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ABSTRACT

The operation of fuel cell systems using liquid fuels widens the application possibilities of this promising energy
conversion technology. However, systems utilizing diesel and jet fuel reforming are fairly complex and suffer
from poor stability and limited dynamics. To address these challenges, this paper investigates the steady-state
and transient operation of a 28 kWy, fuel processor on the systems level. With the help of experiments that
make use of the developed prototype, suitable operating parameters are sought to maximize the simultaneous
fuel conversion in the reformer and CO conversion in the shift reactor. Furthermore, a load change strategy is
developed with the aim of keeping the CO concentration at the fuel cell anode inlet below the target concen-
tration of 1% of the wet product gas at all times. The identified parameters enable very high conversions
(>99.95%) and CO concentrations even lower than the target during steady-state operation using three com-
mercial fuels under full load. The developed load change strategy was validated during 90 min tests, including 16
load change cycles with loads between 40% and 100%. As well as providing excess steam during load change, the
selection and control of optimal O,/C and H20/C ratios and temperature levels proved to be of key importance.
In order to minimize the CO concentration, it is recommended to operate the reformer at the identified pa-
rameters for each fuel and keep the shift outlet temperature between 295 and 300 °C by adjusting the water feed.
The proposed fuel processor concept and the experimentally-validated operating strategies in this work can
enable the successful implementation of fuel cell technology in different application areas, including auxiliary
power units, remote power systems and range extenders.
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1. Introduction

The use of logistical fuels such as diesel and kerosene-type jet fuel in
fuel cell systems extends the application possibilities of this promising
energy conversion technology to areas where hydrogen infrastructure is
not available or a hydrogen solution is difficult to implement due to
volumetric or gravimetric restrictions. Possible application areas of fuel
cells operated with diesel and kerosene reformate include auxiliary
power units (APUs) for various means of transportation, including
aircraft [1], trucks [2] and ships [3]; power supply systems for remote
locations [4]; range extenders for electric vehicles [5]; propulsion sys-
tems for underwater applications [6]; freight locomotives [7]; and
combined heat and power for ships [8]. The high efficiency and low
emission potential of the fuel cell technology can then be combined with
the extensive infrastructure of fossil-based diesel and jet fuel for short-
term applications. In the mid- to long-term, synthetic liquid fuels pro-
duced via biomass-to-liquid or power-to-liquid processes also offer a
sustainable energy conversion pathway as an additional advantage.
Furthermore, diesel reforming can be employed to enhance efficiency
and reduce the emissions of a diesel engine [9].

Despite considerable scientific and technological achievements in
the last decade, which are reflected in the review articles listed in
Table 1, the reforming of diesel and jet fuel still presents several chal-
lenges that restrain the widespread commercialization of fuel cell sys-
tems that utilize these fuels. These challenges include the time and
energy required for start-up, system complexity, limited dynamics,
volume, system stability and shut-down procedures, which will be dis-
cussed in the following sub-sections.

1.1. Start-up

Several publications focused on start-up at a systems level. Maximini
et al. [15] applied oxidative steam reforming of diesel as a measure to
actively heat the system components using the produced reformate. Han
et al. [16] utilized HyO, decomposition heat to reduce the start time for
subsea applications where no oxygen is available. Samsun et al. pro-
posed electrical [17] and thermal [18] start-up approaches for a diesel-
based high-temperature PEFC system. All of these works provided
experimentally-validated strategies at the systems level. Recently, using
an electrical start strategy, Samsun et al. were able to achieve a 16 min
start time for a sixth generation diesel fuel processor to reach full load
operation with ideal reformate quality, suppressing side products [19].
This result is promising for achieving the 30 min target for the fuel cell
system [20].

1.2. Shut-down
Like the start-up procedure, the shut-down of a reformate-based fuel

cell system is not trivial. Krekel et al. [21] observed very high concen-
trations of by-products during shut-down and were able to reduce these

Table 1
Selection of publications reviewing the progress on diesel and jet fuel reforming.
Author(s) Focus Source
Bae Fuel processing of liquid fuels for SOFCs, including [10]
catalyst degradation, design aspects, post-processing and
durability issues.
Wierbicki Jet fuel reforming, including catalyst system interactions, [11]
et al. reaction kinetics and sulfur poisoning.
Xu et al. Diesel and jet fuel reforming focused on ATR, including [12]
reaction thermodynamics, major issues, reactor design
and operating strategies.
Bae et al. Liquid fuel processing technologies and reactor concepts [13]
in the kW class.
Specchia Fuel processing reactors and integrated systems for [14]

various fuel cell types focusing on products for APU and
CHP applications in Europe.
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by a factor of 400 thanks to advanced shut-down approaches. These
approaches were further optimized, leading to the complete elimination
of by-products during shut-down; furthermore, nitrogen was replaced by
air as the purge gas and a regeneration procedure was implemented in
the procedure [22].

1.3. System volume

The high number of components required to realize and operate the
complete fuel processing routes leads to low power densities or inte-
grated system architectures that are hard to control due to interactions
between the system components. Ercolino et al. [23] and Cutillo et al.
[24] evaluated the performance of different fuel processing routes and
CO fine cleaning for PEFC systems by means of process analysis, whereas
Walluk et al. [25] and Goell et al. [26] focused on the simulation of the
combination of autothermal diesel reforming and SOFC technology,
including off-gas recycling. Accounts of fuel cell operation with diesel
reformate are limited in the literature. Jeong et al. [27] and Rautanen
et al. [28] reported on experiments on the coupling of diesel reforming
with an SOFC, whereas Engelhardt et al. [29] and Samsun et al. [30]
with low- and high-temperature PEFC technology. Only a few publica-
tions in the literature list the volume of the components, as the reactors
are developed for catalyst screening or are prototypes. A reactor’s
integration with a focus on the system aspects is undertaken in limited
cases. Peters et al. [31] presented a methodology for developing inte-
grated reformer designs with high power densities based on computa-
tional fluid dynamics. One example of this approach was the
autothermal reformer ATR 12, which was characterized by Pasel et al.
[32]. Meanwhile, Samsun et al. [19] integrated the second version of
this reformer type in the sixth generation diesel fuel processing system,
resulting in a high power density of 123 Wy 17L. This reformer version
also included a high-capacity electric heater and vapor trap analogous to
the newest generation of reformers from Jiilich, presented by Pasel et al.
[33].

1.4. Load change

Another challenge addressed is the limited dynamics of a diesel fuel
processing system during load change. As all reactors operate at their
best on their design points, deviations from these during load change or
operation at partial load can lead to an insufficient reformate quality.
Several publications handled the load change strategy at a reactor level
in recent years. Dolanc et al. focused on the control of an autothermal
diesel reformer [34] and, respectively, an afterburner [35] for a diesel-
based PEFC system. Their strategy is based on keeping the reactor
temperatures at a set-point and controlling the hydrogen production rate
for the reformer. In a simulation work, Malik et al. [36] implemented
controllers to keep the catalyst temperature near set-points for achieving
the desired hydrogen flow rate from an autothermal diesel reformer in a
PEM fuel cell system. Peters et al. [37] and Pasel et al. [33] reported on
load change experiments using NExBTL and Ultimate diesel, respec-
tively, for a period of 75 h, including 10 load change sequences in total.
Using a fuel injector in pulsed mode, they could achieve loads of be-
tween 20% and 100%. At the systems level, Samsun et al. [22] operated
the fourth generation diesel fuel processor of Jiilich in the APU mode of
operation. Across three difficulty levels, a typical 5 h break of a heavy-
duty truck was demonstrated with load change steps of between 40%
and 80%. It was observed that during load increases to 80%, the target
CO concentration at the anode inlet could not be achieved. In a theo-
retical study, Ipsakis et al. [38] simulated a fuel cell system with liquid
fuel processing and showed that flexible operation and fast transients
can be achieved through the proper selection of parameters. Bizon
recently published on the load-following, control-based, real-time
optimization of hybridized fuel cell systems [39].
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1.5. Complexity of diesel reforming and stability issues

