured using the Bronkhorst mass flow meter F-112AC (flow
range up to 60 Iy min™'). The released hydrogen was fed to the exhaust system after flow measurement.
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The dehydrogenation experiments were conducted using hydrogenated dibenzyltoluene (H18-DBT,
hydrogenation grade > 99 %) purchased from Eastman Chemical Company, United States. For all experiments,
the catalyst in the dehydrogenation unit was a 0.3 mass % Pt on alumina eggshell material provided by Clariant
Produkte (Deutschland) GmbH. The diameter of the used catalyst spheres was 2 — 4 mm.

Figure 2 shows a schematic flow diagram of the experimental setup. During the dehydrogenation experiments,
the gear pump delivers the required amount of H18-DBT controlled by the Coriolis mass flow meter from the
storage tank into the fixed bed reactor via the LOHC preheater. A shell and coiled tube heat exchanger with a
tube length of 1.3 m, through which H18-DBT flows and which is surrounded by the burner exhaust gas, served
as a LOHC preheater. At the point with the highest temperatures calculated in the simulation and measured in
preliminary tests, a type K thermocouple is placed to control the maximum temperature inside the
dehydrogenation unit. The average temperature in the dehydrogenation unit, which at the same time reflects the
set reaction temperature, is determined from the average value of the thermocouples TI 06 to TI 10 (for detailed
positions see Figure 4 b), since these are positioned in the area of the release unit close to the burner and thus
reflect the highest temperatures achieved in the dehydrogenation unit. During the hydrogen release reaction, a
certain amount of evaporated LOHC left the reactor together with the released hydrogen and the liquid LOHC.
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Figure 2: Flow scheme of the experimental setup applied in this work.

A shell and tube heat exchanger served as a partial condenser and cooler after the dehydrogenation unit. After
the cooler, a liquid sample can be taken for each measurement point via an integrated mechanism. The Ha, the
liquid LOHC, and evaporated components were subsequently split up in a tank that was used as phase separator.
Downstream the separator, the volumetric flow rate of the released hydrogen was recorded after passing a
porous filter (porosity: 30 um) using the MFM described above and the unloaded LOHC was stored in the HO-
DBT tank. All flowmeters had been calibrated and ensured high dosing accuracy in the required measuring
range.

Several type K thermocouples (TIO1 — TIO3 and TI05 — TI17) with a diameter of 1.5 mm (tolerance class 1)
were used for temperature measurements. Due to the high temperature load in the combustion chamber, a type S
thermocouple (TI 04) with a diameter of 1.5 mm (tolerance class 2) equipped with a protective ceramic tube



was used for exhaust gas temperature measurements, halfway between the burner and the dehydrogenation unit.
All thermocouples (TC Mess- und Regeltechnik GmbH, Germany) used were calibrated. The pressure in the
dehydrogenation unit was set by a back-pressure regulator (HF Series, Equilibar, United States) and monitored
by two pressure transmitters (SML Series, ADZ Nagano GmbH, Germany). The entire research setup was
automatically controlled by a programmable logic controller (X20 system, B&R Automation, Austria) to obtain
reproducible experimental results.

2.2. Dehydrogenation system

The in-house built dehydrogenation system consisted of a LOHC preheater and a hydrogen release unit, which
in combination with a porous media burner was designed to achieve a kW-scale hydrogen production rate. The
shape of the release unit was adapted to the requirements of efficient heat transfer from the burner exhaust gas
to the heating of the hydrogen release reaction. A 3-D model of the system is displayed in Figure 3. The
objective of our system is an efficient and dynamic hydrogen release from H18-DBT. This requires the heat to
be transferred as uniformly as possible into the reaction volume in order to drive the endothermic
dehydrogenation reaction.
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i Exhaust gas passage
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Thermocouple type K
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Flame monitoring
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Figure 3: Design of the dehydrogenation system consisting of a LOHC preheater, a fixed bed reactor and a porous media
burner as applied in the experiments of this study.

To achieve the aforementioned goals, a system similar to a shell-and-tube heat exchanger was designed with a
cylindrical reaction volume, traversed by a large number of tubes of different diameters in which the burner
exhaust gas flows. In this way, a large reaction volume is achieved while reducing the overall dimensions of
the reactor. This arrangement is in contrast to most of the existing dehydrogenation reactors published in the
literature, where the reaction takes place in the tubes and the heating medium flows around them [32, 34, 36].
The reaction volume is evenly traversed by tubes in order to achieve a uniform heat input. The number of tubes



(80 pieces) is defined by the size of the catalyst pellets (approx. 2 - 4 mm in diameter) and by a small distance
(approx. 8 mm) between the outer surfaces of the individual tubes. The diameter of the individual tubes was
determined from the required guidance of the exhaust gas flow. Since the burner surface is small in relation to
the cross-sectional area of the dehydrogenation unit, the exhaust gas flow must be broadened. The guidance of
the exhaust gas flow should thereby be controlled via the flow resistance of the individual exhaust gas tubes.
Since the diameter of a tube generally has a major influence on the resulting flow resistance, this effect can be
used to control the flow distribution of the exhaust gas. This is realized by means of small diameters of the tubes
through which the exhaust gas flows above the burner surface, resulting in greater flow resistance, and a larger
diameter of the outer exhaust gas tubes, which are not placed above the burner surface. As a result, a uniform
distribution of the exhaust gas flow in the dehydrogenation volume is achieved. Suitable tube diameters were
selected on the basis of existing stock diameters and with the aid of a flow simulation using STAR-CCM+
software (Siemens PLM Software, Germany).

The overall system has an outer diameter of 235 mm and a length of about 900 mm. For our experiments, the
system is arranged vertically, with the burner at the bottom, followed by a combustion chamber, the fixed bed
reactor, and the LOHC preheater on top. The fixed bed reactor is heated by the porous media burner, using
convective heat transfer through the exhaust gas and radiative heat through the burner surface.

