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H I G H L I G H T S

• Different steam reforming concepts are analysed at both stack and system level.

• System configurations with allothermal and adiabatic pre-reforming are compared.

• Steam supply through water and anode off-gas recirculation are compared.

• Allothermal pre-reforming and water recirculation yield the highest efficiency.

• High stack efficiencies do not necessary result in high system efficiencies.
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A B S T R A C T

Various concepts have been proposed to use hydrocarbon fuels in solid oxide fuel cell (SOFC) systems. A
combination of either allothermal or adiabatic pre-reforming and water recirculation (WR) or anode off-gas
recirculation (AOGR) is commonly used to convert the fuel into a hydrogen rich mixture before it is electro-
chemically oxidised in the SOFC. However, it is unclear how these reforming concepts affect the electro-
chemistry and temperature gradients in the SOFC stack. In this study, four reforming concepts based on either
allothermal or adiabatic pre-reforming and either WR or AOGR are modelled on both stack and system level. The
electrochemistry and temperature gradients in the stack are simulated with a one-dimensional SOFC model, and
the results are used to calculate the corresponding system efficiencies. The highest system efficiencies are ob-
tained with allothermal pre-reforming and WR. Adiabatic pre-reforming and AOGR result in a higher degree of
internal reforming, which reduces the cell voltage compared to allothermal pre-reforming and WR. Although this
lowers the stack efficiency, higher degrees of internal reforming reduce the power consumption by the cathode
air blower as well, leading to higher system efficiencies in some cases. This illustrates that both stack and system
operation need to be considered to design an efficient SOFC system and predict potentially deteriorating tem-
perature gradients in the stack.

1. Introduction

Global efforts to reduce the emissions of greenhouse gases and ha-
zardous air pollutants call for the development of clean and efficient
energy conversion technologies [1,2]. Electrochemical conversion of
electricity into hydrogen trough electrolysis and to electricity with fuel
cells enables clean and efficient transport, storage and use of renewable
energy [3,4]. However, the low volumetric energy density of current
hydrogen storage technologies may result in unpractically large fuel
tanks in applications with long independent mission requirements, for
example intercontinental air traffic and shipping [5]. Synthetic fuels
with a higher volumetric energy density, such as alkanes, alcohols or
ethers may offer a better alternative for those applications [6].

Hydrocarbon fuels are usually converted into a hydrogen rich
mixture before they can be electrochemically oxidised in a fuel cell [7].
Steam reforming, an endothermic reaction which requires heat and
steam, is often used because it yields most hydrogen [8]. High tem-
perature solid oxide fuel cells (SOFCs) produce high temperature heat
and steam in the electrochemical oxidation reaction that can be used for
this purpose, enhancing heat integration and the overall system effi-
ciency. Therefore, SOFC systems fuelled with natural gas or biogas can
achieve electrical efficiencies of 65% based on the lower heating value
(LHV) in stand-alone operation and even in excess of 70% when com-
bined with gas turbines, steam turbines or reciprocating engines [9,10].

The reforming reaction may proceed directly on the SOFC anode
[11]. Direct internal reforming (DIR) further improves heat integration
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in the system, since the heat and steam produced in the hydrogen
oxidation reaction are directly used to reform the fuel. In addition, the
endothermic reforming reaction reduces the cathode air flow required
to cool the SOFCs, which limits the parasitic power consumption from
the air blower [12]. Internal reforming of natural gas is most common
in SOFC systems today, but other fuels can be converted internally as
well. This includes, for example, internal reforming of methanol [13],
ethanol [11], dimethyl ether [14] and other hydrocarbons [15], but
also cracking of ammonia [16].

Although DIR seems beneficial from a system integration perspec-
tive, it may compromise the electrochemical reactions and increase
thermal stresses in the SOFC stack [17]. The endothermic steam re-
forming reaction typically occurs primarily at the entrance of the stack,
where the methane partial pressure is high, while the exothermic hy-
drogen oxidation reaction will be most prominent at the hot outlet part
of the stack. This reduces the temperature at the inlet of the stack,
which in turn increases the temperature gradient and electrochemical
losses [18].

The challenges introduced by DIR can be mitigated by partially pre-
reforming the fuel. To drive the reforming reaction, heat and steam
have to be supplied to an external pre-reformer. Rather than producing
them externally, both heat and steam can be obtained from the exhaust
gases of the SOFC to enhance the overall system efficiency. Two types of
pre-reforming are commonly employed in SOFC systems:

• Adiabatic reforming, for which only the heat available in the re-
active flow is used and the temperature reduces due to the en-
dothermic reforming reaction;
• Allothermal reforming, in which a constant reformer temperature is
maintained with heat supplied from an external source, for example
from hot exhaust gases.

Similarly, steam is often supplied by either of the following two
methods:

• Water recirculation (WR), where water is condensed from exhaust

Nomenclature

Acronyms

AC alternating current
AOGR anode off-gas recirculation
DC direct current
DIR direct internal reforming
ESC electrolyte supported cell
GDC gadolinium doped cerium oxide
IC interconnect
ISM integrated stack module
LHV lower heating value
LSM lanthanum strontium manganite
MSR methane steam reforming
OC oxygen-to-carbon
PEN positive electrode-electrolyte-negative electrode assembly
PI proportional and integral gain
SOFC solid oxide fuel cell
WR water recirculation
YSZ yttrium stabilised zirconium oxide

Greek symbols

global electrochemical reaction order [–]
efficiency [–]
electrochemical overpotential [V]
tortuosity factor [–]
thermal conductivity [Wm−1 K−1]
density [kgm−3]
electrical conductivity [Sm−1]
thickness [m]
porosity [m3 m−3]

Roman symbols

Ā pre-exponential adsorption factor [bar−x]
cp heat capacity [Jmol−1 K−1]
Ea activation energy [Jmol−1]

H̄ enthalpy change of adsorption [J mol−1]
I current [A]
j current density [Am−2]
K̄ adsorption constant [bar−x]
k0 pre-exponential factor exchange current density [Am−2]
k reaction rate constant [mol Pax s−1m−2]

k0 pre-exponential factor reaction constant [mol Pax s−1m−2]
l longitudinal coordinate [m]
N number [–]
p pressure [bar]
Q heat flux [W]
q relative heat loss [–]
Q reaction quotient [–]
R̄ universal gas constant [Jmol−1 K−1]
r̄ mean pore radius [m]
RR recirculation ratio [–]
T temperature [°C]
U voltage [V]
V volumetric flow [Nl min−1]
w width [m]

