
A

o

S

h
e
t
v
m

F
r
©

K

1

b
a
t
e
e
t
o
g
t

c

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 180 (2008) 380–392

A hierarchical modeling approach to the simulation and
control of planar solid oxide fuel cells

Marco Sorrentino a,∗, Cesare Pianese a, Yann G. Guezennec b

a Department of Mechanical Engineering, University of Salerno, Via Ponte Don Melillo, 84084 Fisciano (SA), Italy
b Department of Mechanical Engineering, The Ohio State University, Columbus, OH 43210, USA

Received 5 December 2007; received in revised form 28 January 2008; accepted 3 February 2008
Available online 10 March 2008

bstract

The main aim of the paper is to propose hierarchical modeling as a suitable methodology to perform control-oriented analysis of planar solid
xide fuel cells (P-SOFC).

At the high level of the hierarchical structure is a one-dimensional, steady-state model, developed referring to the state of the art in the field of
OFC modeling. Validation is conducted via comparison with both experimental tests and standard references derived from literature.
In the proposed modeling structure, at the low-level is the control-oriented model, developed on the basis of the information provided by the

igher level model and assuming the SOFC behaves as a first-order system. The thermal dynamics is considered dominant with respect to both
lectrochemistry and mass transfer dynamics. Therefore, SOFC transients are modeled applying the conservation of energy principle (heat balance)
o a lumped control volume, including interconnect, electrolyte and electrodes. Due to the lack of suitable experimental data, model accuracy is
erified by comparing the simulated fuel cell response to similar data available in literature, generated by means of a physical comprehensive

odel.
Extensive simulations of the fuel cell dynamic behavior are performed to analyze in detail the SOFC dynamics with respect to load changes.

urthermore, an application example is given, dealing with the development of a PI controller to limit temperature rise across the cell within a safe
ange.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays the development of clean energy systems, for
oth transportation and stationary applications, is recognized
s mandatory to satisfy well-known environmental and regula-
ory requirements in terms of emissions and energy conversion
fficiencies. Because of their high efficiencies and zero toxic
mission levels (only the CO2 released by the hydrogen produc-
ion process is a concern) fuel cell systems are considered as
ne of the most attractive solution by the automotive and power
eneration industry, and by many research/academic organiza-

ions.

Among the existing fuel cell technologies, solid oxide fuel
ells are particularly suitable for both stationary and mobile

∗ Corresponding author. Tel.: +39 089964080; fax: +39 089964037.
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mics; Control-oriented model

pplications, due to their high energy conversion efficiency,
odularity, low emissions and noise and high fuel flexibility

1,2]. Moreover, the high working temperatures (up to 1000 ◦C)
uggest their use in highly efficient cogeneration applications.
OFCs also offer the opportunity of internally reforming the
uel (e.g. natural gas, propane, methanol, gasoline, diesel, etc.),
aking it possible to avoid using highly sophisticated, expensive

xternal reformer [2] and simplify fuel storage [1]. Neverthe-
ess, the big challenges to promote SOFC systems diffusion are
elated to the increase in fuel cell lifetime and decrease in pro-
uction cost. These issues have been substantially addressed
y the Solid state Energy Conversion Alliance (SECA), a plat-
orm involving relevant partners such as the US Department Of
nergy (DOE) and Siemens Westinghouse, which are among

thers the leading institutions in SOFC research. Specifically,
hey jointly defined [1] a 10 years program (2002–2012), claim-
ng the need of concentrating the research efforts towards the
evelopment of a low-cost (e.g. 400 $ kW−1) 10 kW SOFC mod-

mailto:msorrentino@unisa.it
dx.doi.org/10.1016/j.jpowsour.2008.02.021
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Nomenclature