The burner is ignited by a glow igniter located above the burner surface. The flame in the porous medium is
analyzed by an optical system for flame monitoring via an optical access in the combustion chamber. The burner
itself consists of the premixing chamber and the combustion zone and is made from stainless steel. In the
premixing chamber, biomethane and air are mixed according to the desired equivalence ratio. A perforated plate
separates the mixing zone from the combustion zone, which is filled with a flame trap made of aluminum oxide
and a SiSiC (silicon infiltrated silicon carbide) foam in which combustion takes place. A detailed description
of a similar burner can be found in [55]. To characterize the exhaust gas flow and the equivalence ratio, a lambda
sensor and a sampling spot were located at the exhaust gas outlet after the LOHC preheater. Emission
measurements were performed using an exhaust gas measuring device (Testo 350XL, Testo SE & Co. KGaA,
Germany).

The size of the reaction volume is iteratively determined by, on the one hand, the desired hydrogen production
rate and, on the other hand, by the heat transfer area required for the energy input. In a first step, the required
reaction volume is estimated based on the desired hydrogen production rate of, in our case, about 4 kW, based
on the lower heating value of hydrogen. From this specification, the required hydrogen volume flow rate at
reaction temperature results. Using catalyst productivities for comparable reactors from the literature [29, 30,
38, 60], the required catalyst mass can be determined first, followed by the catalyst volume using the associated
densities of the support structure and the active material. The Hx-DBT input volume flow at reaction
temperature in turn results from the expected fraction of hydrogen released per pass through the reaction
volume, which depends on the residence time of the Hx-DBT in the dehydrogenation unit. Literature values
provide a good indication of the proportion of stored hydrogen released as a function of the residence time for
specific reaction parameters (e.g. temperature and pressure) [32, 33, 61]. Based on the Hx-DBT input volume
flow rate derived using the above method, the Hx-DBT and the hydrogen volume in the reaction volume at
reaction conditions are obtained. Then, the reaction volume required for the desired hydrogen production rate
can be determined iteratively by the catalyst volume and by adjusting the required residence time (this leads to
the variable Hx-DBT volume and hydrogen volume mentioned above).

In the second step, the required heat transfer area and thus the final reaction volume is determined as follows.
Based on the maximum required temperature in the reaction volume of 320°C, the amount of energy to be
introduced for the HO-DBT / H18-DBT system of 65 kJ mol-' H, [27] for the desired hydrogen production rate
of 4 kWy, and the exhaust gas temperatures of the porous media burner used determined in preliminary tests,
the resulting average temperature can be calculated. Underlying the aforementioned geometric specifications
for the fixed bed reactor, the determined preliminary reaction volume and the temperature-dependent LOHC
and exhaust gas volume flows resulting from the first mentioned calculations, the minimum required length of



the fixed bed reactor can be calculated. Finally, the resulting geometric dimensions are iteratively adjusted until
all the mentioned reaction volume requirements are met. According to the results of the analyses, the reaction
volume was filled with 1000 g of the Pt on alumina catalyst.

Figure 4 shows a detailed illustration of the fixed bed reactor on the left and the positions of the thermocouples
inside the dehydrogenation reactor on the right. Approximately half of the dehydrogenation volume between
the exhaust gas passages (red circles in the Figure 4) is filled with the catalyst. In our experiments, the
hydrogenated H18-DBT entered the reactor from the top coming from the preheater and flew through a 4 mm
inner diameter tube along the entire length of the reaction volume to the LOHC distributor at the bottom. In this
way, the H18-DBT is at reaction temperature when entering the catalyst bed downstream of the distributor. The
LOHC distributor provides an inflow of H18-DBT into the fixed bed reactor that is uniformly distributed over
the reaction volume (see white arrows in Figure 4 a). The reaction volume has an approximately cylindrical
shape with a diameter of about 200 mm and a length of about 360 mm. The inlet has an inner diameter of 4 mm
and there are two outlets, each with an inner diameter of 10 mm. The inlet and the two outlets are located at the
top of the reaction volume.

a) Fixed bed reactor b) Thermocouple positions

LOHC inlet

Figure 4: Internal design of the applied dehydrogenation unit (a) and positions of the thermocouples inside the fixed bed
reactor (b).

There are twelve K — type thermocouples located at different positions inside the reaction volume (numbers 06
to 17 in Figure 4b). Thermocouples numbered 06 to 10 are located in the catalyst bed at the bottom of the
dehydrogenation volume at various distances from the central axis. Thermocouples numbered 11 and 12 are
placed approximately halfway downstream the catalyst bed at the outer boundary of the reaction volume. The
thermocouples numbered 13 to 17 are located in the upper part of the reaction volume. These are also installed
at different distances from the central axis. The location and distribution of the thermocouples in the
dehydrogenation unit were determined using the results of heat-up experiments and simulations with STAR-
CCM+ software (Siemens PLM Software, Germany). In this way, the temperature distribution within the
reaction volume can be estimated and the approximate starting point of the reaction can be determined.
Thermocouple number 09 is used to set and maintain the reference temperature via the programmable logic
controller (PLC), since the highest temperature was measured there in preliminary heat-up experiments. Since
there is a temperature spread in the reactor, the highest temperature is reached at the bottom of the
dehydrogenation unit, and a significant part of the reaction rate occurs at the bottom, the average temperature
up 1s formed from the temperature readings of the thermocouples numbers 06, 07, 08, 09 and 10. The present
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value of the pressure is monitored by two pressure transmitters. There are two inspection openings on the top
of the fixed-bed reactor for cleaning and inspection purposes.

2.3. Hydrogen release experiments

In this study, the described dehydrogenation system with a porous media burner is investigated with regard to
its heating and dehydrogenation efficiency. Therefore, parameters like the temperature and pressure in the fixed
bed reactor, the H18-DBT mass flow, and the power of the biomethane burner are varied. The temperatures of
the exhaust gas before and after the reactor, the temperatures at the various thermocouple locations, the pressure
in the dehydrogenation unit, the time until hydrogen release starts in the system, the hydrogen volume flow and
the LOHC mass flow are measured. To determine the degree of hydrogenation (DoH) and the rate of by-product
formation, samples are taken during the reaction. Furthermore, the dehydrogenation efficiency is evaluated by
calculation of the hydrogen mass flow. Hydrogen yields, catalyst productivities and hydrogen production rates
are also determined. In addition, pollutant emissions of the methane-fueled porous media burner are measured
during cold start and stable operation.