Superscripts

in inlet
out outlet

Subcripts

0 reference
aa active area
act activation
an anode
aux auxiliary
ca cathode
ch channel
conc concentration
cv control volume
el electrolyte
eva evaporator
f fuel
gl global
hex heat exchanger
i species i
ins insulation
is isentropic
m mechanical
ms moisture separator
ohm ohmic
pr pre-reformer
ref reformer
sp single pass
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gas, evaporated and mixed with the fresh fuel;
• Anode off-gas recirculation (AOGR), where a part of the anode
outlet gas is recirculated and mixed with the fresh fuel.

Combining these options yields four different pre-reforming con-
cepts in SOFC systems, shown in Table 1.

The anode and cathode outlet gases of the SOFC are usually mixed
and passed through a catalytic burner, which generates steam and in-
creases the temperature of the outlet gases further. The hot flue gas can
be used to supply heat to both an allothermal pre-reformer and eva-
porator. Water can be subsequently condensed from the cooled exhaust
gases, evaporated and mixed with the fresh fuel for WR [19,20].

Although allothermal pre-reforming and WR offer a simple method
to utilise hydrocarbon fuels in SOFC systems, a substantial amount of
useful heat may be destroyed in the evaporator, pre-reformer and pre-
heaters, which compromises heat available for consumers or thermal
bottoming cycles [10]. Alternatively, the heated allothermal pre-re-
former may be replaced by an adiabatic reformer, which reduces fuel
conversion and heat demand. WR can be avoided by recirculating a part
of the steam-containing anode outlet gas [19].

AOGR omits the need for a condenser and evaporator and may re-
sult in more homogenous conditions in the stack. Anode off-gas can be
recirculated with blowers, but there are few products readily available
which can withstand the high gas temperatures and achieve an accep-
table lifetime [21]. In addition, the amount of recirculated anode off-
gas determines the oxygen-to-carbon ratio gas entering the pre-re-
former, which should be sufficiently high to avoid carbon formation
[22]. The amount of anode off-gas that needs to be recirculated to
suppress carbon formation depends on the temperature and fuel gas
composition, which is in turn affected by the overall fuel utilisation
[23]. Chen et al. [24] show how anode and cathode off-gas recircula-
tion can be used to control the stack inlet temperatures in an SOFC-GT
combined cycle system.

Ejectors offer an alternative for high temperature AOGR in SOFCs
without moving parts, but are more difficult to control [25,26]. Genc
et al. [27] study the optimal ejector operating pressure for an SOFC
system with AOGR. The geometry of the ejector is subsequently opti-
mised in a follow-up study [28]. Polverino et al. [29] demonstrate the
application of a model-based diagnostic technique to isolate faults in a
SOFC system with AOGR.

Another option is low temperature AOGR, in which the hot effluents
from the anode exhaust are cooled down, recirculated at low tem-
perature, and heated up again [17,19,25]. Net electrical efficiencies in
60% LHV are projected for such a system developed by Powell et al.
[17]. Moreover, the authors argue that the combination of adiabatic
pre-reforming and low temperature AOGR used in their system reduces
thermal quenching in the stack.

DIR in SOFC stacks has been modelled in several studies. Kupecki
et al. [30–32] simulate DIR with a quasi-1D model and validate the
current-voltage characteristics for two reformate compositions. Greco
et al. [33] and Sorce et al. [34] perform studies on a similar stack to
simulate faulty operating states. However, the kinetics of the DIR re-
action as well as the influence of heat transfer effects in the inactive
area of the stack appear to be not considered in these studies.

Peters et al. [19] evaluated the potential combined heat and power
efficiency of several system layouts with AOGR thermodynamically.
However, the reforming and electrochemical reactions in the SOFC are
not modelled in detail, while different reforming concepts may be ex-
pected to affect the stack performance as well. Therefore, the implica-
tions of different reforming concepts on the efficiency, power density
and thermal stresses of the stack are not considered.

In this study, the effect of different reforming concepts in SOFC
systems on both stack and the system is analysed. Methane is used as a
model fuel, but the results are relevant for other organic compounds as
well, since methane is commonly present in the reformates of those
fuels [35,36]. Stack operation is simulated with a 1D DIR SOFC model

and methane steam reforming (MSR) kinetics developed in previous
work [18,37]. System models are developed in analogy to previous
work [10]. The models are developed in the in-house developed flow
sheet program Cycle-Tempo, which incorporates a library of built-in
thermodynamic component models. The program can be used to cal-
culate mass, energy and exergy balances in thermodynamic cycles
[38,39].

The stack simulations are used to obtain the electrochemical char-
acteristics of the SOFC for different system configurations and operating
conditions, such as temperatures, fuel compositions and fuel utilisa-
tions. In addition, the temperature gradients are reported as they are an
indicator for the thermal stresses in the stack, which affect the lifetime
of the SOFC. The current-voltage characteristics are then used in system
models to calculate the efficiency of the investigated system concepts
for various fuel utilisations, nominal operating conditions and either a
constant stack power or maximum stack efficiency.

2. Reforming concepts

The reforming concepts shown in Table 1 are studied in detail
through stack and system simulations. Exemplary system layouts are
defined for all four options to analyse and compare the investigated
concepts.

2.1. Allothermal pre-reforming and water recirculation

The first reforming concept, shown in Fig. 1a, is a conventional
option based on allothermal reforming and WR. The fresh fuel is mixed
with steam and partially reformed in an allothermal pre-reformer, he-
ated with hot flue gas from the off-gas burner. In addition, the flue gas
is used to pre-heat the cathode air and evaporate water, condensed from
the cooled exhaust gases.