Finally, identifying the optimal combination of the catalyst system
and operation parameters to produce a stable reforming performance
has been the focus of many works on diesel reforming in recent years.
Most of these publications report on catalyst stability, typically using
surrogate diesel and low gas hourly space velocities (GHSV), while only
a few focus on reactors. At the systems level, very few publications exist
concerning stable operation. Creaser et al. published a kinetic model to
describe the autothermal reforming of diesel using Rh-based catalysts
[40]. Similarly, Dorazio and Castaldi [41] proposed a detailed reaction
scheme for the autothermal reforming of tetradecane as a diesel surro-
gate using a Pt-based catalyst. Chen et al. [42] analyzed the reforming of
commercial diesel with the help of experiments and simulations,
showing that the deviation between diesel reformate composition and
surrogate reformate composition using n-heptane/toluene is large.
Therefore, they recommended using a multi-component surrogate to
more accurately represent diesel. In order to decrease coke formation,
eliminate coke deposition and reform the produced side products during
diesel steam reforming, Arslan Bozdag et al. [43] reduced the GHSV to
7500 h’l, increased the H,0/C ratio and optimized their Ni-based
catalyst with CeOy and tungsten. Tribalis et al. [44] demonstrated
sulphur tolerance and stability during the steam reforming of surrogate
diesel for 160 h at 20,000 h™! by doping their Ni-based catalyst with La
and Ba. Younis et al. [45] investigated Ni-based catalysts containing
lanthanide series promoters for diesel steam reforming. The Pr-Ni
catalyst showed the most promising results for 40 h at 5800 h~! GHSV
with low coke formation.

Xu et al. [46] identified bimetallic Ni/noble metal catalysts on
hydrotalcite supports promoted by alkaline or rare earth materials as
being the most promising systems for on-board reforming for APU ap-
plications in their review. Ju et al. [47] analyzed the influence of aro-
matic contents in the surrogate fuel for diesel and concluded that
enhancing the Ni-based reforming catalyst with Rh slowed down the
decrease in the catalytic performance. Zhang et al. [48] developed a Rh/
NiO/K-La-Ce-Al-Ox catalyst and achieved 89% conversion during the
autothermal reforming of desulphurized Jet A under optimal operating
conditions. Fabiano et al. developed a steam reformer using a com-
mercial Rh-based catalyst and achieved the full conversion of dodecane
at a GHSV of 3500 h™! [49]. O’Connell et al. attained 38 h of operation
with a micro reactor in the 5 kW class during the steam reforming of
diesel with at least 98% conversion and using commercial catalysts [50].
Studies by Shoynkhorova et al. [51-53] and Rogozhnikov et al. [54]
focused on diesel reforming using Rh-containing catalysts prepared by
sorption-hydrolytic deposition. Firstly, they demonstrated full conver-
sion for the autothermal reforming of n-hexadecane for 12 h [51]. Then,
they compared the catalytic activity of their Rh-based catalyst system
with Pt- and Ru-based systems, finding that the Rh-based system had the
highest activity. This catalyst showed stable performance during the
autothermal reforming of summer diesel at a high GHSV of 30,000 h™!
for 9 h [52]. In another study, they brought this Rh-based composite
catalyst onto a wire mesh honeycomb module and could demonstrate
the full conversion of n-hexane at 10,000 h™! and 98% at 13,300 h™!
during autothermal reforming [53]. Using the same catalyst system, a
pilot scale reactor was built and tested for the autothermal reforming of
diesel at 15,000 h’l, resulting in complete conversion for 200 min [54].
Lo Faro et al. [55] analyzed the operation of an SOFC with reformate for
the steam reforming of n-dodecane using an Rh-based catalyst at 16,000
h~L. They observed cracking at low steam-to-carbon ratios of 1 and a
decrease in cell performance at 1.5. The best performance was achieved
at a steam-to-carbon ratio of 2. Nehter et al. [56] demonstrated the pre-
reforming of road diesel for SOFC systems for maritime applications on a
0.9 kW scale. Lacking a regeneration procedure, the experiment was
terminated after 3200 h due to a significant deactivation of the catalyst
bed. Pasel et al. [57] operated a water-gas shift reactor with diesel
reformate for 5000 h. The CO concentration at the shift reactor outlet
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could be kept under 1.5 (vol)% following the regeneration cycles. The
reformate was produced in an autothermal diesel reformer operating at
20,000 h™1.

Samsun et al. demonstrated the direct coupling of a reformer and
shift reactor not only during steady-state operation, but also during
start-up and shut-down [18,22]. Under worst case conditions, the CO
concentration at the WGS outlet amounted to 1.5 (vol.)%, in parallel to
increases in the CO concentrations at the reformer outlet using the
fourth generation diesel fuel processor [22]. In the fifth generation
diesel fuel processor [18], a good steady-state performance was
observed, but full load operation was not possible due to non-matching
reactor sizes. Moreover, high amounts of by-products were observed at
the reformer outlet, making it difficult to identify suitable parameters
for the stable operation of the shift reactor. Unfortunately, the applied
technique to determine the amounts of by-products in the reformate
showed a very high measurement uncertainty for benzene. Meifiner et al.
[58] proposed a new method that enables the detection of traces of
hydrocarbons in the product gas from the autothermal reforming of
middle distillates using GC/MS coupling.

1.6. Approach and background

Based on the short literature survey presented above, it can be
concluded that the challenges to start-up and shut-down have been
extensively discussed and have resulted in experimentally-validated
solutions at a systems level. With respect to the system volume, inte-
grated system designs with a high power density also exist. This paper
deals with the three remaining challenges. On the one hand, the stability
and complexity of these challenges is addressed. The target is to achieve
operation at a high conversion with different commercial fuels at a
systems level. The approach will aim to find suitable operation param-
eters with each fuel, despite the high level of system integration.
Furthermore, load change strategies are developed and validated as a
response to the third challenge, which is that of limited dynamics. In the
previous system generation, the maximum power level of the system was
limited to 50% due to the new design parameters of the shift reactor
[18]. Here, a new shift reactor generation is utilized that is in the same
power class as the other components. Therefore, the system can be
operated at full load, exploiting the full potential of the reactors during
operation at high gas hourly space velocities. The latter was a limitation
in many of the published works presented above concerning stability,
even at the catalyst or reactor levels. Furthermore, a new generation of
reformers is employed that can achieve very high conversion, unlike the
reactors used in earlier systems [18].

The novelty of the present work is therefore its uniqueness in
addressing the identified challenges of diesel reforming at a systems
level, in an effort to bridge the gap between research on catalysts and
reactors and the application of integrated energy systems. It offers
experimentally-validated, steady-state and transient operating strate-
gies for the kW-class, integrated diesel fuel processing systems for
optimal fuel cell operation. The basis of the work is a high-power den-
sity, self-sustaining diesel fuel processor in the 28 kWy, power class
developed for high-temperature PEFC systems.

2. Experimental

For this study, the experiments were performed using the sixth
generation diesel fuel processing system developed at Jiilich. The main
components of this system are an autothermal reformer (ATR), a
water-gas shift reactor (WGS), a catalytic burner (CAB) and a heat
exchanger. Fig. 1 presents a simplified sketch of this system to explain
the coupling of the reactors with each other. A recent publication from
our group reports on the start-up performance of this system generation
and explains the components in detail [19]. As the system is developed
for coupling with a high-temperature PEFC, a water—gas shift reactor is
necessary to reduce the CO content of the reformate after the reformer.
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The external heat exchanger conditions the hot reformate and cold
cathode air before entering the fuel cell stack. The catalytic burner then
processes the anode off gas to minimize the emissions.

2.1. System lay-out and preparation

As Fig. 1 indicates, the main components of the system include not
only catalyst beds, but also mixing chambers and heat exchangers (see
the legend for color descriptions). This is an approach to minimize the
number of components and piping to connect them with each other on
the one hand and to maximize the system efficiency in terms of recov-
ering process heat on the other. However, as was mentioned in the
introduction, this simultaneously increases the system’s complexity, as a
parameter change in one of the reactors directly influences the others.