At the beginning of each measurement day, the system is heated for 90 minutes starting with an initial
temperature of about 23 °C. Measurements are conducted using different reaction conditions (e.g. pressure,
temperature and mass flow of H18-DBT in the fixed bed reactor). The H18-DBT mass flow is adjusted with
the Coriolis mass flow meter and is preheated on the way into the fixed bed reactor. The burner is operated at a
power range of 0.6 kW to 3.0 kW and an equivalence ratio of 0.83 throughout all measurements. This
equivalence ratio is chosen because it allows for stable and reliable operation of the porous media burner in the
required power range. The burner is operated dynamically and is controlled by a proportional-integral-
derivative (PID) controller to automatically attain and maintain the set temperature.

In advance, preliminary tests and a performed Pareto analysis were used to define the measurement points,
shown in Table 1. The temperature parameter from Table | represents the average temperature 9,,p described
in section 2.2.

Table 1:Overview of the experiments.

Parameters

Experiment Average temperature Mass flow rate Pressure / bar
Smp / °C LOHC /kgh'! (absolute)
exp.1 280 1.6 2.0
exp.2 280 2.9 2.0
exp.3 280 4.2 2.0
exp.4 300 1.6 2.0
exp.5 300 29 2.0
exp.6 300 4.2 2.0
exp.7 320 1.6 2.0
exp.8 320 2.9 2.0
exp.9 320 4.2 2.0

Initially, only the temperature and the LOHC mass flow in the fixed bed reactor are varied, since pressure
influence on the release reaction is shown to be small in the preliminary experiments. Therefore, a pressure
variation is only carried out for a selected measurement point. Each measurement point is maintained for
90 minutes, with the first 30 minutes serving to stabilize the system. In this way, the system runs for about
60 minutes for each measurement point once constant boundary conditions are achieved. The generated
measurement data are stored in time intervals of 1 s. During one measurement day, four to five measurement
points can be investigated. The last measurement point of a day is a repetition of a previous measurement point
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to ensure reproducibility of the results. At the end of each measurement point, a LOHC sample of approximately
20 ml is taken for further analysis.

To investigate repeatability, the measurements displayed in the next section have been performed at least two
times. The data shown represents the average of these at minimum two measurements, unless otherwise noted.
The resulting temperatures in the fixed bed reactor and the exhaust system are recorded with a measurement
accuracy of 5 K (manufacturer information). Two pressure transmitters with a 0.01 bar measurement accuracy
are used to track the pressure within the dehydrogenation unit. During the measurement time interval, the
pressure fluctuations in the reactor were less than £ 0.5 %. The fluctuation of the mean temperature in the
reaction volume between the individual runs was less than * 5.0 %, while the fluctuation of the hydrogen
volume flow was about * 3.0 %.

The calculations for the quantitative evaluation of the dehydrogenation reaction are as follows. The hydrogen
production rate H, 1, (t) (W) after time ¢ (s) is calculated based on the hydrogen mass flow iy, (t) (kg s and
the lower heating value of hydrogen LHV, (120.0 MJ kg™h):

HH2 ®) = LHVH2 'mHz ®. (1)

The hydrogen mass flow rate (kg s™!) is determined using the measured hydrogen volume flow VHz (T) (Insh)
and the corresponding hydrogen density py, (T) (kg I'") extracted from REFPROP 10.0 at temperature 7 (K):

mHZ = VHZ (T) " PH, (1. (2)

The degree of hydrogenation DoH (t) is defined as the ratio of the amount of hydrogen reversibly bound to the
LOHC, ny, (mol), divided by the maximum reversible hydrogen storage capacity of the HO-DBT / H18-DBT
system Ny, mqy (mol) [17]. The maximum storage capacity of our system is 6.2 mass % as mentioned above.
For the experiments reported in this contribution, the DoH (t) can be derived from

t .
fto nHz,reaction(t)dt

DoH(t) = DoH(t,) — (3)

NH,max

The hydrogen flow rate My, reqction (MOl s)) is determined by flow measurements. Hydrogen volume flow
measurements were conducted at ambient pressure and known temperature. The ideal gas law was applied. The
maximum amount of stored hydrogen 7y, mqx (mol) is defined by the amount of LOHC in the system and the
stoichiometry.

The output of the dehydrogenation reaction is quantified by the hydrogen yield Yy, which is defined as the ratio
between the released hydrogen (mol) and the hydrogen initially stored (mol) over a time period At (s). The
hydrogen yield is calculated by

Ny, reaction
Yy, = —2—— (4)
NH,,initial

Productivity is a value to quantitatively compare hydrogen release rates for different boundary conditions. The
productivity P (guz gee! min) is defined as the mass of released hydrogen Amy, (g) over a period of time
At (s) per mass of platinum mp, (g) in the catalyst [17]:

P — AmHz (5)

mpgAt
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Productivity and hydrogen yield are evaluated over a period with constant boundary conditions.
2.4. Gas chromatographic analysis to detect side product formation

Based on a publication by Jorschick et al. [29], gas chromatographic analysis was used to separate DBT species
from low-boiling (LB) and high-boiling (HB) impurities and determine sample composition. The approach for
the distinction between various Hx-DBT isomers follows that of Diirr et al. [61]; a gas chromatograph Agilent
8860 GC equipped with a capillary column (DB-225MS, Agilent Technologies) was used to separate Hx-DBT
isomers. The temperature program of the chromatographic method used to analyze sample composition is
shown in Table 2.

Table 2: Temperature program of the chromatographic method used to analyse sample composition. Flow conditions: 1:150
split injection, 1.2 ml min' helium at constant column flow at 250°C injector temperature.