2.2. Allothermal pre-reforming and anode off-gas recirculation

The second concept, shown in Fig. 1b, combines allothermal pre-
reforming with AOGR. Similar to the previous configuration, the hot
off-gas burner exhaust gas is used to heat the allothermal pre-reformer.
However, a part of the anode off-gas is recirculated to provide steam for
reforming. In addition, the gases are cooled down to a temperature of
120 °C to avoid high temperature AOGR. The layout is based on a low
temperature AOGR configuration proposed by Engelbracht et al. [25].

Table 1
Overview of different reforming strategies, with heat and steam either provided
directly by the electrochemical reaction (AOGR and adiabatic reforming) or
indirectly from the exhaust gases (WR and allothermal reforming).
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2.3. Adiabatic pre-reforming and water recirculation

The third reforming concept omits the use of an off-gas burner en-
tirely. Instead, the mixture of fuel and steam is only pre-heated and
passed through an adiabatic pre-reformer. Similar to the first config-
uration, steam is condensed from the anode-off gas, evaporated and
mixed with the fuel. However, steam can be condensed more easily in
this configuration, since the anode off-gas is not mixed with cathode air
and has a steam concentration. Moreover, the un-burned fuel, con-
sisting of hydrogen and carbon monoxide may be further utilised in
other utilities, for example in combined heat, hydrogen and power
production, low temperature fuel cells or thermal bottoming cycles
[10].

2.4. Adiabatic pre-reforming and anode off-gas recirculation

The last reforming concept uses the heat and steam produced by the
electrochemical reaction only, combining high temperature AOGR and
adiabatic pre-reforming. A part of the anode off-gas is recycled, while
the remaining part is used to pre-heat both fuel and air. Heat from the
cathode air is recuperated as well, but the remaining energy in the
exhaust gases can be used in other applications. Similar configurations
have been proposed in several studies, although some use ejectors in-
stead of high temperature recirculation blowers [26].

3. Modelling and simulation

Both stack and system models are used to investigate the implica-
tions of different reforming concepts on SOFC systems. Section 3.1
discusses the calculation of anode inlet compositions and temperatures

for different system configurations and operating conditions. The cal-
culated anode inlet conditions are then used to simulate the corre-
sponding current-voltage characteristics of and temperature gradients
in the SOFC stack with a dynamic model, described in Section 3.2. The
cell voltages calculated with the stack model are then implemented in
corresponding system models discussed in Section 3.4. Section 3.3
summarises the overall simulation procedure and simulated conditions.

3.1. Anode inlet composition and temperature

The composition and temperature of the fuel flow entering the
anode compartment of the SOFC vary for different system configura-
tions and operating conditions. For example, the composition depends
on the ratio of steam or recirculated anode flow to the fresh fuel flow
for the WR and AOGR concepts respectively. Similarly, the anode inlet
temperature is equal to the reformer temperature for allothermal pre-
reforming, but follows from thermodynamic equilibrium calculation in
case of adiabatic pre-reforming.

The anode inlet compositions and temperatures are calculated as-
suming that the flow is in chemical equilibrium at the anode inlet. The
chemical equilibrium composition is calculated through Gibbs free
energy minimisation. This is solved iteratively for adiabatic reforming,
since the equilibrium composition is a function of the outlet tempera-
ture, while the outlet temperature in turn follows from an energy bal-
ance resulting from the equilibrium composition.

For the AOGR cases, an appropriate amount of recirculation has to
be selected. The reforming ratio is adjusted for different global fuel
utilisations (uf gl, ) in this study, to maintain a constant oxygen-to-carbon
(OC) ratio. The amount of recirculation required can be shown to follow
from

Fig. 1. Flow sheets of the investigated reforming configurations.
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where C H, and O are the number of carbon, hydrogen and oxygen
atoms in an average fresh fuel molecule respectively. The effective fuel
utilisation in the stack decreases for higher recirculation ratios, and the
fuel utilisation for a single pass follows from from:

=u
u RR

RR u
(1 )

1f sp
f gl

f gl
,

,

, (2)

Whether carbon formation is thermodynamically favourable de-
pends on the temperature, pressure and fractions of carbon, hydrogen
and oxygen in the fuel. This can be visualised in a CHO ternary phase
diagram, shown in Fig. 2. The black lines indicate the region where
solid carbon formation is thermodynamically expected (C(s)+gas) for
500, 600 and 700 °C, while the grey lines represent constant OC ratios
in the fuel mixture of 1.5, 2 and 2.5. The dash-dotted lines show how
the carbon, hydrogen and oxygen fraction of methane are changing
when diluted with either WR or AOGR.

Fig. 2 shows that carbon formation is thermodynamically not fa-
vourable when WR is used and the OC ratio is above 1.5. For AOGR,
however, OC ratios in excess of 2.5 are required to ensure that carbon
deposition is thermodynamically not expected at a temperature of
500 °C. Whether carbon depositing will indeed occur depends on the
type of carbon formed and the individual reaction kinetics of carbon
depositing and removal reactions [40]. For example, Halinen et al. [23]
observed no carbon depositing 600 °C for conditions where it was
thermodynamically expected.

3.2. Stack modelling

The stack is simulated with a 1D dynamic model developed in
previous work [18]. The stack model represents the Staxera/Sunfire
ISM V3.3, equipped with two Mk200 stacks placed on top of each other,
making a total of 60 cells [41,42]. Fuel and air manifolding are in-
tegrated in the stack and ISM respectively. The Mk200 stacks are
equipped with ESC2 cells from Kerafol/H.C. Starck with a nickel-ga-
dolinium doped cerium oxide (Ni-GDC) anode, yttrium stabilised zir-
conia (3YSZ) electrolyte and 8YSZ/lanthanum strontium manganese

(LSM)-LSM double layer cathode. A schematic overview of the ISM is
shown in Fig. 3a.

The stack is modelled as a 1D plug flow reactor with individual
temperature layers for air, fuel, positive electrode-electrolyte-negative
electrode (PEN) assembly and the interconnect, all discretised in the
flow direction. A schematic overview of the modelling approach is
shown in Fig. 3b. The main dimensions, properties and operating
conditions of the ISM are obtained in previous work and are sum-
marised in Table 2 [18].