A electroactive area (cm2)
Ė energy rate (W)
Ėel electric power (W)
ENernst Nernst potential (V)
F Faraday constant (A s mol−1)
G Gibbs free energy (J mol−1)
ISOFC total operating current (A)
J current density (A cm−2)
J̄ average current density (A cm−2)
l thickness (cm)
ṅj molar flow for specie j (mol s−1)
N number of computational elements
pCH4 methane partial pressure (bar)
pH2 hydrogen partial pressure (bar)
pH2O water partial pressure (bar)
pO2 oxygen partial pressure (bar)
Q̇conv convective heat transfer (J s)
R universal gas constant (J mol−1 K−1)
t time (s)
T temperature (K)
Tout outlet temperature (K)
Uf fuel utilization
Vact activation polarization (V)
Vconc concentration polarization (V)
Voffset voltage offset (V)
VOhm Ohmic polarization (V)
VSOFC SOFC voltage (V)
Vv,an, Vv,ca electrodes porosity
xj molar fraction for the j-th specie

Greek letters
� change
λ excess of air fed to the SOFC
σ ionic/electronic conductivity (S cm−1)

Superscripts
i i-th computational element
pre pre-reformer input
0 boundary conditions (i.e. cell inlet)

Subscripts
a air gas
an anode
ca cathode
eff effective
el electrolyte
f fuel gas
in SOFC inlet
min minimum
out SOFC outlet

ox oxidation reaction
prod product
react reacted/reactant
s solid trilayer (i.e. electrolyte and electrodes)
∞ final stationary point in step change
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le, flexible enough to be applied in transportation, auxiliary
ower units (APUs) and stationary power plants. The achieve-
ent of such an objective will surely contribute to promoting the

echnology and finally starting a mass production phase. Once
his goal is reached, potential areas of application in the short
erm will be small residential power generators and vehicles’
PUs. In the long-term scenario, SOFC applications could be

easonably extended to marine and rail APUs, to high-power
tationary generators and even to marine and rail propulsion
3,4].

According to SECA program, the short-term implementation
f SOFC can be pursued by addressing the following highly
ensitive points [1]:

. Operating temperature reduction;

. Definition of optimal cell configuration;

. Optimal balance of plant;

. Use of liquid fuels.

SOFC operating features and the success achieved by some
rototypal applications [5] lead to consider point 4 not as trou-
lesome as points 1–3, for which considerable efforts have to be
ade by the researchers active in this field. Particularly, letting
OFC work at lower temperatures would surely enhance tech-
ological feasibility, with the draw back of lowering efficiency
oo. Thus, the optimal temperature range has to be found as the
est trade-off between material specifications and efficiency [2].
oreover, cell design has to be chosen in such a way to maximize

ystem efficiencies and reduce the risk of components damage.
lanar designs have lower electrical resistance than tubular, thus
uaranteeing higher energy conversion efficiency and, in turn,
igher specific power (i.e. up to 1.2 W cm−2) [2]. Regarding gas-
eeding, co-flow ensures a more even temperature distribution in
he flow direction as compared to counter-flow, which is instead
haracterized by dangerous thermal mismatches with respect to
omponents integrity [6]. Thus, choosing a planar co-flow con-
guration positively impacts production cost and technological
easibility.

Optimal system design and components sizing, both strate-
ic activities with respect to SECA goals, require computational
ools that meet the conflicting needs of accuracy, affordable com-
utational time, limited experimental efforts and flexibility. In

his context, hierarchical modeling of SOFC systems represents

very suitable methodology to enhance both design and siz-
ng phases, with the final aim of moving from a developmental
tage to a mass production phase [8,9]. The potentialities of hier-
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trification. Nevertheless, the success of this technology in the
automotive field strongly depends on the solution of limiting
factors such as slow dynamics, thermal-stress-related issues and
low power to weight ratio (i.e. 0.1 kW kg−1) [8]. Therefore,
Fig. 1. Schematic of SOFC working principle.

rchical modeling were already analyzed and proven to be very
ffective in other research fields, such as automotive engines
ontrol. Arsie et al. [7] discussed how only the use of black-box
nd gray-box engine models seems compatible with the high
umber of function evaluation required to determine optimal
ontrol strategies. Nevertheless, such a choice requires a rele-
ant number of experimental data for model validation, due to
he lack of built-in physical information. Therefore, more infor-

ative thermodynamic models, which would require a more
imited number of experimental data to be validated, could be
sed off-line to perform virtual engine testing aiming at extend-
ng the available data-set. Such an extended data-set, following
he hierarchical approach, can in turn be exploited to enhance
lack-box models identification and validation.