Parameters

Step  Heating rate / °C min’! Temperature / °C  Hold time / min
1 11 130 3.5
2 11 170 3.5
3 5 185 11
4 3 190 7
5 3 195 8
3 3 200 4
7 20 210 50

3. Results and discussion
3.1. Overview of the results of a measurement day

The dehydrogenation experiments were performed with different H18-DBT flow rates and different average
temperatures in the dehydrogenation unit, as shown in Table 1. The pressure was constant at 2 bar (absolute)
during the experiments. In an additional measurement, an absolute pressure variation between 1.6 bar and
3.3 bar was performed with the same parameters as in exp. 5 (see Table 1). Figure 5 shows the influence of the
variation of the LOHC mass flow on the resulting hydrogen mass flow in (a) and on the different temperatures
in the dehydrogenation unit in (b) during the same measurement day. In (¢), the corresponding thermal load of
the burner and the hydrogen production rate calculated according to Equation (1) are plotted.

During the measurement campaign, a total of seven measurement days were carried out, as illustrated as an
example in Figure 5. The experiment shown in Figure 5 starts with the cold start of the LOHC dehydrogenation
unit at an ambient temperature of about 23°C. The temperatures shown in Figure 5 (b) represent those of the
exhaust gas before (J»p) and after ($.p) the fixed bed reactor and the average temperatures inside the fixed bed
reactor, $.p, (see Section 2.2). The resulting hydrogen mass flow (see Figure 5 (a) and (b)) is calculated using
Equation (2) and the measured hydrogen volume flow averaged over a 200 s time interval. The burner was
initially operated at full load (3.0 kW) during the cold start of the system. The PID controller automatically
reduced the thermal load of the burner after the set temperature was reached in the fixed bed reactor until the
system achieved steady state. Due to the wide power modulation range of the porous media burner, the
dehydrogenation unit achieves the reaction temperature quickly (about 25 minutes) and the hydrogen release
reaction starts about 30 min after the system cold start (see Figure 5). This is in contrast to systems with
alternative heating concepts described in the literature, where it takes far more than 60 minutes for the hydrogen
release reaction to start [32, 39].
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Figure 5 clearly shows the transient response of the measured quantities after parameter adjustment for the
respective measurement point. Since this process takes up to 45 min, the evaluation of the measured data is
performed in the last 30 min of an individual measurement point (grey-shaded area).
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(b) Temperatures in the dehydrogenation unit and resulting hydrogen mass flow
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(c) Calculated thermal load of the burner during dynamic operation and
corresponding hydrogen production rate (related to lower heating valuc)

Figure 5: General overview of the measurement results of exp.7, exp.8 and exp.9 (see Table 1) during a measurement day
including heat-up times and repetitions of the individual measurement points. Time intervals relevant for the evaluation are
highlighted in grey and marked with the name of the respective measurement point. Temperatures shown in Figure 5 (b)

represent those of the exhaust gas before (Svn) and after (Sap) the fixed bed reactor and the average temperatures inside the
fixed bed reactor, 9mp.

All measurement points listed in Table 1 were processed as described above. In Fig. 5, an example of the
performance of the system for exps. 7, 8, and 9 is shown. During these experiments, the average temperature
inside the fixed bed reactor $,,p was constant at 320°C (see Fig. 5 (b)), and the H18-DBT mass flow was
increased from 1.6 kg h! to 2.9 kg h'! to 4.2 kg h™!, followed by the repetition of the first two H18-DBT mass
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flows of 1.6 kg h™! and 2.9 kg h'! (see Fig. 5 (a)). In this way, it is shown that the trends of the individual
experiments are reproducible and independent on the sequence of, for example, the mass flow variation. Both
repeated experiments 7 and 8 demonstrate very similar results, respectively. The resulting temperatures of the
exhaust gas before the fixed-bed reactor (9»p, red curve) reach a value of about 800°C after ignition of the
burner, since the system is at 23°C and the porous media burner is operated at full load of 3.0 kW (see Fig. 5 (¢)).
After reduction of the burner thermal load to about 1.8 kW during exp. 7, 9»p reduces to about 600°C followed
by a rise in temperature to over 1000°C during exp. 9 at full burner load of 3.0 kW. For exp. 9, the exhaust gas
temperature prior to the fixed bed reactor is even higher than 1000°C, however, this temperature is beyond the
measurement range of the thermocouple and therefore is not recorded (reason for the dashed line at exp. 9 in
Fig. 5). The exhaust gas temperature after the fixed bed reactor (9.p, red dash-dotted line) is nearly constant
after the heat-up phase and reaches a maximum of about 200°C once the system has reached steady state. For a
range between 0.6 kW and 3.0 kW of thermal load, the resulting exhaust gas volume flows are between
0.9:-10°m>s! and 3.2:107* m*s™! and the residence time of the exhaust gas is about 2.4 s to 0.6 s. Comparing the
temperatures before (9,p ranged from 600°C to over 1000°C) and after ($,p reaches a maximum of about 200°C)
the fixed bed reactor and those in the dehydrogenation volume (,,p with a nearly constant level of 320°C in the
case shown), the enthalpy present in the exhaust gas flow is transferred very effectively to the dehydrogenation
reaction. The increase in exhaust gas temperatures 9,p between exp. 7 and 9 results from the increase in thermal
load by higher LOHC mass flows and thus, increased heat demand of the endothermic reaction in the fixed bed
reactor (see Figs. 5 (a), (b), and (c)). In general, it is found that due to the good heat transfer from the exhaust
gas to the dehydrogenation reaction caused by the dynamic burner operation, a change in LOHC mass flow
(black line in Fig. 5 (a)) leads to a rapid change in hydrogen mass flow (blue dotted line in Fig. 5). It only takes
between 10 to 20 minutes to reach a new steady-state level. For a temperature in the reaction zone of 320°C and
an H18-DBT mass flow of 1.6 kg h™!, a hydrogen mass flow of about 56 g h™! is achieved. Increasing the LOHC
mass flow to 4.2 kg h™! results in a hydrogen mass flow of 119 g h™! (blue dotted line in Fig. 5 (a)). The estimated
average residence time of the H18-DBT in our fixed bed reactor is about 190 min for a mass flow of 1.6 kg h™!
and about 75 min for a mass flow of 4.2 kg h!. The values of the hydrogen mass flow correspond to a hydrogen
production rate according to Equation (1) of about 1.9 kW for the lower H18-DBT mass flow and of about
3.9 kW for a LOHC mass flow of 4.2 kg h! (blue dotted line in Fig. 5 (c)). The overall efficiency of the system
is addressed in detail for selected measurement points at the end of chapter 3.2. In our setup, increasing the
LOHC mass flow by a factor of 2.5 results in an increase of the hydrogen production rate by a factor of two.
This increase in hydrogen release is due to the higher amount of fully hydrogenated H18-DBT and a higher
intermediate DoH in the reaction volume. A likely reason for the just doubled hydrogen production rate is the
shorter residence time of the LOHC in the dehydrogenation unit at a higher LOHC mass flow. Overall, our
dehydrogenation system achieved heating rates of about 10 K min™' and a temporal change rate of the hydrogen
release when boundary conditions of the reaction are varied of about 6 gy, min™!, demonstrating the dynamic
nature of our burner-heated dehydrogenation system. Compared to our previous burner heated system [55],
these values are lower by a factor six to nine, but relative to its size, the system is still highly dynamic.