Periodic boundary conditions are imposed on the interconnect, ef-
fectively assuming an infinitely repeated stack assembly. A Newton
boundary condition is applied to the interconnects to account for con-
vective heat transfer to the environment, similar to Greco et al. [33]. In
contrast to models used in other studies, the model in this study ac-
counts for heat transfer between the anode and cathode compartments
in the inactive in- and outflow sections of the stack as well.

The electrochemical model was validated with power curves re-
ported by the manufacturer in previous work [18]. The current voltage
characteristics are calculated with the equipotential assumption

=U U ,cell Nernst ohm conc act (3)

where the equilibrium potential UNernst for hydrogen is used, assuming
that hydrogen oxidation is the dominating electrochemical reaction.
The ohmic and concentration overpotential losses are calculated based
on a method described by Aguiar et al. [43]. The activation over-
potentials are calculated form a modified version of the power law
proposed by Costamagna et al. [44]:

= RT
F

sinh j
j

¯
2act

1

0 (4)

=j k exp
E
RT¯ca ca O

a ca
0, 0,

1/4 ,
2 (5)

=j k exp
E
RT¯ ,an an H
a an

0, 0,
1/2 ,

2 (6)

where i is the activity of species i. The reaction orders in Eqs. (5) and
(6) and the corresponding electrochemical parameters, given in
Table 3, were shown to result in accurate predictions (R2=0.99) of the

Fig. 2. Ternary phase diagram for carbon, hy-
drogen and oxygen, with the region. The grey lines
indicate constant OC ratios in the fuel mixture, for
which carbon formation is thermodynamically
expected when the composition is below the black
lines for different temperatures. The composition
of different reformates can be identified by fol-
lowing the arrows from pure methane (CH4) to
steam (H O2 ) for WR and oxygen for AOGR.
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current-voltage characteristics of the stack for three different fuel
compositions: hydrogen-nitrogen, catalytic partial oxidation and steam
reformate [18].

It was shown in previous work that an appropriate description of the
internal MSR kinetics yields a more realistic prediction of the spatial
variation in the DIR rate from inlet to outlet [18]. Therefore, MSR ki-
netics were derived on the same type of ESC2 cells with Ni-GDC anodes
in single cell experiments carried out in a follow-up study [37]. These
are of the classical Langmuir-Hinshelwood type, assuming accusative
adsorption of methane and dissociative adsorption of steam respec-
tively:

=
+ +( )r

k K K p p
K p K p

Q
K1

1 ,MSR
CH H O CH H O

CH CH H O H O MSR
2

4 2 4 2

4 4 2 2 (7)

where pi is the partial pressure of species i Q, is the reaction quotient
and KMSR the MSR equilibrium constant. The reaction and adsorption
constants are calculated from the Arrhenius and van ‘t Hoff relation
respectively:

=k k exp E
RT¯

a
0 (8)

=K A exp H
RT

¯ ¯ ¯
¯i i

i

(9)

The parameters for these MSR kinetics are included in Table 3.

3.3. System modelling

System models are developed in the in-house developed thermo-
dynamic flow-sheet calculation program Cycle-Tempo for each config-
uration. The Cycle-Tempo package incorporates built-in thermo-
dynamic component models of pumps, blowers, heat exchangers,
evaporators, moisture separators, reformers, combustors and fuel cells
[38,39]. The system of equations is subsequently solved to calculate
pressures, flows and temperatures in every system node. These are then
used to calculate the gross and net system efficiencies.

The SOFC is modelled as an allothermal ideal plug flow reactor in
Cycle-Tempo, assuming that the reforming and water gas shift reactor
are in equilibrium. However, the user can provide various SOFC para-
meters for off-design calculations, and this is used to implement the cell
voltages calculated with the 1D dynamic stack model in the system
models. However, the remaining operating conditions, such as mass
flows, temperatures and pressure drop are calculated with the system
models, and the heat loss from the ISM to the environment, Qloss, is
calculated relative to the electric power produced by the stack:

=Q q Ploss loss SOFC DC, (10)

Chemical equilibrium is assumed in the pre-reformer, and complete
combustion in the off-gas burner. The losses in rotating equipment are
calculated from their isentropic and mechanical efficiencies. The flue
gas leaving the moisture separator is assumed to be saturated at 25 °C.
An overview all parameters used in the system analysis is provided in
Table 4.

Fig. 3. Schematic representation of the Sunfire/Staxera ISM V3.3 and overview of the 1D stack model.
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3.4. Stack and system simulations

Two types of models are used to study the implications of different
reforming concepts. Stack simulations provide detailed insight in the
effect of different reforming concepts on the SOFC, and the results are

used in system models to calculate the overall system efficiencies. The
overall simulation procedure is as follows:

1. The anode inlet compositions and temperatures are calculated for
different system configurations and operating conditions;

2. The anode inlet compositions and temperatures are used to simulate
current voltage characteristics of and temperature gradient in the
stack for different system configurations and operating conditions;

3. The simulated cell voltages are implemented in the system models to
calculate the overall system efficiencies for nominal operating
conditions, a range of global fuel utilisations and:
(a) A constant stack power of 1 kWe, which is achieved at different

voltages for the investigated reforming concepts;
(b) The maximum cell voltage, achieved at the minimum stack

current required to sustain the stack temperature for the
minimum cathode air flow of 40 Nl min−1.

Fig. 4 shows a schematic overview of this simulation process.

Table 2
Parameter derived in earlier work for the ISM V3.3 from Sunfire/Staxera with
ESC2 cells from Kerafol/H.C. Starck [18,41,42].