As the name implies, autothermal reforming takes place in the
reformer upon mixing superheated steam and air with liquid fuel. The
catalyst bed, in the form of a monolith, is designed for a gas hourly space
velocity (GHSV) of 30,000 h™! at 100% load (2.7 kg h™! fuel, molar O/
C ratio of 0.47, HyO/C ratio of 1.9), utilizing a commercial noble metal
catalyst based on Rh/Pt. Superheated steam from the catalytic burner is
first mixed up with air (air ATR steam) and, in a second mixing chamber
at the other end of the reformer, with water (water ATR HEX). Based on
the desired operation point of the reformer, the ratio between both
water feeds (water ATR CAB/water ATR HEX) must be adjusted, keeping
the total water amount for reforming constant based on the pre-set load
level and molar HyO/C ratio. The mixture of these three streams leads to
a saturated water/air mixture, which is superheated in the ATR heat
exchanger using the hot reformate. Similar to steam, the ratio between
air fed through the heat exchanger via the steam path (air ATR steam)
and cold air fed through the ATR mixing chamber (air ATR MC) must be
adjusted, keeping the total air amount for reforming constant based on
the pre-set load level and molar O,/C ratio. The high-temperature shift
stage of the WGS reactor has a GHSV of 45,000 h™! and is fed directly
with ATR reformate cooled in the ATR heat exchanger. Thus, the inlet
temperature of the WGS reactor can only be tuned through the operating
parameters of the ATR. After the first conversion step of CO and H0 into
Hy and COs in the high-temperature shift stage, the input of additional
water (water WGS) not only cools the reformate for the low-temperature
shift stage (22,500 h™1), but also enhances the thermodynamic equi-
librium of the shift reaction towards the products of Hy and COs. For

Air CAB
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both shift steps, a Pt-based commercial noble metal catalyst is used. Both
stages are housed in a cylindrical reactor where the high-temperature
shift stage is placed in the center of the reactor and the low-
temperature shift stage is situated in the outer section, surrounding
the high-temperature part. The stages are separated by a hollow volume
through which the product gas of the high-temperature stage is directed
to the low-temperature stage after the addition of water. After heat
treatment in the external heat exchanger, the reformate is fed into the
fuel cell anode. During the tests conducted for this study, the reformate
is sent instead to the catalytic burner in order to close the heat balance of
the system and thus simulate the anode off gas. As the reformate gas has
a much higher calorific value than the anode rest gas, the air amount for
catalytic combustion (air CAB) is kept so low that a comparable amount
of heat supply is enabled. As is mentioned above, the catalytic burner
and reformer are also thermally coupled to each other, as part of the
water demand of the reformer is supplied through the CAB heat
exchanger (water ATR CAB) in the form of superheated steam. Similar to
other reactors, a commercial noble metal catalyst based on Pt/Rh is used
and is coated in a ceramic monolith.

The reactors were designed based on the pressure equipment direc-
tive (PED) of the European Union with the support of computational
fluid dynamics (CFD) simulations and analyses that employed the finite
element method (FEM). Following the computer-aided design (CAD),
the reactors were manufactured in the Central Institute for Engineering
and Technology (ZEA-1) of the Forschungszentrum Jiilich. Nozzles for
water and diesel supply to the reactors and catalyst systems were pur-
chased as commercial products. The fuel processor system was designed
in the basic engineering phase with the help of process simulations. The
detailed engineering phase consisted of diagrams and plans that provide
information for the selection of pipes and other balance of plant com-
ponents. The system packaging was realized with the help of CAD. After
the procurement of all additional components, the fuel processor pack-
age was assembled and assigned the CE mark of conformity. For char-
acterization, the system was docked on a test rig that was developed for
the testing of fuel processors.

2.2. Reaction mechanism

The main reactions taking place in the fuel processor are outlined in
Table 2. Autothermal reforming is normally a combination of catalytic

Off-gas

Anode rest gas

Catalytic burner (CAB 3)

Water ATR CAB

Superheated steam and air

Superheated steam

Air ATR steam

Fuel
Air ATR MC

Autothermal reformer (ATR 12-el)

Water ATR HEX

Reformate from ATR

Water-gas shift reactor (WGS 6B-el)

: Water WGS

Reformate to fuel cell

Air fuel cell

Heat exchanger

Reformate from WG:|

Air fuel cell

Catalyst

Fig. 1. Simplified sketch of the diesel fuel processing system, including the coupling of the reactors to each other.
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partial oxidation (2) and steam reforming (5), accompanied by simul-
taneous equilibrium reactions for water-gas shift (6) and both metha-
nation reactions (7), (8). Some sources use a combination of total
oxidation (1) and steam reforming (5) in order to describe autothermal
reforming. The highest temperature observed at the inlet of the catalyst
bed is normally higher than the maximum adiabatic temperature that
can be achieved by partial oxidation. Creaser et al. [40] suppress partial
oxidation in their reaction scheme in order to achieve high catalyst
temperatures at the inlet with the help of total oxidation; however, at the
same time they state that partial oxidation also takes place in practice.
From an energy balance point of view, both routes result in an identical
temperature and product gas composition following autothermal
reforming. The only difference is in the intermediate temperature
observed following the fast oxidation at the catalyst inlet. In practice, it
can be expected that both total and partial oxidation occur during
autothermal reforming, as the high temperatures measured at the
catalyst inlet can only be achieved by total oxidation and there is clear
evidence in the literature that partial oxidation is observed during
autothermal reforming. Dorazio and Castaldi [24] propose a detailed
mechanism for the autothermal reforming of tetradecane using 24 re-
actions, which are classified under C;4 reactions, water consuming re-
actions, hydrocarbon oxidation and hydrocarbon intermediate
reactions. According to their experimentally-supported analysis, the
reactions’ sequence commences with oxidation and cracking reactions,
but the dominant reactions are primarily partial oxidation and, to a
lesser degree, the water—gas shift reaction. Speight [59] points out
equation (3) as the general reaction equation without catalyst for ther-
mal partial oxidation where CO and H,O are produced from the partial
combustion of a sub-stoichiometric fuel-air mixture. It must be noted,
that this equation is slightly modified here to close the atomic balance.
Similarly, Yoon et al. [60] discuss the total oxidation equation (1) taking
place before reaching the catalyst bed where most of the diesel is
decomposed and a large quantity of ethene is produced. Another
equation (4) for partial oxidation is proposed by Kang et al. [61], where
CO4 and Hjy are produced. A more complicated reaction equation for
partial oxidation is reported by Bae et al. [13], in which not only CO and
Hy are produced as in the simplified equation for catalytic partial
oxidation (2), but also CO5 as in equation (4) and HO as in equation (3).
The water—gas shift reaction (6) is responsible for a higher rate of con-
version of steam than steam reforming, leading to a similarly high
concentration of carbon dioxide as carbon monoxide in the reformate.
Typical methane values in the product gas for reforming and the overall
stoichiometric balance show that CO methanation (7) takes place to a
limited extent and that the effect of CO, methanation (8) can be
neglected in the balance. In addition, during partial oxidation of n-

Table 2
The main reactions taking place in the fuel processor.

Reaction Chemical formula Reactor Eq.
JetA-1:n =12, m = 24; (s) number
Ultimate diesel: n = 19, m = 38;
NEXBTL diesel: n = 17, m = 36;
Total oxidation CpHp + (n+m/4) O - nCO; +m/  ATR (€8]
2 H,0
Partial Cp,Hy, +n/2 0, - nCO +m/2 Hy ATR (@3]
oxidation CpHp + 2n+m)/4 02, - nCO +m/ 3
2 H,0
CyHp + n 02 — n COz + m/2 Hy 4
Steam CpHp + nH0 - nCO + (m/2 +n) ATR 5)
reforming H,
Water-gas shift CO +H;0 5 COz+ Hz ATR, 6)
WGS
CO methanation CO + 3H; s CHy + H0 ATR @
CO, CO2 +4H; s CHy +2H0 ATR ®
methanation
CO oxidation CO + 0.5 02 — CO2 CAB ©
H, oxidation H; + 0.5 O; — H;0 CAB (10)
CH4 oxidation CH4+ 203 — CO2 + 2 H0 CAB an
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dodecane under 600 °C, Bae et al. [13] show that CO5 and CHy are the
main products. Xu et al. [12] propose a reaction mechanism for auto-
thermal reforming based on partial oxidation and steam reforming,
declaring ethene as the main reason for rapid carbon formation citing
Yoon et al. [60] who found out that ethene pyrolysis is homogenous and
takes place at the reactor entrance. According to these experiments,
insufficient steam leads to performance degradation and lack of oxygen
in the downstream leads to ethene formation, favoring ATR against
steam reforming and partial oxidation. The important conclusion of Xu
et al. is that the control of H,O/C and O»/C ratios in the inlet mixture of
reforming plays an essential role in the suppression of carbon formation.