This work focuses on modeling SOFC in both stationary and
ransient conditions. Particularly, the aspects related to SOFC
ynamic behavior and control were deeply analyzed, as a con-
equence of the up-to now limited literature on these topics. The
ext sections present in detail the hierarchical approach that has
een proposed to develop a control-oriented model of a single
lanar co-flow SOFC fed with reformate fuel.

. Solid oxide fuel cells

.1. Working principle

Fig. 1 describes the basic working principle of an SOFC. For
ake of clearness, in the figure only the electro-oxidation reaction
s described, while methane reforming and related water–gas-
hift are not included. A single cell consists of three main
omponents: an anode, a cathode and a solid electrolyte sep-
rating the two electrodes. Air and hydrogen (i.e. the reactants)
ow through cathode and anode, respectively. Under electrical

oad, at the cathode surface the presence of perovskite cata-
yst enables oxygen ionization. The solid electrolyte permits
he flux of oxygen ions to the anode, where they electro-

xidize hydrogen, thus releasing heat, water and electrons.
ince electrolyte material ensures quasi-zero electronic con-
uctivity, electrons are forced to flow through interconnect and
xternal load towards the cathode, thus closing the electrical
oop. F
r Sources 180 (2008) 380–392

.2. Application of SOFC in hybrid auxiliary power units

As a consequence of their high fuel flexibility, many
esearchers are considering the use of SOFCs for transporta-
ion application, especially to face well known issues associated
ith on-board storage of H2. Particularly, as outlined by SECA

1], SOFCs are currently being preferred with respect to PEM
uel cells for automotive auxiliary power units. This happens
espite the slow start-up and besides the fuel flexibility, because
f the following benefits: cogeneration and internal reforming
pportunities; no need of water management; simple reformer
echnology; high electrical efficiency; no noble catalysts; low
oise [5,8]. Therefore, many prototypal applications of auto-
otive APUs are available in literature. Among them, the one

ointly developed by BMW and Delphi [5] can be rightly con-
idered as the most relevant.

SOFC-APUs are usually assembled into a hybrid configu-
ation, in which the fuel cell stack interacts with the auxiliary
omponents to match the load request. A simple schematic of a
eformate-fed automotive APU is given in Fig. 2, where a con-
iderable number of devices to assist stack operation is required.
n air-blower (or a compressor in case of pressurized cells) feeds

ir to the stack. Post-burner and heat exchangers recover energy
rom the exhaust gases to warm-up the incoming air flow and to
ield thermal power on output, which is usually in the ratio of
to 1.5 with the electric power [10]. A fuel reformer processes
ethane (or other hydrogen-rich fuels) using the heat recovered

rom the exhausts. A battery pack supports the stack in supply-
ng electrical energy during system warm-up and peak-power
hases; moreover, it allows for energy storage during low-power
hases. Power conditioning devices are needed to convert dc into
c and boost the voltage.

The prototype developed by Delphi and BMW showed the
enefits achievable with regard to on-board independent elec-
ig. 2. Block diagram of a typical reformate-fed APU with energy flow paths.
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utomotive SOFC-APUs require precise design of the system
i.e. balance of plant) together with the definition of the optimal
nergy-management strategies. This can be accomplished by
eveloping advanced simulation procedures with a satisfactory
ompromise between prediction accuracy and computational
urden.

Potential automotive applications of the APU module shown
n Fig. 2 include [11]:

Mild hybrids: SOFC supplies electric and thermal energy for
hotel functions when the engine (ICE) is turned off.
Full hybrid: SOFC supports ICE in powering the vehicle,
allows to reduce battery size and replaces the engine in urban
driving.
EV range extender: SOFC recharges battery during trip to
extend battery autonomy. SOFC is operated steadily at its
maximum efficiency depending on driving conditions.