Geometric properties Units Value

No. of cells, Ncells [–] 60
Cell length, lcell [m] 0.164
Active area length, laa [m] 0.09
Cell width, wcell [m] 0.142
No. of channels, Nch [–] 24
Channel height, ch [m] 1·10 3

Electrolyte thickness, el [m] 90·10 6

Anode thickness, an [m] 35·10 6

Cathode thickness, ca [m] 35·10 6

Interconnect thickness, IC [m] 500·10 6

No. of control volumes, Ncv [–] 50+(2× 21)

Thermal properties

PEN density, PEN [kg m−3] 5900
PEN heat capacity, cp PEN, [J kg−1 K−1] 500
PEN thermal cond., PEN [J m−1 s−1 K−1] 2
IC density, IC [kg m−3] 8000
IC heat capacity, cp IC, [J kg−1 K−1] 500
IC thermal cond., IC [J m−1 s−1 K−1] 24
Ins. thermal cond., ins [J s−1 K−1] 2.91·10 3

Electrolyte and electrode properties

Electrolyte conductivity, el [ 1 m−1] 20.5·103 exp( 9.03·103/T)
Anode conductivity, an [ 1 m−1] 30.3·103

Cathode conductivity, ca [ 1 m−1] 12.9·103

Contact resistance, Rcontact [ m2] 5·10 6

Electrode porosity, [–] 0.3
Electrode tortuosity factor, [–] 6
Electrode pore radius, r̄ [m] 5·10 7

Operating parameters

Max PEN temperature, TPEN
max [°C] 850

(achieved through cathode air flow control)

Min air flow, Vca
min [Nl min−1] 40

Max stack current, Istack
max [A] 30

Min stack voltage, Ustack
min [V] 36

Table 3
Overview of the parameters used in the kinetic models of the reforming and
electrochemical reactions, derived in previous work [18,37].

Reforming parameters Units Value

MSR rate constant, k MSR0, [mol s−1 m−2] 1.467·1010

Activation energy, Ea [J mol−1] 207.6·103

CH4 pre-exponental factor, ĀCH4 [bar−1] 4.2·10 3

CH4 adsorption enthalpy, H̄CH4 [J mol−1] 54.76·103

H O2 pre-exponental factor, ĀH O2 [bar−0.5] 1.9·10 3

H O2 adsorption enthalpy, H̄H O2 [J mol−1] 62.17·103

Electrochemical parameters

Cathode pre-exponential factor, k co0, [A m−2] 7·108

Cathode activation energy, Ea ca, [J mol−1] 120·103

Anode pre-exponential factor, k an0, [A m−2] 1.81·109

Anode activation energy, Ea an, [J mol−1] 120·103

Table 4
Overview of the parameters used in the system model, based on previous work
and stack manufacturer specifications [10].

System parameter Units Value

Stack outlet temperature, Tstack
out [°C] 825

Air inlet temperature, Tair
in [°C] 725

Allothermal pre-reformer temperature, Tref [°C] 600

Adiabatic pre-reformer inlet temperature, Tref
in [°C] 775

Evaporator outlet temperature, Teva
out [°C] 120

LT-AOGR blower inlet temperature, Tblower
in [°C] 120

Moisture separator temperature, Tms
out [°C] 25

Anode pressure drop, pan [bar] 0.03
Cathode pressure drop, pca [bar] 0.05
Heat exchanger pressure drop, phex [bar] 0.02
Pre-reformer pressure drop, ppr [bar] 0.02
Off-gas burner pressure drop, pburner [bar] 0.02
Relative heat loss, qloss [–] 0.2
Isentropic efficiency blower, is blower, [–] 0.7
Mechanical efficiency blower, m blower, [–] 0.8
Isentropic efficiency pump, is pump, [–] 0.85
Mechanical efficiency pump, m pump, [–] 0.9
Inverter efficiency, inverter [–] 0.95

Fig. 4. Flowchart of the procedure used to simulate the investigated reforming
concepts.
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3.4.1. Stack simulations
The current voltage characteristics are determined by simulating

stack operation for each of the investigated configuration. The stack
performance is mapped by increasing the stack current from 15 to 27 A
for various stack currents and global fuel utilisations. Additional off-
design operating conditions are simulated by changing the OC ratio,
cathode air inlet temperature and pre-reformer (inlet) temperature. An
overview of the simulated stack parameters is provided in Table 5.

The manufacturer advices to control the temperature of the stack by
adjusting the cathode air flow. The control objective is a maximum PEN
temperature of 850 °C, with a minimum air flow of 40 Nl min−1 to
ensure proper gas distribution in the stack and avoid oxygen starvation
at the cathode. A feedback controller with proportional and integral
(PI) gain is implemented in the model to adjust the cathode air flow for
each current such that the maximum PEN temperature is achieved [18].

The average stack temperature falls rapidly if the stack current is
lower than the minimum required to maintain the maximum PEN
temperature for the minimum air flow. As a consequence, the ohmic
resistance increases and the electrochemical performance reduces.
These conditions are not included in the results, since it is undesirable
to operate the stack at these conditions.

3.4.2. System simulations
The system efficiencies are calculated for various fuel utilisations,

nominal operating conditions and two scenarios: A constant stack
power of 1 kW is assumed in the first scenario, which results in different

stack currents and cell voltages for the investigated reforming config-
urations and global fuel utilisations. The second scenario assumes op-
eration at the minimum stack current required to sustain the stack
temperature at the minimum cathode air flow. This results in the
maximum cell voltage and, therefore, highest stack efficiencies. An
overview of the simulated conditions and scenarios is shown in Table 5.

4. Results and discussion

The results of the three simulation steps are divided in three sepa-
rate sections: The anode inlet compositions calculated for different
system configurations and operating conditions are presented in Section
4.1. The results of the stack simulations are discussed in Section 4.2.
First, differences in the stack operating characteristics for the in-
vestigated reforming strategies are presented, after which contours
plots of the cell voltage and maximum PEN temperature gradients are
shown for both nominal and off-design operating conditions. The cor-
responding system efficiencies at nominal conditions are then presented
in Section 4.3.

4.1. Anode inlet composition and temperature

Fig. 5 shows the methane concentrations in the fuel gas for various
OC ratios and pre-reformer (inlet) temperatures. The maximum al-
lothermal pre-reformer temperature and adiabatic pre-reformer inlet
temperatures are based on an SOFC outlet temperature of 825 °C,

Fig. 5. Contours of methane partial pressures and outlet temperatures of adiabatic pre-reformers for different reforming configurations, OC ratios and reformer
(inlet) temperatures.
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specified by the stack manufacturer [41,42]. Higher allothermal pre-
reformer temperatures may require more heat than available in the
exhaust gases, while hardly any methane is reformed at temperatures
below 550 °C. Similarly, adiabatic pre-reformer temperatures in excess
of 800 °C lead to a low heat transfer rate in the fuel pre-heater.