The first peak of the hydrogen mass flow at about 45 minutes after the cold start of the dehydrogenation unit
results from the existing large mass of H18-DBT in the reaction volume at this time, since the fixed bed reactor
is continuously flushed with H18-DBT during the cooling and heating process. During these processes,
however, the temperature in the reaction volume is too low for a hydrogen release reaction. As soon as a
temperature is reached, that is sufficiently high for hydrogen release, a large amount of H18-DBT is suddenly
dehydrogenated, resulting in the peaks shown in Figures 5 and 6. In the further progress, only the H18-DBT
freshly pumped into the dehydrogenation unit is dehydrogenated and the hydrogen mass flow returns to a steady
level.

Figure 6 shows in detail the mean temperature in the reaction volume ($,p-LOHC, red line) as well as the
respective minimum and maximum temperatures (red shaded area) in the release unit, plotted for the same
experiment as shown in Figure 5. The given minimum and maximum temperatures indicate the span of the
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temperatures recorded by the thermocouples (TI 06 — TT 17) within the reaction volume. In addition, the
resulting hydrogen production rate (blue curve) and the degree of hydrogenation (orange line) are shown. The
mean and target temperature in the reaction volume shows a nearly constant value of 320°C. Only in the case
of parameter changes between the individual experiments small deviations become visible. An exception is
exp. 9, since the burner with its maximum load of 3.0 kW could not ensure a sufficient heat supply for the
hydrogen release reaction under the given boundary conditions, the mean temperature dropped to approx.
312°C. Due to the size of the fixed bed reactor a temperature spread within the reaction volume in a range of
about 20 K (red shaded area) can be observed. As mentioned before, we achieved hydrogen production rates
between 1.9 kW and 3.9 kW. The upper value is limited by the lower temperature in the reaction volume, which
results from the limitation of the burner power.
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Figure 6: Degree of hydrogenation, hydrogen production rate and temperature distribution inside the burner-heated
dehydrogenation unit for operation with an increasing HI18-DBT mass flow from 1.6 kg h' to 4.2 kg h”. Conditions.: set
reaction temperature.: 320°C; pressure 2 bar (absolute); dynamic operation of the burner load between 0.6 kW and 3.0 kW.

The degree of hydrogenation (orange line in Fig. 6) is nearly constant at about 46 % for LOHC mass flows of
1.6 kg h! and 2.9 kg h™! but increases at the higher LOHC mass flow of 4.2 kg h™! as a smaller proportion of
stored hydrogen is released due to the lower temperature in the reaction volume. As demonstrated, about 54 %
of the stored hydrogen was released in exps. 7 and 8, but only 46 % was released in exp. 9 for the highest LOHC
mass flow (see Fig. 6). In other words, from the original 6.2 mass % of hydrogen stored in the LOHC, about
3.7 mass % are released at LOHC mass flows of 1.6 kg h'! and 2.9 kg h'!, and about 2.9 mass % are released at
a LOHC mass flow of 4.2 kg h'. An increase in the amount of hydrogen released could be achieved by
increasing the residence time of the H18-DBT in the fixed bed reactor, which can be obtained by a larger
reaction volume or by recycling the LOHC product to the dehydrogenation unit at the expense of a lower
hydrogen production rate. In general, the results show a very dynamic behavior of our release unit compared to
existing systems [32, 39] as a result of the dynamic operation of the porous media burner and the efficient heat
transfer from the exhaust gas to the reaction volume. An overall result is that exhaust gas temperature and
residence time of the LOHC in the reaction volume appear to have a significant effect on the hydrogen release
and thus on the hydrogen production rate and degree of hydrogenation, which is in agreement with the literature
[29, 33, 55, 61].

Throughout the measurement days, an additional exhaust gas analysis was performed during the start-up process
and continuous operation. The results showed that apart from the burner ignition period (here H: 300 ppmV
and CO: 580 ppmV) no significant H, and CO emissions were generated. The combined NO, and NO emissions
were nearly constant at about 38 ppmV and comply with existing emission standards. The results also agree
well with those shown in [55], where a similar burner was used.

With the experiments shown, we have demonstrated for the first time that when a porous media burner in
combination with an appropriately designed fixed bed reactor is used, very dynamic hydrogen release from
H18-DBT is possible at a kW scale. Consequently, in the following section, the hydrogen release behavior
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under various process conditions and the system efficiency of our dehydrogenation system are investigated in
more detail.

3.2. LOHC dehydrogenation under various boundary conditions
In this section, the influence of the following parameters on the resulting hydrogen mass flow is further

analyzed:

= the LOHC feed mass flow and the residence time of the LOHC in the reaction volume;
= the temperature level of the reaction in the dehydrogenation unit, which is determined by the burner load;
= the pressure level in the dehydrogenation unit (separate case study).