The water-gas shift reaction (6), taking place as a desired side re-
action in the reformer, occurs as the main reaction in the water—gas shift
reactor in the abovementioned catalyst system. Due to the well-known
character of this reaction, namely the high equilibrium conversions at
low temperatures and good reaction kinetics at high temperatures, the
water-gas shift reactions occur at two temperature levels in the designed
water-gas shift reactor. Finally, the remaining calorific compounds of
carbon monoxide, hydrogen and methane in the anode rest gas are
combusted according to CO (9), Hy (10) and CH4 (11) oxidation re-
actions in the catalytic burner.

2.3. System characterization

In an attempt to simulate the real application character as much as
possible, the system is not pre-heated or prepared by other means before
each experiment. Instead, it is started from cold mode using the newly
developed electrical start-up strategy [19] in each experiment. In the
slowest case, the start-up procedure is completed in 22 min, leading to
self-sustaining, full load operation. The shut-down is performed ac-
cording to the already published procedure, which leads to neither
higher hydrocarbon content nor temperature peaks [22]. Moreover, a
regeneration with air at the end of each experiment is integrated into the
shut-down procedure. The steady-state and load change experiments
were performed during operating periods of at least 6 h between regular
start-up and shut-down experiments.

The experiments are carried out with the help of a process control
system and the produced gases are analyzed continuously after water
separation using FTIR/MS coupling. Details of the specific experimental
techniques can be found in Samsun et al. [18]. The products of the ex-
periments are the measured temperatures, pressures, flow rates and
product gas concentrations. The changes to these parameters are
recorded every 1-10 s according to the type of experiment and trans-
ferred to Excel sheets for further evaluation. To analyze the concentra-
tions of undesired by-products, the newly-developed GC/MS method of
MeiBner et al. [58] is used, which reduces the detection limit of the
analytics to the sub-ppm range. The conversion calculation is based on
the methodology presented in Samsun and Peters [62], although it ex-
cludes the carbon in the condensed phase, which cannot be analyzed due
to integrated system operation. The excluded amount is typically one
order of magnitude lower than the carbon present in the gas phase.
Unless otherwise stated, all concentrations are given in the dry state.

In the first part, focus is given to determining the best possible
operating parameters to maximize conversion in the reformer and, at the
same time, to minimize the CO content at the outlet of the shift reactor at
maximum load, which represents the worst case. No defined limits for
the undesired by-products are cited in the literature. Krekel et al.
investigated the stability of the WGS catalysts using synthetic diesel
reformate containing 220 ppmv higher hydrocarbons and observed no
negative effects [21]. On the fuel cell level, Engelhardt et al. operated
their HT-PEFC at a stable cell voltage for 16 h using diesel reformate,
which contained 2500-3300 ppmv residual hydrocarbons at a fairly low
current density of 0.2 A cm ™2 [29]. However, Bae et al. define ethene as
a carbon precursor and state that deactivations in diesel reforming
catalysts are accompanied by the production of light hydrocarbons such
as ethene [13]. Therefore, in this work the aim is to suppress the
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production of undesired by-products to the greatest extent possible. For
reforming, NExBTL diesel from Neste, desulphurized Jet A-1 and Aral
Ultimate diesel are used to represent different diesel and jet fuels from
various origins and complexities in relation to their end of boiling and
aromatic content. More detail on the properties of these fuels can be
found in the literature [63].

In the second part, a load change strategy is developed and opti-
mized, and is then validated using each fuel with the aim of keeping the
CO concentration at the shift outlet below the target concentration of
1.25 (vol.)% in the dry state, corresponding to 1 (vol.)% in the wet state.
Although the HT-PEFC anode can tolerate higher CO concentrations of
up to 3 (vol.)% [64], the target concentration for both parts of this work
is set to the concentrations stated above, in order to minimize the drop in
cell voltage and maximize cell efficiency during each operation
sequence.

3. Results and discussion

The results are presented in two sections. The first focuses on steady-
state experiments, while the second concentrates on transient operation.

3.1. Optimization of steady-state performance

The first stage of the steady-state experiments was performed using
NExBTL diesel fuel. This fuel can be considered the simplest in this
paper, as it does not contain any aromatics. Based on a series of orien-
tation experiments, the operating parameters for the reformer were
selected as molar ratios of O/C = 0.47 and H,O/C = 1.9, with a ratio of
cold air to pre-heated air of 70:30 (air ATR MC/air ATR HEX, see Fig. 1)
and a ratio of cold water to superheated water of 32:68 (water ATR
HEX/water ATR CAB, see Fig. 1). All steady-state experiments in this
paper were carried out using 2.7 kg h™! of fuel, corresponding to 100%
load. In the first experiment (BTL I), the WGS water feed was defined as
2250 g h~! and the air feed to the CAB as 7500 Iy h™'. Afterwards, four
additional experiments were performed in a narrow parameter window,
varying the WGS water feed between 2200 and 2300 g h™! and the air
amount to the CAB between 7500 and 7600 1y h™'. The variation of the
WGS water amount changes the temperature level and feed composition
in the low-temperature shift stage. In turn, the variation in the air
amount to the CAB changes the amount of heat release in the catalytic
burner, which is recovered for educt conditioning in the reformer.
Firstly, the concentrations of undesired by-products analyzed using GC/
MS at the reformer outlet are given in Fig. 2. To give a better overview,
the sum of all undesired by-products is also given in the form of total
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carbon on the right axis, which adds up the concentration of each by-
product after multiplying the concentration with the corresponding
carbon number. Operation with the lower air amount to CAB in exper-
iments (BTL I, III and IV) led to lower by-products than operation with
the higher air amount in experiments (BTL II and V). However, the
difference is very low (1.38-3.32 ppmv vs 4.77-8.45 ppmv) and all
operating parameters led to very high conversions (99.996-99.999%).

In principle, a higher amount of air to the CAB leads to higher
temperatures in the reformer, which in turn helps achieve higher con-
version with better fuel evaporation. However, a high temperature level
in the reformer also carries disadvantages. Pasel et al. [65] recommend
keeping the reforming temperature as low as possible (< 900 °C) in
order to maintain the redox properties of the catalyst and to prevent
sintering of the catalyst particles. Therefore, it is crucial to find the
optimum temperature level of the reformer, which is directly influenced
by the operating conditions of the remaining reactors in the system.
Here, with selected parameters, the optimal settings were already
available for perfect fuel evaporation in the reformer. Therefore, addi-
tional heat input had no positive effect on the current set-up.

In a second analysis, the resulting CO concentrations at the WGS
outlet were investigated for the same set of experiments. On the basis of
the overall heat balance of the system and the resulting temperatures, as
well as the cooling effect caused by the water feed at the outlet of the
high-temperature shift stage, different temperature and conversion
levels were observed in the WGS reactor. A clear trend can be observed if
the CO concentrations at the WGS outlet are analyzed together with the
outlet temperature of the WGS reactor, as presented in Fig. 3. If the
results from the five experiments are analyzed together, it can be seen
that within the analyzed operation window, the outlet temperature of
the WGS was decisive for the CO concentration at the WGS outlet: the
lower the reformate temperature at the WGS outlet, the higher the CO
conversion, resulting in a lower CO concentration. At the resulting
window of temperatures of between 311 °C and 329 °C, the reaction was
not yet limited by kinetics, such that higher conversions were achieved
at lower temperatures, in agreement with thermodynamic equilibrium.