The selected reforming conditions result in methane partial pres-
sures ranging from less than 0.04, for high OC ratios and reformer
temperatures, to over 0.26 for low OC ratios and adiabatic reforming.
The differences between the two allothermal reforming cases, shown in
Fig. 5a and b respectively, are small. However, AOGR results in slightly
lower methane partial pressures compared to WR due to dilution with
carbon dioxide. A similar effect can be observed when comparing the
two adiabatic pre-reforming cases.

Fig. 5c shows that adiabatic pre-reforming results in substantially
higher methane partial pressures than allothermal pre-reforming when
WR is used, especially when comparing higher reformer temperatures.
For AOGR, shown in Fig. 5d, the methane partial pressures are similar
for allothermal and adiabatic pre-reforming. A combination of AOGR
and adiabatic pre-reforming results in lower methane partial pressures
and higher reformer outlet temperatures than WR and adiabatic pre-
reforming.

Fig. 6a shows the RR and uf sp, for various OC ratios and global fuel
utilisations. The recirculation ratio increases for higher OC ratios and
lower global fuel utilisations. This affects the methane partial pressures
for AOGR and adiabatic reforming, as can be seen in Fig. 6b. The me-
thane partial pressure decreases for higher recirculation ratios, while
the outlet temperature seems more related to the fuel utilisation for a
single pass. OC ratios above 2 are commonly used in SOFC systems to
suppress carbon deposition.

4.2. Stack simulations

The stack simulations results are presented in three parts: Section
4.2.1 presents the spatial distributions of the reforming rate, current
density, temperature and temperature gradient for nominal operating
conditions. Contours of the cell voltage and maximum temperature
gradients are presented in Section 4.2.2 for various stack currents and
fuel utilisations, and Section 4.2.3 presents these contours for various
stack currents and other off-design conditions.

4.2.1. Spatial distributions
Fig. 7 shows the simulated distributions of the MSR reaction rate,

current density, PEN temperature and PEN temperature gradient from
inlet to outlet for the nominal operating condition specified in Table 5.
Fig. 7a shows that the MSR rate is initially highest for the WR case with

allothermal pre-reforming, while it is more equally distributed when
anode off-gas is recirculated. Adiabatic pre-reforming result in lower
reformer outlet temperatures, and subsequently reduces the entrance
temperature of the stack. Therefore, the MSR is initially lower for the
two adiabatic cases.

The current density distribution, shown in Fig. 7b, behaves in-
versely to the MSR reaction rate: The current density is relatively
equally distributed for both the allothermal pre-reforming concepts, but
triples from inlet to outlet for the adiabatic pre-reforming. Both the DIR
rate and current density distribution have a strong dependency on the
local PEN temperature, shown in Fig. 7c.

The PEN temperature drops initially at the inactive inlet section,
while heat is transferred from the air to the fuel. The temperature then
increases by heat from the electrochemical reaction, mostly conducted
via the metallic interconnect. The cold sport at the beginning of the
active area is caused by the high local DIR rate. The temperature dif-
ference from inlet to outlet is higher for adiabatic than allothermal
reforming conditions. In addition, the temperature increases slower for
AOGR than WR, due to lower fuel utilisation for a single pass, which
increases the fuel flow and reduces concentration losses near the outlet.

Fig. 7d shows the local PEN temperature gradients calculated form
the simulated PEN temperature gradients. The difference in the max-
imum temperature gradient between WR and AOGR is negligible for
allothermal pre-reforming, although it occurs somewhat later for
AOGR. However, the maximum temperature gradient almost doubles
for adiabatic pre-reforming, and is higher for WR than AOGR.

Overall, the simulations show that allothermal pre-reforming results
in higher average stack temperatures and smaller temperature gradients
than adiabatic pre-reforming, even though the adiabatic pre-reformer
inlet temperature assumed is 175 °C higher than the allothermal re-
forming temperature. However, the stack simulation results are based
on an electrochemical model validated for three different fuel compo-
sition only. Although the accuracy was shown to be high (R2=0.99),
the model is not fully validated for various degrees of internal re-
forming, which should be taken up in future work.

4.2.2. Fuel utilisation
The previous section showed detailed spatial distributions within

the stack, but for nominal conditions only. However, fuel utilisations,
reformer (inlet) temperature and OC ratios vary in practice. Therefore,
a range of off-design conditions is simulated as well. Fig. 8 shows
contours for constant simulated cell voltages and maximum PEN tem-
perature gradients for various global fuel utilisations and stack currents
for the investigated reforming concepts. Stack currents which are in-
sufficient to maintain the operating temperature of 850 °C at the

Fig. 6. RR and uf sp, (a) and methane partial pressures and adiabatic pre-reformer outlet temperatures (b) for various OC ratios and uf gl, when AOGR is employed, for a
reformer inlet temperature of 775 °C.
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minimum air flow of 40 Nl min−1 are not considered.
The cell voltage and maximum PEN temperature gradient are pri-

marily determined by the stack current for the allothermal pre-re-
forming configuration with WR, and only a weak function of the global
fuel utilisation. The effect of the global fuel utilisation is higher in the
case of AOGR, since it changes the recirculation ratio: A high re-
circulation ratio is required to maintain an OC ratio at low fuel utili-
sations, which cools down the entrance of the stack and increases the
temperature gradient from inlet to outlet.

Adiabatic pre-reforming reduces the fuel inlet temperature and in-
creases the methane partial pressure. As a result, lower cell voltages
and, subsequently, higher stack currents are required to generate suf-
ficient heat for internal reforming while maintaining the maximum PEN
temperature of 850 °C. The increased temperature difference from inlet
to outlet results in notably higher temperature gradients in the stack
compared to the allothermal pre-reforming case. In addition, the
maximum PEN temperature gradient is a strong function of the global
fuel utilisation when water is recirculated.

AOGR reduces the cell voltages in the stack in all simulated cases,
despite the lower fuel utilisation for a single pass. This is a result of the

constant OC assumed in this study, which lowers the hydrogen-to-
carbon ratios compared to WR. In practice, the lower single pass fuel
utilisation may offer advantages in the fuel distribution within the
stack, reducing cell-to-cell variations and allowing higher global fuel
utilisations. The 1D model used in this study does, however, not ac-
count for cell-to-cell variations.