The results of the parameter variations for the measurement points shown in Table 1 are summarized in Table 3.

Table 3: Overview of the results of the experiments.

Parameters

" Temperature / Mass flow Prels)sal;re d ni};cslrf(iﬁsf / Productivity / ;Zglrl?:ii?l DoH det. by
° -1 sl ol 0

C LOHC /kgh (Elslii) bl gH2 min™ gpy rate / KW Equ.(3) /%
exp.1l 282 1.6 2.0 23.9 0.1 0.8 74
exp.2 283 2.9 2.1 40.7 0.2 1.4 75
exp.3 286 4.2 2.1 58.3 0.3 1.9 75
exp.4 302 1.6 1.9 46.3 0.2 1.5 57
exp.5 304 2.9 2.0 76.8 0.4 2.6 57
exp.6 306 4.2 2.0 92.7 0.5 3.1 56
exp.7 319 1.6 1.8 55.7 0.3 1.9 46
exp.8 320 2.9 1.9 98.2 0.5 32 46
exp.9 312 4.2 2.0 118.5 0.6 3.9 54

The measurement points were recorded according to the procedure described in Section 3.1. Due to the
adjustments of the PID-controller, the burner was operated with a deviation of about 10 % after completion of
the heating process (see also Fig. 5), while the fluctuation of the mean temperature in the reaction volume was
less than + 5.0 %. The error bars shown in Fig. 7 and Fig. 8 indicate the span between individual measurement
runs for an experiment with identical boundary conditions.

During the first two days of operation of the dehydrogenation unit, catalyst degradation of about 30 % was
observed. This is in agreement with the literature according to which degradation is seen in the first 10 to
20 hours of operation and the catalyst subsequently stabilizes at an almost constant level [62]. Since the
experiments shown were performed after the dehydrogenation unit had been in operation for three days, the
degradation of the catalyst has no significant effect on the results shown below.

Figure 7 shows the influence of increasing the temperature from about 284°C to about 319°C and the LOHC
mass flow from 1.6 kg h™! to 4.2 kg h™! and thus of reducing the residence time on the hydrogen mass flow, the
hydrogen yield and the resulting catalyst productivity.

As expected, the reaction rate of the hydrogen release reaction is higher at a higher temperature and a higher
LOHC mass flow rate, resulting in increased hydrogen mass flows. A higher temperature has a positive effect
on the thermodynamic driving force and the reaction kinetics of the dehydrogenation reaction [33, 39, 62]. A
higher LOHC mass flow results in a higher intermediate degree of hydrogenation within the reaction volume
increasing the overall reaction rate [33]. In our case, a temperature increase of about 20 K leads to an increase
of the hydrogen mass flow between about 20 % and 100 %, depending on the level of the LOHC mass flow.
An increase in LOHC mass flow of about 1.3 kg h™! results in an increase of hydrogen mass flow between about
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20 % and 80 %, depending on the temperature level in the fixed bed reactor. As shown in Table 3, the resulting
average DoH of each of the experiments displayed is between 46 % and 75 %. For the variation of the LOHC
mass flows at a constant reaction temperature, there is a slight increase in the resulting DoH. However, an
increase in the reaction temperature from approx. 280°C to approx. 320°C leads to a strong decrease in the DoH
from approx. 75 % to approx. 46 %. At a higher reaction temperature, 29 % more of the stored hydrogen is thus
released.
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Figure 7: Hydrogen yield and catalyst productivity of the burner-heated dehydrogenation unit with increasing H18-DBT
mass flow from 1.6 kg h”' to 4.2 kg h”! and with an increasing average temperature in the reaction volume between 284°C
and 319°C for a constant pressure of 2 bar (absolute).

Since we achieve sufficient temperature for the dehydrogenation process over the whole dehydrogenation unit,
the entire 1000 g (0.3 mass % Pt on alumina) of catalyst were considered for the calculation of productivity. In
general, catalyst productivity and hydrogen yield increase also with higher HI8-DBT mass flow and
temperature in the fixed bed reactor. Since we only reached a maximum temperature of 312°C in the reactor for
the highest LOHC mass flow due to the maximal burner thermal load, this measurement point was added in
Figure 7 in the form of a separate temperature point (light red). Figure 7 shows, on the one hand, that for all
temperature levels the hydrogen yield decreases slightly with increasing LOHC mass flow. This can be
attributed to the shorter residence time of the loaded H18-DBT at the catalyst with increasing LOHC mass flow.
On the other hand, an increase in temperature at a low LOHC mass flow leads to a smaller increase in hydrogen
yield compared to the case of a high LOHC mass flow. This behavior can be explained by a lower intermediate
DoH at a low LOHC mass flow, which kinetically and thermodynamically limits the possibility of increasing
the hydrogen yield with higher temperatures. Overall, a catalyst productivity of maximum 0.65 gg. min™! gp,!
(312°C, H18-DBT flow rate: 4.2 kgh') was achieved for a release of 46 % of the stored hydrogen. In
comparison, for similar boundary conditions a productivity of 0.7-1.2 g min™' gp;!' was realized by Jorschick
et al.[17] for release of 40 % of the stored hydrogen. Mrusek et al. realized 0.17 g min™' gp! for a lower
pressure of 1 bar (absolute) and a reaction temperature of 260°C and Wunsch et al. [30] showed a productivity
of 1.1 gn. min'! gpc! for a similar temperature level but lower hydrogen yield. Under consideration of the
reaction volume of 7.3 1, we reached a power density of the dehydrogenation unit of 0.5 kWihem I''. Since the
reaction volume is currently only half filled with catalyst and the performance of the burner is insufficient for
higher hydrogen mass flows, a significant increase in power density and productivity is possible with the



18

existing setup when more catalyst material or a more powerful burner is used in future studies.