At the end of this general overview on automotive SOFC
PUs applications, it is worth mentioning that the experience
ained through automotive APU development could be reason-
bly re-scaled and then extended to rail and marine propulsion,
here power demands are less fluctuating than automotive ones.

. Hierarchical approach to SOFC-APU modeling and
ontrol

The recourse to a hierarchical modeling approach is moti-
ated by the high computational intensity characterizing
ptimization algorithms, especially those aiming at large scale
ystem design (e.g. automotive propulsion systems) [12]. In
rinciple, this issue may be satisfactorily addressed by exclu-
ively using black-box/lumped models of the system under
evelopment. Nevertheless, against such choice are major
rawbacks, such as the very extended data-sets required for iden-
ification and validation of black-box models, together with the
eed of running new experiments whenever system specifica-
ions change.

Arsie et al. [13] demonstrated, with regard to internal com-
ustion engine modeling, that the best compromise between
recision, experimental costs, computational time and flexibility
s achieved by using a mixed modeling approach, with phe-
omenological, gray- and black-box models integrated within a
ierarchical structure. This approach can be usefully extended
o SOFC automotive APUs, especially because of the high costs
o be faced to run transient experiments and the high variety of
uel cell designs currently under-investigation.

The hierarchical approach adopted in the present work is
ketched in Fig. 3. The levels (a)–(c) are representative of
he different physical contents. At the highest level (i.e. (a))
s the real system. For the purposes of the present work, an
node-supported SOFC experimented by the Pacific Northwest
ational Laboratory was chosen [14]. The corresponding polar-
zation curves were used to develop a one-dimensional (1D)
teady-state model (i.e. task 1, detailed in Section 4), which is
laced at level (b). Thanks to its sufficiently high physical con-
ent, such model is suitable to simulate planar co-flow SOFCs

o
o
t
p

ontrol strategies definition (tasks 4 and 5) and implementation (task 6) of an
OFC-APU. The gray smooth-cornered box highlights the tasks accomplished

n this paper.

or both anode- and electrolyte-supported cell. Moreover, both
ure H2 and reformate fuel feeds can be considered.

Standing the dominance of thermal dynamics in SOFC tran-
ient behavior, gas mass transfer and electrochemistry dynamics
an be safely neglected [15]. Therefore, temperature and voltage
ynamics were modeled applying the first principle of Ther-
odynamics to a lumped cell unit. The physical model (i.e.

ne-dimensional) was used to extend the reference data-sets,
ith the final aim of identifying a suited black-box relationship

or SOFC voltage estimation. Such relationship was embedded
n the dynamic equation, yielding a control-oriented model for
imulation of planar co-flow SOFCs (i.e. task 2, detailed in Sec-
ion 5). Such model, due to its low physical content, is placed at
he bottom level (i.e. (c)) of the hierarchical structure described
n Fig. 3.

Fig. 3 also covers the on-going and future activities that will
ollow the present work. Task 3 will focus on the development of
comprehensive model of an automotive SOFC-APU, as the one
hown in Fig. 2. Afterwards, through task 5 the supervisory and
ow-level control strategies, to be developed via model-based
pproaches (i.e. task 4), are intended to be validated on a real
ystem. The final objective (i.e. task 6) will aim at providing
seful methodologies and tools for improving both design and
ontrol of automotive APUs.

. One-dimensional steady-state modeling of planar
OFC

The one-dimensional modeling of co-flow planar SOFC (see
ig. 3) allows achieving a satisfactory compromise between the
onflicting needs of high model precision and affordable com-
utational burden. The knowledge of the spatial distributions
f current, temperature and partial pressures in the flow direc-
ion allows for accurate prediction of cell performance. On the

ther hand, avoiding to solve the governing equations in the
ther dimensions results in significant reduction of computa-
ional time. Therefore, the recourse to a 1D model is particularly
romising for SOFC-related optimization problems, such as
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equation [21]:

V i
Act = RT i

s

α(T i
s )F

sinh−1
(

Ji

2J0(T i
s )

)
(6)
84 M. Sorrentino et al. / Journal of

alance of plant analyses and polarization models identifica-
ion. Moreover, the high physical content guaranteed by a 1D
pproach provides considerable flexibility to account for differ-
nt cell geometries, materials and fuel feeds (fully or partially
eformed petroleum fuels). The above features are particularly
seful to perform “virtual experiments” throughout the SOFC
perating domain. This serves at the central aim of the research,
hich is the development of black-box models via hierarchical

pproach for real-time and control applications.
Modeling electrochemistry and mass transfer inside the fuel

ell entails simultaneously solving the equations of energy,
ass, and voltage conservation. The developed model consists

f a set of sub-models, namely energy, material and electro-
hemical balance, that are executed in an iterative procedure in
he Matlab© environment. The model accounts for variations in
he cell by discretizing the domain into computational elements
long the cell length. The computation starts at the inlet sec-
ion of the fuel/air flows and marches forward in the streamwise
irection [10,16]. At each computational element, balances for
ass, energy and electric potential are applied in order to derive a

losed form. The cell is assumed to be isopotential [10] and fully
tirred conditions are considered at the element level. Assuming
niform distribution but no mixing of air and fuel feed gases,
he two streams are treated separately as perfect gases. Pres-
ure drop across the fuel and air channels is neglected according
o the indications provided in [17]. Additional assumptions for
ach of the sub-models are presented later on.

.1. Electrochemical model

The electrochemical sub-model evaluates SOFC voltage and
ower along the flow direction. The computational domain is
ketched in Fig. 5. For each element i the current density is
alculated by Faraday’s law:

i = ṙi
oxFne

Ai
(1)

here ne is the number of electrons transferred per molecule
f H2 (i.e. ne = 2), ṙi

ox is the reaction rate (mol s−1) of the
lectro-oxidation reaction and Ai (cm2) is the area of the single
omputational element (i.e. Ai = A/N). Multiplying the current
ensity of each element by Ai, the total current is found summing
p the contributions from the N computational elements:

SOFC =
N∑

i=1

(JiAi) (2)

The ideal potential difference between anode and cathode is
valuated using the Nernst equation:

i
Nernst = −�Gi

ox(T i
s )

neF
− RT i

s

neF
ln

⎛
⎝ pi

H2O

pi
√

pi

⎞
⎠ (3)
H2 O2

There are three major forms of polarization losses: activa-
ion, Ohmic and concentration. A minor constant offset also
ontributes to the total polarization, which is the result of minor

F
s
p

r Sources 180 (2008) 380–392

osses such as contact resistance, internal current and leaks. Fol-
owing [18], the offset was assumed equal to 0.07 V. The sum of
he different polarizations results in the voltage drop from ideal
ernst potential to effective operating value. Since interconnect

nd electrodes are isopotential, cell voltage is constant over the
hole cell and can be estimated as

SOFC = Ei
Nernst − V i

Act − V i
Ohm − V i

Conc − VOffset (4)

The total power drawn from the SOFC is calculated as

˙ el = VSOFCISOFC (5)

here ISOFC is given by Eq. (2). The following three sections
reat in detail modeling of activation, Ohmic and concentra-
ion polarization. It is worth remarking that model parameters
ere identified versus the polarization curves provided in [14],
hich were measured on an anode-supported SOFC operated

t constant temperature and fed with pure H2. Particularly, the
arameters were identified against the voltage values corre-
ponding to 0.5 A cm2, with cell temperature ranging from 650
o 800 ◦C. Thus, with only four measurements it was possible to
dentify a reliable polarization model, as confirmed by the com-
arison between experiments and model outputs over a wide
perating domain, as shown in Fig. 4. The next sub-sections
rovide the theoretical basis of polarization losses estimation.
or further details on this identification task and the resulting
arameters value, the reader is addressed to a previous work
19].