On the other hand, AOGR reduces the temperature gradients in the
stack, especially for adiabatic pre-reforming. This is most effective if the
recirculation ratio is low and the single pass fuel utilisation is high,
since a high single pass fuel utilisation results in a more homogeneous
current density distribution in the stack. The high current density at the
hot outlet section of the stack is constrained by the increasing con-
centration losses for high single pass fuel utilisations.

The cell voltages are generally lower for adiabatic pre-reforming and
AOGR than allothermal pre-reforming and WR, which is amplified by the
lower cell voltages or higher fuel utilisations required to maintain the
desired operating temperature. This reveals the trade of between oper-
ating at high current density to increase the power density, lower the
specific product costs and reduce thermal stresses, while operating at low
current densities increases the stack voltage and the efficiency.

Fig. 7. Spatial distribution of the MSR rate, current density, PEN temperature and PEN temperature gradient in the SOFC stack for the investigated reforming
configurations and the nominal conditions specified in Table 5.
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4.2.3. Other operating conditions
Fig. 9 shows contours of constant cell voltage and maximum PEN

temperature gradient for changes in the pre-reformer (inlet) tempera-
ture, air inlet temperature and OC ratio. Fig. 9a shows contours for
allothermal pre-reformer temperatures from 550 to 650 °C for the
system with WR. This result shows that increasing the reformer tem-
perature may reduce the maximum temperature gradient in the stack as
much as 5 K cm−1. However, Fig. 9c shows that an increase in the
adiabatic pre-reformer inlet temperature has little effect on the max-
imum temperature gradients in the stack.

Fig. 9b shows that increasing the air temperature increases the cell
voltage in the stack and reduces the maximum PEN temperature gra-
dient in a SOFC stack operated with an allothermal pre-reformer and
AOGR. Although this may improve SOFC performance, the heat avail-
able in the outlet gases should be sufficient to pre-heat the incoming air
to the required temperature. In addition, the size and cost of the air pre-
heater will consequently increase.

The OC ratio affects stack operation particularly for AOGR, since it
determines the recirculation ratio and fuel utilisation for a single pass.
Fig. 9d shows that an increase in the OC ratio from 1.5 to 2.5 decreases
the cell voltage in the stack, but reduces the temperature gradient in the
stack from over 38 to less than 32 K cm−1.

Overall, the results in Fig. 9 demonstrate the capability of the stack
model to simulate the off-design performance of a commercial SOFC

Table 5
Overview of the simulated stack and system operating conditions.

Stack simulations Unit Nominal Range Interval

Stack current, Istack [A] 24 15–27 0.5
Fuel utilisation, uf gl, [–] 0.8 0.7–0.9 0.025

Air inlet temperature, Tair
in [°C] 725 675–775 10

Allothermal pre-reformer,
Tref

[°C] 600 550–650 10

Adiabatic pre-reformer,
Tref

in
[°C] 775 750–800 5

OC ratio [–] 2 1.5–2.5 0.1

System simulations

Global fuel utilisation
(uf gl, )

varied from 0.7 to 0.9

T T T, ,air
in

ref ref
in , and OC ratio nominal conditions

Ucell and TPEN
max obtained from stack simulations

Cases

(a): Stack power (Pstack) of 1 kWe
(b): Maximum cell voltage (Ucell) at minimum cathode air flow (40 Nl min−1)

Fig. 8. Cell voltages and maximum PEN temperature gradients in the stack for different reforming configurations, fuel utilisations and stack currents.
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stack. The changes in the pre-reformer (inlet) temperature, air inlet
temperature and OC ratio were simulated for the other investigated
reforming concepts as well. These results are included as supplementary
material (Figs. S.1 to S.3).

4.3. System simulations

The stack simulations provide detailed insight in the effects of dif-
ferent reforming concepts on the electrochemistry and temperature
gradients in the stack. Although the stack efficiency is directly pro-
portional to the cell voltage, the overall system efficiency is affected by
the parasitic power consumed by the balance of plant components as
well. Therefore, system models are developed to calculate the corre-
sponding system efficiencies.

The system efficiencies are calculated for nominal conditions in two
scenarios: A constant stack power of 1 kWe is assumed in the first
scenario, to allow a comparison for a similar capital expenditure. The
second scenario assumes operation at the lowest current required to
support a stack temperature of 850 °C for the minimum air flow of 40 Nl
min−1, which results in the maximum cell voltage and stack efficiency.

4.3.1. Constant stack power
Fig. 10 shows the results of the system calculations for a constant

stack power of 1 kW and global fuel utilisations from 0.7 to 0.9. Fig. 10a
shows that the cell voltages are clearly higher for the cases with

allothermal than adiabatic pre-reforming. WR generally yields higher
cell voltages than AOGR, except for adiabatic pre-reforming at low fuel
utilisations, where the high degree of DIR cools down the stack sub-
stantially. As a result, the cell voltage increases with fuel utilisation for
WR and adiabatic pre-reforming, while it decreases in all other cases.

The stack efficiency is proportional to the cell voltage and global
fuel utilisation, as can be seen in Fig. 10c. For adiabatic reforming at
low fuel utilisation, the stack efficiency is consequently lower for WR
than AOGR, but higher for fuel utilisations in excess of 0.75. The
highest stack efficiency is attained with WR and allothermal pre-re-
forming, but the difference with WR and adiabatic pre-reforming de-
creases as the fuel utilisation increases.

The oxygen utilisation is inversely correlated with the cathode air
flow, thus a decreasing oxygen utilisation indicates an increase in the
parasitic power consumption by the cathode air blower. The oxygen
utilisation, shown in Fig. 10b, decreases for lower cell voltages and
more pre-reforming, due to the higher air flow required to cool the
stack.