The influence of a pressure variation between 1.6 bar (absolute) and 3.3 bar (absolute) was carried out with the
same parameters as in exp. 5 (see Table 1) and the results are shown in Figure 8. In the pressure variation study
an average temperature level in the reaction volume of about 304°C and a LOHC mass flow rate of 2.9 kg h™!
were applied. For the experiments shown in Figure 8, the DoH was in the range between 57 % and 61%.
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Figure 8: Hydrogen mass flows for operation of the burner-heated dehydrogenation unit with a pressure level between
1.6 bar (absolute) and 3.3 bar (absolute). Conditions: HI8-DBT mass flow: 2.9 kg h”!; average temperature in the reaction
volume about 304°C.

As can be seen from the results, an increasing pressure level leads to a decrease in hydrogen release, being in
accordance with observations in literature [33]. A doubling of the pressure in the reaction volume leads to a
decrease in the hydrogen mass flow by about 12 %. In conclusion, however, the influence of an increase in
pressure in the reaction volume is small compared to the residence time of the LOHC in the dehydrogenation
unit and the existing temperature level.

In our further studies an energetic analysis of the system was carried out with regard to the overall efficiency.
Table 4 gives an overview of the energy balance of the respective experiments, represented by the electricity
demand of the setup (e.g. for the pumps, the controller and the measurement equipment), the burner load and
the hydrogen production rate of the individual experiments.

Table 4: Energetic overview of the experiments.

Parameters

e Electricity demand Burner load Power demand Hydrogen
of the setup / kW / kW of setup / kW  production rate / kW
exp.1 0.15 1.04 1.19 0.8
exp.2 0.15 1.55 1.70 1.4
exp.3 0.15 1.95 2.10 1.9
exp.4 0.15 1.49 1.64 1.5
exp.5 0.15 2.15 2.30 2.6
exp.6 0.15 2.51 2.66 3.1
exp.7 0.15 1.69 1.84 1.9
exp.8 0.15 2.56 2.71 32
exp.9 0.15 3.00 3.15 3.9

The electricity demand of the system is constant at about 0.15 kW for all experiments. The reported energy
demand of the setup is the sum of the electricity demand and the respective burner load. As shown, when the
hydrogen production rate exceeds 1.9 kW, the system has a higher energetic output than input. This boundary
is probably due to energy losses to the environment, which have a more significant impact downstream. For
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even larger systems, this energy loss could potentially be reduced significantly, since the impact of heat losses
to the environment decreases, relative to the reaction heat demand. At its best point in experiment 9, the overall
efficiency is about 24 %. This means that the released hydrogen has an energy content, that is 24 % higher than
the energy required to achieve its release. Compared with values from the literature, according to which a
theoretical overall efficiency of about 70 % could be achieved [16], there is certainly potential for improvement,
e.g. by applying better heat insulation. However, compared to the authors' previous work, studying a small-
scale dehydrogenation unit [55], the overall efficiency shown is a big step towards the values achievable in
theory. Additionally, the theoretical efficiency refers to the release reaction in the reaction volume and not to a
complete dehydrogenation system such as in the given scenario.

3.3. LOHC degree of hydrogenation (DoH) and side product formation

In this section, the resulting degree of hydrogenation, the amount of Hx-DBT isomers, and the resulting by-
products are analyzed using one sample each from exps. 1, 4 and 7. Carbon nuclear magnetic resonance
spectroscopy ('*C-NMR) was used to determine the degree of hydrogenation (DoH), using LOHC sample
preparation and measuring conditions as recently published by Diirr et al. [61]. A comparison of the resulting
values for DoH with measurements of the refractive index (using a DR6100-T (A. Kruss Optronic GmbH)) [62]
and calculations according to Equation 3 are shown in Table 5.

Table 5: Comparison of DoH determined by measurements of 3 C-NMR and refractive index of selected samples before and
after dehydrogenation of H18-DBT.

Parameters

Experiment  DoH det. by 3C-NMR /%  DoH det. by refractive index / % DoH det. by Equ. (3) / %

exp.1 77.9 77.4 79.2

exp.4 56.8 56.3 57.9

exp.7 33.8 28.2 46.1
H18-DBT 100.0 100.7 -

The evaluation of the DoH according to both methods show high agreement for all samples. The accuracy of
the correlation between degree of hydrogenation and refractive index decreases with descending DoH. The DoH
calculated according to Eq. 3 also shows high agreement for large DoH, but deviates for the experiment with a
low concentration. This effect occurs reproducibly and can either be attributed to density stratification in the
sampling process or has its cause in the different evaporation behavior of the various DBT species.

Figure 9 shows the chromatogram of a representative Hx-DBT mixture (experiment4) after the
dehydrogenation of fully hydrogenated H18-DBT. Apart from low and high boiling by-products, the
categorization of the different Hx-DBT isomers H18-DBT (23-31 min retention time), H12-DBT (32-42 min
retention time), H6-DBT (43-57 min retention time) and HO-DBT (58-72 min retention time) can be seen.
According to the gas chromatographic analysis, all species of Hx-DBT, including the partially dehydrogenated
components H6-DBT and H12-DBT, are present in the product mixtures. In the example of experiment 4, ratios
of 32 % and 39.6 % were observed for the partially dehydrogenated H6-DBT and H12-DBT, respectively. In
the same sample 7.7 % of the Hx-DBT species was fully dehydrogenated, whereas 20.7 % of the H12-DBT
were not dehydrogenated at all, leading to a degree of hydrogenation of the mixture of approx. 57 %. This
simultaneous occurrence of partially and fully dehydrogenated LOHC indicates a rather ideal residence time
distribution in the reactor. Therefore, a relatively uniform distribution of the LOHC flow in the reaction volume
without liquid by-pass flows can be derived from these results. In contrast, with a relatively fast flow through
the reaction volume, a large amount of barely dehydrogenated Hx-DBT should be expected. Based on these
results, a uniform hydrogen release and a homogeneous flow distribution without recirculation zones can be
assumed.
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Figure 9: Chromatogram of a Hx-DBT mixture (experiment 4) after dehydrogenation of H18-DBT.

To interpret the formation of side-products, the proportions of high boiling and low boiling substances (relative
to the boiling points of Hx-DBT) are examined. Table 6 summarizes the composition of selected samples before
and after dehydrogenation of H18-DBT.