The final goal is to observe if there is a correlation between the
amount of by-products and the achieved CO concentrations in the WGS
reactor. The lowest amounts of by-products were observed for experi-
ments BTL I and III, whereas the highest CO concentrations were also
observed in these. As a result, it can be concluded that in this very
narrow window of operating conditions, it cannot be concluded that the
amount of by-products in the ATR reformate has a direct effect on the
performance of the WGS reactor.

In all five experiments, each performed for a period of six hours,
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Fig. 2. Concentrations of undesired by-products (left axis) and the total amount of carbon from undesired by-products (right axis) at the reformer outlet using 2.7 kg

h~! NExBTL diesel.
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Fig. 3. Mean values of CO concentrations at the WGS outlet with their standard
deviations (left-axis) in correlation with the outlet temperature of the WGS
reactor (right-axis) using 2.7 kg h™! of NEXBTL diesel. The experiments have
been arranged in the order of increasing outlet temperature.

there was no degradation observed during the experiment or after the
controlled shut-down procedure and the new start. In addition, all five
experiments offered parameter combinations, which led to very low CO
concentrations at the WGS outlet (0.83-1.04 (vol.)%) and very low
amounts of by-products in the reformer outlet (1.38-8.45 ppmv) during
operation at full load, which is the extreme case for the later application.

In the second step, the steady-state operation was extended to
desulphurized Jet A-1 and Aral Ultimate diesel. Due to their aromatic
content, these fuels are more difficult to reform in comparison to
NEXBTL diesel, which lacks an aromatic content.

The reference experiment using desulphurized Jet A-1 was JA II,
with the same molar ratios (O2/C = 0.47, H,0O/C = 1.9) and proportions
(air ATR MC/ATR HEX = 70:30, water ATR HEX/ATR CAB = 32:68) as
in the NExXBTL experiments. In addition, the CAB air amount was set to
7400 Iy h™! and the WGS water amount to 2600 g h™! for JA II after the
first orientation experiments. As a slight increase in the concentrations
of the single by-products and the total carbon amount was observed in
this experiment, in comparison to the experiments BTL I-V, a parameter
variation was performed. Experiment JA I was intended to reduce the
heat input to the reformer in the form of superheated steam from the
CAB, and therefore the ratio of water from the CAB was reduced from
68% in JA II to 63%. In order to ensure lower heat input, the CAB air
amount was also reduced to 7200 Iy h™1. Otherwise, the temperature of
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the superheated steam would increase for the same amount of released
heat in the catalytic burner and transfer a comparable amount of heat to
the reformer. In a third experiment, JA III, the higher heat input case
was simulated, increasing the ratio of CAB water to 74% and the CAB air
quantity to 7600 1y h™!. All of the other parameters were kept identical
to those in JA II. In a final experiment, JA IV, an extreme parameter
combination was simulated in accordance with the parameters from the
last system generation, which resulted in the stable operation of the
system with the highest conversion using desulphurized Jet A-1 [18].
Accordingly, the molar Oo/C ratio was set to 0.49, the ratio of CAB water
to 60% and the CAB air feed to 7000 Iy h~1. All other parameters were
kept identical to those in experiment JA II. Fig. 4 shows the concen-
trations of by-products for each experiment.

Surprisingly, neither an increase in heat input to the reformer in JA
III nor a reduction in JA I led to fewer by-products than the reference
experiment JA II. Going to a higher molar O,/C ratio and lower CAB
water ratio, as well as CAB air feed in JA IV to suppress the strong
temperature increase in the reformer due to the higher O,/C ratio, also
did not improve the conversion. The colder operation phase in JA I
resulted in the highest concentrations for ethane and benzene, which
made the total carbon amount higher than 100 ppmv. In JA III, the
higher heat input resulted in a slight increase in ethene and benzene
concentrations and so the total carbon concentration increased from 34
ppmv in JA II to 48 ppmv. The best-of point from the previous system
generation in JA IV did not improve the conversion in comparison to JA
IT or JA III. However, the concentrations of by-products were still much
lower than those achieved with the previous system generation [18].

The lowest CO concentration (0.79 (vol.)%) at the WGS outlet was
measured in JA I at the lowest outlet temperature of the WGS (275 °C),
despite it having the highest amount of by-products. Interestingly, the
CO concentration achieved at JA II (0.82 (vol.)%) is fairly comparable to
this value, although the temperature was somewhat higher, at 302 °C.
This shows that the operation of the WGS at even lower temperatures
does not carry a large advantage. Due to slower reaction kinetics, higher
CO conversions enabled by thermodynamic equilibrium could not be
reached.

The highest CO concentration (0.98 (vol.)%) was observed with JA
III at the highest outlet temperature of 324 °C, one of the operating
points with fewer by-products. Again, no correlation was observed be-
tween the amount of by-products at the reformer outlet and the CO
conversions in the WGS reactor. The latter seems to only be determined
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Fig. 4. Concentrations of undesired by-products (left axis) and the total amount of carbon from undesired by-products (right axis) at the reformer outlet using 2.7 kg
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by the temperature level for the experiments performed in this section.
Finally, JA II offered the most advantageous operating parameters,
resulting in the highest conversion (99.985%), and at the same time a
fairly low CO content at the WGS outlet (0.82 (vol.)%) at full load.

Similarly, the reference experiment with Ultimate diesel was ULT II,
where identical parameters of molar ratios (O2/C = 0.47, H,O/C = 1.9)
and proportions (air ATR MC/ATR HEX = 70:30, water ATR HEX/ATR
CAB = 32:68), as in the NExBTL experiments and JA II, were selected. In
this case, the CAB air amount was set to 7500 Iy h~! and the WGS water
amount to 2400 g h™! after the first orientation experiments. Similar to
the variation in experiments JA I-III, the heat input to the reformer was
reduced (ULT I) and increased (ULT III). Again, the best-of point from
the previous system generation for Ultimate diesel [ 18] was investigated
in ULT IV. Fig. 5 presents the concentrations of undesired by-products
and the total carbon produced by experiments ULT I-IV, together with
the varied parameters. Looking at the selected parameters, it can be
observed that the WGS water feed could not be kept constant in all ex-
periments, unlike experiments JA I-IV. In experiments ULT III and IV,
the amount of water was increased to reduce the CO concentrations at
the WGS outlet, in conjunction with the higher temperature level in the
system, due to selected parameter combinations. It should also be noted
that the parameters in ULT IV differed strongly from those in JA IV. As
mentioned before, the parameters were taken from the previous gen-
eration. Therein, it was mandatory to implement this set of extreme
parameters in order to achieve a stable system operation with the target
CO concentrations.

The results in Fig. 5 show that the operating parameters, leading to
an increased heat input to the reformer in ULT III in comparison to the
reference case in ULT II, could slightly reduce the total amount of carbon
from 68 ppmv to 65 ppmv. In contrast, operation at lower heat input in
ULT I again resulted in higher quantities of by-products. It would be
interesting to increase the CAB water ratio further to see if an additional
reduction can be achieved. However, this is not realistic, as with its
present design, the catalytic burner cannot provide more heat during
anode off-gas operation without reducing the hydrogen utilization rate
in the fuel cell. Yet, the ULT IV experiment offered another possibility to
shift the temperature level higher without facing this limit. In this
experiment, the O5/C and H,0O/C ratios were increased while the CAB
water ratio was decreased. At the same time, the complete amount of
ATR air was fed into the reformer after being pre-heated in the ATR heat
exchanger. However, the largest amount of total carbon, and thus the
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lowest level of conversion, was achieved in this experiment. Therefore,
the ULT III experiment offered the lowest amount of by-products in total
amongst the experiments carried out for this paper with Ultimate diesel,
showing a 99.972% conversion at full load during system operation. At
the same time, benzene concentration was at the lowest level (2.72
ppmv) during ULT IIL.