Adiabatic pre-reforming reduces the parasitic power consumption
by the air blower compared to allothermal reforming. Consequently,
the difference between between the net efficiency of systems with
adiabatic pre-reforming and allothermal pre-reforming reduces com-
pared to the stack efficiency, as can be seen in Fig. 10d. The net system
efficiency with adiabatic pre-reforming and WR even exceeds that of
the allothermal pre-reforming and AOGR, despite the higher cell

Fig. 9. Cell voltages and maximum PEN temperature gradients in the stack for different reforming configurations and changes in the allothermal pre-reformer
temperature (a) and adiabatic pre-reformer inlet temperature (c) for WR and various cathode air inlet temperatures (b) and OC ratios (d) for AOGR.
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voltages achieved by the latter.
Higher degrees of internal reforming increase potentially deterior-

ating temperature gradients in the stack as well. Fig. 10e shows that the
PEN temperature gradients are about 10 K cm−1 higher for system
configurations with adiabatic pre-reforming compared to concepts with
allothermal pre-reforming, which may compromise the stack lifetime.

4.3.2. Maximum cell voltage
Fig. 11 presents the results for stack operation at the maximum cell

voltage (i.e. minimum cathode air flow) and nominal conditions.
Fig. 11a shows that the cell voltage is virtually constant around 0.8 V
for the system with allothermal pre-reforming and WR. The cell voltage
increases with the fuel utilisation for the other system configurations, as
more heat is available to reform the fuel and maintain the stack tem-
perature for the same fuel flow. Similar to the case of constant stack
power, the highest cell voltage is obtained with allothermal pre-re-
forming and WR, and the voltage decreases when adiabatic pre-re-
forming or AOGR is adopted instead.

Fig. 10. Results of the system simulation for different reforming configurations at reference operating conditions and a constant stack power of 1 kWe.
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Fig. 11c shows that the highest stack efficiency is attained at the
maximum fuel utilisation, and decreases proportionally with the cell
voltage from 65.6% for allothermal pre-reforming and WR to 58.3% for
adiabatic pre-reforming and AOGR, a difference of 7.3% point. The net
system efficiency, shown in Fig. 11d, follows a similar trend. However,
the maximum system efficiency decreases from 61.4% for allothermal
pre-reforming and water recycling to 56.4% for adiabatic pre-reforming
and AOGR, a reduction of 5% point only.

High cell voltages enhance both stack and system efficiency, but the
low currents reduce the electric power produced by the stack, as can be
seen in Fig. 11b. The lower stack currents for allothermal pre-reforming
result in substantially lower stack powers compared to adiabatic pre-
reforming. Interestingly, AOGR results in higher stack powers for lower
fuel utilisations, but this trend reverses for higher fuel utilisations.
Therefore, AOGR seems to be most interesting for lower fuel utilisa-
tions, since both the power density and stack efficiency reduce

Fig. 11. Results of the system simulation for different reforming configurations at reference operating conditions and the minimum air flow specified by the
manufacturer.
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compared to WR for >u 0.8f gl, .
Fig. 11e shows that there are substantial differences in the max-

imum temperature gradients in the stack. Since the air flow is the same
for all cases (i.e. the minimum), these differences originate from the
magnitude, temperature and composition of the fuel flow or stack
current. The maximum temperature gradient increases with fuel utili-
sation in the WR case for allothermal pre-reforming, but decreases for
adiabatic pre-reforming. The lowest temperature gradients are observed
for a combination of AOGR and allothermal pre-reforming, while WR
and adiabatic pre-reforming result in the highest temperature gradients.

Only heat from the electrochemical reaction is used in the adiabatic
pre-reforming cases to reform the fuel, omitting the use of heat pro-
duced by an off-gas burner. This limits the heat available for pre-re-
forming and, therefore, the maximum voltage and minimum fuel uti-
lisation. However, adiabatic reforming is interesting if the fuel or heat
can be further utilised, for example in combined heat, hydrogen and
power production or hybrid operation with internal combustion en-
gines or low temperature fuel cells.

The ISM assumed this study dissipates 200 to 250W of heat to the
surroundings, depending on the operating conditions. If the fuel is pure
hydrogen or fully pre-reformed, this helps to remove the heat produced
by the exothermic hydrogen oxidation reaction and avoids excessive
cathode air flows. However, the results demonstrate that heat insula-
tion becomes more important if the stack is operated with high degrees
of internal reforming, since the minimum air dictates a minimal oper-
ating current to sustain the operating temperature, and limits the
maximum achievable cell voltage.

Overall, the results demonstrate that an inclusive analysis at both
stack and balance of plant level is indispensable to assess the con-
sequences of different reforming concepts in SOFC systems. Stack si-
mulations are required to accurately predict the electrochemical per-
formance of the stack and identify potentially deteriorating operating
conditions, but losses in the balance of plant are just as important.

It should be noted that the stack model is only validated for three
different fuel compositions. In addition, the calculated system effi-
ciencies are based on literature values. Therefore, further validation of
both stack and system models need to be taken up in future work.

5. Conclusions

Four SOFC system configurations, representing different reforming
concepts with either allothermal or adiabatic pre-reforming and either
WR or AOGR, were analysed on both and stack level. The stack was
simulated in detail for the investigated system configurations, to predict
the electrochemical performance of the stack as well as temperature
gradients in the PEN structures for a range of operating conditions. The
results were used to calculate the corresponding system efficiencies.

Adiabatic pre-reforming and AOGR reduce the cell voltage in the
stack compared to allothermal pre-reforming and WR at nominal op-
erating conditions. In addition, the temperature gradients increase for
adiabatic pre-reforming, due to the lower degree of pre-reforming, and
decrease for higher stack currents and global fuel utilisations. The stack
needs to be operated at relatively high currents and low cell voltages to
maintain the desired operating temperature with high degrees of in-
ternal reforming and low fuel utilisations.

The highest system efficiency is obtained for allothermal pre-re-
forming and WR. However, high stack efficiency not necessarily results
in a high system efficiencies. This is, for example, the case when
comparing allothermal pre-reforming and AOGR with adiabatic pre-
reforming and WR. As expected, a trade-off exists between high system
efficiency and stack power. In addition, AOGR improves the power
density compared to WR for low fuel utilisations, but yields lower
power densities for higher fuel utilisations.

The results demonstrate that both stack and system operation need
to be considered to design an efficient SOFC system and predict po-
tentially deteriorating temperature gradients in the stack. However,

both stack and system models need to be further validated in future
work. Once sufficiently validated, the procedure used in this study may
be extended to other stacks, cells, system configurations, operating
conditions and fuels.
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