Table 6: Composition of the selected samples from Experiment 1, 4, and 7 after dehydrogenation of H18-DBT and
composition of HI8-DBT before dehydrogenation.

Parameters

Experiment High boilers / wt.-%  Low boilers / wt.-%  Hx-DBT / wt.-%

exp. 1 0.2 0.2 99.6
exp. 4 0.5 0.3 99.2
exp. 7 0.6 0.9 98.5
H18-DBT 0.0 0.2 99.8

First it should be emphasized, that the feed samples already show traces of low boiling species in the range of
0.2 wt.-%, respectively, prior to the dehydrogenation experiments. The amount of high and low boiling
components in the samples with still high DoH, are in the same order of magnitude as the initial feed
composition. Therefore, only slightly dehydrogenated samples show no significant side-product formation,
whereas the sample from exp.7 contains 0.6 wt.-% of high boilers and 0.9 wt.- % of low boilers.
Dehydrogenation conditions that lead to lower DoH, due to enhanced hydrogen release, also promote the
formation of side-products. Nevertheless, the amount of side products formed in the herein used reactor is in
the range of similar dehydrogenation setups mentioned in prior publications [29].
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4. Conclusion and outlook

In this publication, we demonstrated for the first time a kW-scale LOHC dehydrogenation process thermally
driven by the exhaust gas enthalpy of a porous media burner. We focused on the experimental investigation of
a heating concept with which we optimized the heat input into the dehydrogenation unit, the power density and
the overall efficiency. Our dehydrogenation unit, consisting of the burner and the fixed-bed reactor, proved to
be very efficient in transferring heat, which resulted in good system dynamics. The biomethane-fueled porous
media burner was operated between 0.6 kW and 3.0 kW and exhibited low pollutant emissions. However, it
should be noted that the availability of biomethane might vary.

A LOHC temperature spread was observed within the reaction zone in a range of about 20 K, which was
independent on the H18-DBT mass flow rate and can be attributed to the size of the fixed-bed reactor (internal
volume 7.3 1). For a LOHC mass flow rate of 1.6 kg h™! the estimated residence time was about 190 min and for
a mass flow rate of 4.2 kg h'! this value amounted to about 75 min. The hydrogen release reaction starts about
30 min after the system cold start. This is in significant contrast to indirectly heated systems of comparable size
described in the literature, where it takes more than 60 minutes for the hydrogen release reaction to start [32,
39]. Our dehydrogenation system achieved heating rates of about 10 K min™! demonstrating the dynamic nature
of our burner-heated dehydrogenation system. At a LOHC mass flow rate of 4.2 kg h™!, a maximum output
power based on the lower heating value of hydrogen of about 3.9 kW was achieved. Considering the fixed bed
volume, a power density of about 0.5 kWerm 1' could be reached. A maximum catalyst productivity of
0.65 g min! gp! (312°C, H18-DBT flow rate: 4.2 kg h™') was achieved for a degree of hydrogenation of 54%,
which is comparable to existing systems that, however, have a lower hydrogen production rate [29]. A
significant increase in power density and productivity should be possible with the existing setup and more
catalyst material or with a more powerful burner.

An increase in LOHC mass flow of about 1.3 kg h™! results in an increase of hydrogen mass flow between about
20 % and 80 %, depending on the temperature level in the fixed bed reactor. A similar behaviour was observed
for the hydrogen mass flow when the reaction temperature increased, while a doubling of the pressure in the
reaction volume leads to a decrease in the hydrogen mass flow by about 12 %. A maximum overall system
efficiency of 24 % was achieved, relating the lower heating value of the hydrogen released to the total energy
input, which is governed by the enthalpy of the fuel, includes all heat losses and also comprises the electrical
energy required for the operation of the system. Additionally, the amount of by-products formed in the reactor
used here is in the order of magnitude of similar dehydrogenation plants mentioned in previous publications,
although the heat here is applied very directly [29].

The reported dynamic range and power density values of direct burner heated dehydrogenation systems make
them attractive for a wide range of applications. Especially in the context of the accelerated establishment of a
network of hydrogen refuelling stations (HRS) for mobile applications, the described burner-heated
dehydrogenation unit is a good opportunity to use the infrastructure currently available at refuelling stations
(e.g. available methane) to provide hydrogen. Future research and development will focus on improving the
power density and catalyst productivity of the dehydrogenation system mentioned here by using more catalyst
in the reaction volume and a more powerful burner. A very attractive extension towards even higher burner
power and cleaner operation is of course the use of hydrogen as burner fuel instead of methane. In addition,
potential sources of heat losses to the environment should be identified and avoided to improve the overall
efficiency of the dehydrogenation system.
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Nomenclature
Al O3 alumina
CO carbon monoxide
CO, carbon dioxide
Cw cooling water
BC-NMR  carbon nuclear magnetic
resonance spectroscopy
DBT dibenzyltoluene
DoH degree of hydrogenation
HB high-boiling
H, hydrogen
HO-DBT  dibenzyltoluene
H18-DBT  perhydro dibenzyltoluene
HRS hydrogen refuelling station
(@ internal combustion
LB low-boiling
LHVm lower heating value of
hydrogen
LOHC liquid organic  hydrogen
carrier
MEFC mass flow controller
MFM mass flow meter
My, hydrogen mass flow

jeise

N
NEC
NO,
NOx

Py

Pbumer

PEM
PI
PID
PLC
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Ypp-exhaust
3.p-exhaust
9mp-LOHC
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hydrogen storage capacity
nitrogen

N-ethylcarbazol

nitrogen dioxide

nitric oxide

hydrogen productivity
thermal load of the burner

proton exchange membrane

pressure indicator

proportional integral derivative controller
programmable logic controller

platinum

Silicon infiltrated silicon carbide

temperature indicator

temperature before the dehydrogenation unit
temperature after the dehydrogenation unit
medium temperature in the dehydrogenation unit

hydrogen volume flow

hydrogen yield
hydrogen density
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