Once again, no direct correlation between the CO conversion in the
WGS and the amount of by-products at the reformer outlet could be
observed. Experiments ULT I and ULT IV showed CO concentrations of
between 0.73 and 0.80 (vol.)% at outlet temperatures of between 296
and 299 °C, whereas ULT II and ULT III resulted in 0.94-0.96 (vol.)% at
313-315 °C. Apart from this general trend, which is fully in agreement
with experimental results obtained using NExBTL diesel and desul-
phurized Jet A-1, the direct correlation between the outlet temperature
and the resulting CO concentration was not observed here. Despite its
lower temperature ULT I showed a higher concentration than ULT IV.
The same effect is also observed between ULT III and ULT II, whereas in
that case the difference was negligible. Comparing the experimental
conditions between ULT I and ULT 1V, it can be observed that the
reformer was operated at a higher steam-to-carbon ratio in ULT IV than
in the other experiments. As a direct result, the CO concentration at the
reformer outlet dropped from 11 to 11.2 (vol.)% to 10.1 (vol.)%. Finally,
the lowest CO concentration, of 0.73 (vol.)%, was achieved in ULT IV,
which is also the lowest value achieved in this paper. Although opera-
tion at a higher steam-to-carbon ratio did not bring an advantage con-
cerning the fuel conversion in the reformer, the use of higher steam-to-
carbon ratios with more appropriate parameters can be further investi-
gated in future work. Arslan Bozdag et al. reported decreased coke
formation and increased WGS activity through an increase in the steam-
to-carbon ratio [43].

This paper also shows that in the case of a reformer enabling high
fuel conversions with very low amounts of by-products, such as the one
used in this work, it is not necessary to adopt extreme parameter com-
binations (see JA IV and ULT IV). Such combinations were required in
the previous reformer generation [18] in order to minimize the amount
of by-products and achieve stable performance in terms of fuel and CO
conversion in the reformer and shift reactor. In this work, the applica-
tion of the same parameters resulted in a lower amount of by-products
than those of the former reformer generation [18]; however, the
resulting values were not superior to those in experiments JA I and ULT
III.
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Finally, this section showed that by using the selected parameter
combinations, it was possible to minimize the concentrations of unde-
sired by-products and keep the total carbon concentration below 10
ppmv in all experiments using NEXBTL diesel. During system operation
with desulphurized Jet A-1, it was observed that the total carbon con-
centration could be reduced down to 34 ppmv by means of the identified
parameters. Similarly, during operation with Ultimate diesel, the total
carbon concentration could be reduced to 65 ppmv. Comparing the sum
of concentrations for ethene and ethane with those from the former
reformer generation [18] shows a reduction of these undesired by-
products of 94% using NEXBTL diesel, 70% using desulphurized Jet A-
1 and 81% using Ultimate diesel. The stable operation of the reforming
process can be explained by the optimal design and operating parame-
ters. The reformer’s mixing chamber is designed with the purpose of
enabling the proper mixing of the educts. This was a measure against the
well-known mechanism of pyrolysis, which leads to ethene formation
due to improper mixing [13]. In addition, the selection of the optimum
0,/C and Hy0O/C ratios for each fuel, which is known to play an essential
role in the suppression of carbon formation [12], has proven itself to be
an effective approach to achieving a stable steady-state performance in
this work. This is driven by the overall motivation defined in the
beginning, which was to minimize the concentrations of higher hydro-
carbons in the reformate. Fundamentally, autothermal reforming has
intrinsic advantages over steam reforming and partial oxidation due to
the presence of both steam and oxygen in the feed gas. According to the
literature, the addition of even small amounts of air prevents the onset of
deactivation processes [50], whereas high O5/C ratios may even enable
effective coke suppression [13]. The selected optimum O»/C ratio in this
work is fairly high, at 0.47, and is close to the maximum value of 0.5,
which is the maximum limit for partial oxidation. The disadvantage of a
low hydrogen yield during operation at high O,/C ratios is countered
with an accompanying high H,O/C ratio of 1.9. This ratio enables high
CO conversions in the water—gas shift reaction, increasing the hydrogen
yield in the reformate. As the preparation of superheated steam for
reforming required no external heat, operation at a high H,O/C ratio has
no disadvantage for the level of efficiency. The integration of a regen-
eration strategy into the shut-down procedure was another component
of the effective operating strategy in this work.

In addition, during all of the experiments performed, the selected
parameter combinations led to CO concentrations in the range of
0.73-1.04 (vol.)% at the outlet of the WGS reactor during full load
operation for 6 h during each experiment. This performance can be
explained by three effects. First, the stable performance of the upstream
reforming process led to an ideal educt mixture for the water—gas shift
reaction. Secondly, the selected parameters for reformer operation with
each fuel could deliver an ideal inlet temperature for the high-
temperature shift stage, in which the higher share of CO could already
be converted into CO2 with the help of good reaction kinetics at higher
temperatures. At the same time, the temperature level was low enough
to prevent catalyst degradation, e.g., due to sintering. Finally, in the low-
temperature shift stage, an ideal temperature window for the reactor
outlet was identified, in which the CO concentrations only depended on
the thermodynamic equilibrium and were not limited by poor reaction
kinetics, which is typical at low temperatures.

To summarize, it was possible to identify parameter combinations for
each fuel to maximize the fuel conversion at the reformer outlet and
keep the CO concentration at the WGS outlet well below the target value
of 1.25 (vol.)%, also during system operation at full load.

3.2. Optimization of transient operation

The aim of the experiments in this section was to optimize transient
operation. As mentioned in the previous section, due to the high level of
system integration, the interactions between the components limit
flexibility in operation. This is not only the case during steady-state
operation, but also during transient operation, as the parameters and
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resulting conditions in the components deviate strongly from the design
values during these periods. In this section, load change strategies were
developed with the help of experiments to minimize the load change
periods and ensure smooth system operation at all times. This section is
composed of three sub-sections. Firstly, orientation experiments were
performed to understand the dynamics of the system. This was followed
by a 90 min test based on a pre-defined load cycle. Finally, the devel-
oped load change strategy was validated using the same fuels as were
used for steady-state operation.

3.2.1. Orientation experiments

The orientation experiments were performed using NEXBTL diesel
with the standard molar O,/C and H,O/C ratios and air and water ratios
for the reformer as in experiments BTL I-V. The system load was varied
between 40% as the minimum value and 100% as the maximum. The
system parameters were controlled in such a way that the load was given
as input, and only the remaining flow rates of diesel, air, and water were
adjusted as a function of the load for the pre-defined values mentioned
above. There were no further disturbances to the components, as self-
sustaining operation was achieved at all times without any external
heat input.

In the first load change experiment LC I, the water feed to the
reformer was adjusted manually during load increases due to the slow
reaction time of the control loop of water feed. This means that the
control value of the particular controller was entered by hand during
load increase. In order to determine the control values for each load
point, the system was operated at different load levels prior to the
experiment and the resulting control value for each controller was read
for the desired load point. For the air and fuel flows, a fast and precise
reaction of the control loops was observed, so a manual adjustment was
not required for these flows. During load reduction, water, air and fuel
flows were adjusted automatically, whereas a 1 s delay time was
introduced for air and fuel flows. Furthermore, the load change was
achieved in stepwise changes of 10 percentage points.

In the second load change experiment LC I, the delay time for air and
fuel was set to 5 s in order to allow enough time for the water feed to
adjust itself during both the load increase and decrease. No manual
adjustment was performed. Additionally, instead of stepwise load
changes, instant load changes were performed.

In the final orientation experiment LC III, the delay time was again
reduced to 1 s during the load decrease and the water feed was adjusted
manually during load increase. Similar to LC II, instant load changes
were performed. Fig. 6 presents the recorded flow rates in the system
and the measured product gas concentrations at the WGS outlet during
the load change experiments.

Fig. 6a shows four load changes between 100% and 40% for a period
of 60 min in experiment LC I. The stepwise load change resulted in a long
period until the desired new load levels were achieved. For example,
during a load increase from 40% to 100%, the new load level was ach-
ieved after 245 s with 2% tolerance (deviation from the new load level)
and, after 249 s, with 1% tolerance. Similarly, during a load reduction
from 100% to 60%, the new load level was achieved after 112 s with 2%
tolerance and 122 s with 1%. As presented in Fig. 6b, the product gas
compositions at the WGS outlet remained stable during the entire test
period, with slight deviations. The CO concentration at the WGS outlet
remained under the target value of 1.25 (vol.)% the entire time, ensuring
fuel cell operation under ideal conditions.

In LC II, the switch to instant load changes resulted in smooth load
changes, which can be seen in Fig. 6¢c. Here, four load changes are
presented for a period of 30 min. Moreover, the course of concentrations
show a stable trend in Fig. 6d. Similar to LC I, the CO concentration
remained well below the target value during the entire experiment.
Using the instant load change strategy, the load change sequences were
strongly accelerated. During load increase from 40% to 100%, the new
load level was achieved after 24 s (2%) to 33 s (1%). A load reduction
from 100% to 60% was realized after 36 s (2%) to 47 s (1%).
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Fig. 6. Results of load change experiments LC I (a, b), LC II (c, d) and LC III (e, f) with NExBTL diesel. Left: Flow rates of fuel, air and water in the system. Right:

Concentrations of Hy, CO,, CO and CH4 at the WGS outlet.

As mentioned above, a combination of the advantages of both stra-
tegies was tested in LC III. The instant load change approach resulted in
a course of flow rates in Fig. 6e that is similar to that in Fig. 6¢. The
course of the product gas concentrations was also stable, with the CO
concentration remaining below the target value at all times. However,
LC III resulted in a further reduction in the load change periods in
comparison to LC II. A load increase from 40% to 100% was achieved
after 18 s (2%) to 20 s (1%). Meanwhile, a stronger reduction was
observed in the load reduction from 100% to 60%, with 13 s (2%) to 17 s
(1%).

The orientation experiments in LC I-IIl showed that the instant load
change strategy led to a strong reduction in the load change period.
Instead of a 5 s delay time for air and diesel, it was more advantageous to
keep the delay time at 1 s and increase the water feed manually during
load increase, as practiced in LC IIL.

3.2.2. 90 min test based on a pre-defined load cycle
In this section, the optimum load change strategy that was identified
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in the previous section (see experiment LC III) was applied for a pre-
defined load cycle for 90 min. In this experiment, the aim was to test
the above-developed strategy for more frequent load changes for a
longer period of time. During the experiments in the previous section, it
was observed that the greatest challenge arose during load increase from
40% to 100%. The pre-defined cycle in experiment LC IV therefore
included twice the load changes, from 100% to 40% and 40% to 100%.
Furthermore, a load change was performed every 5 min, resulting in 16
load change sequences in 90 min. The results of this experiment, carried
out using NEXBTL diesel with standard parameters, are presented in
Fig. 7.

For the sake of better presentation, the air and water streams to the
ATR are grouped to single curves in Fig. 7a. As the water feed was
adjusted manually during load increase and automatically during load
decrease, the course of the water flow rates reached their set points after
a certain delay during load decrease. In these transient periods, the
system was operated with larger water amounts than the design points,
which did not lead to a disturbance of the system operation. In such
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Fig. 7. (a) Educt flow rates in the system; (b) concentrations of Hy, CO, CO,
and CH,4 at the WGS outlet; and (c) system load and molar ratios O,/C and H,O/
C in the reformer in experiment LC IV using NExBTL diesel.

periods, a short-term increase in the hydrogen concentration is observed
in Fig. 7b, which also shows that the target CO concentration of 1.25
(vol.)% was never exceeded in this load change experiment.

For a deeper analysis of the experimental results, an additional chart
is plotted that presents the molar oxygen-to-carbon and steam-to-carbon
ratios in the reformer, together with the system load in Fig. 7c. In the
ideal case, these molar ratios should remain constant at the pre-defined
values of 0.47 (05/C) and 1.9 (H20/C). According to Fig. 7c, the oxygen-
to-carbon ratio was kept fairly tight at the desired set point. Due to the
aforementioned slow reaction time of the water pumps during load
decrease, major deviations from the set points were observed after each
load decrease, which is in agreement with the observation made above,
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in Fig. 7a, and can be considered as uncritical. However, Fig. 7c also
shows that despite the manual adjustment of the water feed during load
increase, which is much faster than automatic adjustment, the steam-to-
carbon ratio dropped to 1.0 for very short time periods. As steam acts as
an inhibitor against the formation of carbonaceous deposits during
reforming, even such short periods with an undersupply of steam must
be avoided with a better control strategy.

On the basis of this finding, a time resolution analysis of the results
was performed to determine the weakness of the applied control strat-
egy. This analysis showed that the following step increases occured
during load increase: 1. Load; 2. ATR water; 3. CAB water; 4. WGS water;
5. CAB air. It is clear that the water feed to the reformer through the ATR
HEX and CAB (see Fig. 1) in steps 2 and 3 must be initiated before load,
in other words a fuel increase. Additionally, the CAB air feed must be
increased before load increase to provide the CAB with enough air all the
time. Similarly, the load decrease was realized in the following
sequence: 1. CAB air; 2. load (including water and air for the ATR); 3.
WGS water. As mentioned above, the operation of the reformer with the
excess water does not disturb the reforming process, as enough excess
heat is available during load change from higher load levels to lower
ones. Yet, the CAB air feed should also only be reduced after load
reduction to sustain a complete combustion of the anode off-gas during
load change.

Based on these findings, the control loops for load increase and
decrease sequences were modified. According to the optimized strategy,
the following steps are defined to achieve load increase under ideal
conditions: 1. ATR water; 2. CAB water; 3. CAB air; 4. Load; 5. WGS
water. For load reduction, the new strategy defines: 1. Load; 2. CAB air;
3. ATR water; 4. CAB water; 5. WGS water.

3.2.3. Validation of the new load change strategy

In this sub-section, the new load increase and decrease strategies
developed in the previous sub-section were validated using the same
pre-defined load cycle as in experiment LC IV. For this purpose, three
experiments were performed using NExBTL diesel (LC V), desulphurized
Jet A-1 (LC VI) and Ultimate diesel (LC VII). All three of these were
carried out with the reference parameters of molar Oy/C = 0.47 and
H,0/C = 1.9, a ratio of cold air to pre-heated air of 70:30 and a ratio of
cold water to superheated water of 32:68. For the sake of simplicity, the
experimental results are discussed using two diagrams for each experi-
ment in Fig. 8. On the left-hand side, the system load and molar ratios in
the reformer are presented for each experiment, whereas the resulting
concentrations of Hp, CO2, CO and CH4 at the WGS outlet are presented
on the right-hand side. An initial look into the curves of the left-hand
size, generated based on the educt flow rates, shows that the pre-
defined load change cycle was realized for each fuel. Moreover, the
strong reductions of the steam-to-carbon ratios beyond the set point at
1.9 could be completely avoided with the new strategy.

Similarly, the course of the measured concentrations at the WGS
outlet was very stable for each experiment. Using NExBTL diesel (LC V)
and des. Jet A-1 (LC VI), the measured CO concentrations were kept
below the target value of 1.25 (vol.)% during the complete load change
experiment. Only in the final experiment (LC VII) with Ultimate diesel
did the two measurement points, out of 5400 (90 min x 60 measure-
ments/min), lay slightly higher than the 1.25 (vol.)% target with 1.26
(vol.)% and 1.28 (vol.)%. Interestingly, these values were not measured
during the most critical load increase steps from 40% to 100%, but
instead at a more moderate step during load increase, from 40% to 80%.
Finally, it can be concluded that the target CO concentration was only
slightly exceeded for a period of 1 s each, which should not lead to a
remarkable change in fuel cell performance, given that it is possible to
run an HT-PEFC with a CO concentration of 3 (vol)% without damage or
degradation.

The analysis of the example load increase and decrease periods is
also summarized in Table 3. In addition to the example load change
periods analyzed in the orientation experiments, the most critical load
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Fig. 8. Left: System load and molar ratios O,/C and HyO/C in the reformer in (a) exp. LC V using NExXBTL diesel (c) exp. LC VI using des. Jet A-1 (e) exp. LC VII using
Ultimate diesel. Right: Concentrations of H,, CO, CO, and CH4 at the WGS outlet in the LC V (b), LC VI (d) and LC VII (f).

reduction step, from 100% to 40%, is also analyzed. The analysis results
show that a typical load increase from the minimum (40%) to maximum
(100%) load was realized after 16 s considering 2% tolerance and 18 s
considering 1% tolerance with all of the fuels. These values are almost
identical to those from experiment LC III. A typical load decrease from
100% to 60% took 8 s (2%) to 16 s (1%), which is also not slower than
orientation experiment LC III. Therefore, the optimized load change
strategy is not only advantageous in terms of avoiding an undersupply of
steam for the stable operation of the reformer and air for the low-

Table 3
Example load change periods for validation experiments LC V-VIIL.

Experiment Example load change period (2%/1%)
Load increase Load reduction Load reduction
40% — 100% 100% — 60% 100% — 40%
LC V: NEXBTL 16s/17 s 85/13s 125/22s
diesel
LC VI: des. Jet A- 16s/18 s 9s/16s 14s/24 s
1
LC VIL: Ultimate 16s/17 s 8s/14s 12s/21s

diesel
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emission catalytic burner operation in the final system, but also does
not lead to a delay in the load change period. The analysis of the final
load reduction step from 100% to 40% required 12 s (2%) to 24 s (1%).
The increased period, in comparison to the 100-60% example, can be
explained by the increased step size.

3.3. Discussion

The stable performance of the water—gas shift reactor during the load
change experiments can be attributed to the fact that the upstream
reformer was operated under optimal conditions, not only during
steady-state operation but also during transient periods. The developed
load change strategy enables proper mixing at all times to overcome the
challenge of improper mixing and the pyrolysis and poor evaporation
during load change it can lead to [13]. The presence of an abundance of
steam for the reforming prior to load increases, together with precise
control of the Oy/C ratio with the proposed load change strategy,
ensured proper control of the steam and oxygen quantities. As was
already mentioned, the control of the H,O/C and Oy/C ratios of the feed
gases played an essential role in the suppression of carbon formation in
the literature [12], which proved itself to be the key control parameter
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in the load change strategy followed in this work. As observed during the
steady-state experiments, the excessive amount of steam in the reformer
inlet had a positive effect on the equilibrium composition of the
water-gas shift reaction (6) at the outlet of the water—gas shift reactor.
Higher HyO/C ratios than the design value of 1.9 result in lower CO
concentrations, as the equilibrium of reaction (6) was shifted towards
the COy and Hj products. In addition, improved reforming catalyst
durability was reported at higher H,O/C ratios in the literature [13],
which can be attributed to effective ethene suppression.

It was also observed in this work that the water—gas shift reactor has
the capacity to keep the target CO concentration at its outlet for
changing upstream feed compositions and temperatures across a broad
range of conditions, e.g., during steady-state operation with different
fuels or transient operation during load changes. This feature can be
ascribed to the innovative design of the reactor. The previous shift
reactor concepts consisted of two adiabatic reactors and showed a very
limited extent of operational flexibility. The new shift reactor is also
operated without external cooling, but its special geometry, explained in
section 2.1, enables an indirect cooling of both shift stages. Instead of a
classical temperature increase along the reactor’s length during an
exothermic reaction in an adiabatic reactor, the temperature profile here
first shows an increase but then decreases when approaching the outlet.
Such a profile makes use of the faster reaction kinetics at high temper-
atures and the higher equilibrium conversions for CO at low tempera-
tures in both shift stages at different temperature levels.

4. Conclusions

Instead of a laboratory-scale reactor or catalyst test, or the inline
testing of several fuel processing reactors, an integrated fuel processor
with a high power density (123 W¢; 171) and application-oriented power
class (28 kWy,) was developed. Moreover, instead of surrogate fuels,
commercial diesel and jet fuels were used in the reformer at a high GHSV
of 30,000 h™!, which resulted in high conversions (>99.95%) during
system operation. The target CO concentration was achieved for smooth
coupling with a high-temperature PEFC stack during steady-state and
transient operation with the developed strategies, which consist of the
best set of parameters for steady-state and load change strategies during
transient operation.

Each of the 13 steady-state experiments presented in this paper for
periods of six hours, with different fuels, demonstrate APU operation at
maximum load, which is typically not the case in real applications, as the
system is not operated at full load all the time. Yet, the selected pa-
rameters for each fuel enabled very high conversions in the reformer and
CO concentrations even lower than 1 (vol)% at the shift outlet (cf. target
CO concentration: 1.25 (vol)%). In the previous system generation,
maximizing the reformer conversion was unfortunately coupled with
higher reformer temperatures and thus higher inlet temperatures in the
WGS, which resulted in increased CO concentrations at the WGS outlet.
With the present reactor generations, it was possible to maximize both
conversion levels at the same time, despite the reformer operation
having halved the residence time. This was not only enabled by the
improved reforming performance, but also by the resulting temperature
profile in the WGS. Differing from the adiabatic WGS concept in all of
the previous fuel processor generations, the new WGS concept inte-
grated two shift stages under one reactor shell.

It was observed that the outlet temperature of the WGS is decisive for
CO conversion in the temperature window between 295 and 330 °C. In
this window, a direct correlation was observed between the temperature
and CO concentration, which corresponds to thermodynamic equilib-
rium. Operation at even lower temperatures, such as 275 °C, does not
reduce the CO concentration further at the same extent, due to limita-
tions in reaction kinetics at lower temperatures. Therefore, keeping the
shift outlet temperature at about 295-300 °C seems to be a good control
target for future system operation, which can be easily realized by the
control of water feed to the WGS. Operation of the WGS at increased
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residence times at partial loads can enable lower CO concentrations at
lower temperatures. Similarly, it was observed that even lower CO
contents can be achieved at the shift outlet if the reformer is operated at
higher H,O/C ratios. As fuel cell operation at lower CO concentrations
has a direct influence on the cell voltage and in turn the system effi-
ciency, it is worth exploring these possibilities with future system sim-
ulations and experiments.

The new load change strategy enabled keeping the target CO con-
centration not only during steady-state, but also during transient oper-
ation, despite frequent load changes and harsh load change steps. At the
same time, critical operating conditions, such as avoiding an under-
supply of water for reforming or air for the catalytic burner, were
eliminated. During the most challenging load change steps, the new load
levels were achieved within 18 s (load increase) to 24 s (load decrease),
with a tolerance of 1%. These results show that the developed fuel
processor could even be operated under transient mode with frequent
load changes, despite its high level of system integration and the
resulting interactions between the components.

Finally, it can be concluded that the developed operating strategies
for steady-state and transient operation of an integrated diesel fuel
processor could be successfully demonstrated using three different
commercial diesel and jet fuels in this work. This system design and the
developed strategies flow into a complete fuel cell APU, which is
currently under development. Steady-state and transient operation
strategies developed and validated in this work are crucial for the suc-
cessful implementation of the fuel processing technology in different
application areas, including auxiliary power units, remote power sys-
tems and range extenders. The experimentally-verified strategies also
deliver important parameters for future modeling studies, which often
lack experimental validation.
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Glossary

APU: Auxiliary power unit

ATR: Autothermal reformer

BTL: Experiments using NExBTL diesel

CAB: Catalytic burner

CAD: Computer aided design

CHP: Combined heat and power

o Electric (power)

FTIR: Fourier transform infrared spectrometry
GC: Gas chromatograph

GHSV: Gas hourly space velocity
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HEX: Heat exchanger

HT-PEFC: High-temperature polymer electrolyte fuel cell
JA: Experiments using desulphurized Jet A-1
LC: Load change (experiments)

MC: Mixing chamber

MS: Mass spectrometry

¢ Standard conditions

PEFC: Polymer electrolyte fuel cell

SOFC: Solid oxide fuel cell

& Thermal (power)

ULT: Experiments using Aral Ultimate diesel
WGS: Water-gas shift reactor
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