.1.1. Activation polarization
Activation polarization represents the energy barrier to be

vercome to activate the electrochemical reactions occurring at
he electrodes surface [20]. This amount of energy inevitably
auses a significant voltage loss, which is usually modeled
hrough the non-linear relationship known as Butler–Volmer
ig. 4. Comparison between experiments and model outputs for the anode-
upported SOFC used as reference to identify the electrochemical model
arameters.
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here α is the charge transfer coefficient and J0 is the exchange
urrent density.

.1.2. Ohmic polarization
Ohmic polarization mainly depends on the electronic conduc-

ivity of electrodes and the ionic conductivity of the electrolyte.
uch losses are estimated summing up the contribution from
ach SOFC part (i.e. anode, cathode and electrolyte), as follows:

V i
ohm,k = lk

σk(T i
s )

Ji

V i
ohm =

∑
k

V i
ohm,k k = [an, ca, el]

(7)

Conductivities are estimated by means of correlations, pro-
osed in literature [18] for second-generation ceramic SOFC, in
hich the materials of anode, cathode and electrolyte are, respec-

ively, nickel-cermets, strontium-doped lanthanum manganite
nd yttria-stabilized zirconia:

an = 1000 (8)

ca(Ts) = C1(T i
s )

2 − C2T
i
s + C3 (9)

el(Ts) = C4(T i
s − 273)

2 + C5(T i
s − 273) + C6 (10)

The effect of electrodes porosity is taken into account by
orrecting anode and cathode conductivity as follows:

an,eff = σan(1 − 1.8Vv,an) (11)

ca,eff = σca(1 − 1.8Vv,ca) (12)

.1.3. Concentration polarization
As fuel is depleted, hydrogen and oxygen partial pressures

ecrease at anode and cathode, respectively. The depletion rate
epends on average current density drawn from the cell. As
he current density increases, the partial pressures decrease and
ventually an insufficient amount of reactants are transported to
he electrodes. This results in significant losses until the voltage
s reduced to 0 [22,23]. The values at which such phenomenon
ccurs are known as anode and cathode limiting currents. This
oltage loss, which is dominant at high current densities, is called
oncentration polarization and can be estimated as follows:

i
Conc = −RT i

s

2F

[
1

2
ln

(
1 − Ji

Jcs

)
+ ln

(
1 − Ji

Jas

)

− ln

(
1 + pi

H2
Ji

pi
H2OJas

)]
(13)

The anode and cathode limiting currents (i.e. Jas and Jcs,
espectively) are computed as function of species diffusion coef-
cients, following the approach proposed in [10].

.2. Conservation equations
Conservation of mass, energy and electric potential are
pplied to each computational element in the flow direction.
omentum equation was not considered since it is assumed that

(
t

r

Fig. 5. Discretized mass balance at the i-th element.

ressure drop across the cell can be neglected. The structure of
odels was conceived in such a way to account for internal

eforming of a partially pre-reformed methane feed.

.2.1. Electric potential balance
Since the interconnect and the electrodes are assumed to be

sopotential, the voltage is constant over the whole cell, thus
ielding the following balance to be solved for each computa-
ional element:

i
Nernst − V i

Act − V i
Ohm − V i

Conc − VOffset − VSOFC = 0 (14)

.2.2. Material balance
Anode and cathode are discretized in the flow direction as

hown in Fig. 5, where inlet, outlet and source (or sink) molar
ows are represented for the i-th element and the jan-th and

ca-th specie. Applying conservation of mass principle to the dis-
retized cell for all the species, the following material balances
esult:

node :

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ṅi
H2

= ṅi−1
H2

+ 3ṙi
ref + ṙi

shift − ṙi
ox

ṅi
CH4

= ṅi−1
CH4

− ṙi
ref

ṅi
H2O = ṅi−1

H2O − ṙi
ref − ṙi

shift + ṙi
ox

ṅi
CO = ṅi−1

CO + ṙi
ref − ṙi

shift

ṅi
CO2

= ṅi−1
CO2

+ ṙi
shift

(15)

athode : ṅi
O2

= ṅi−1
O2

− 0.5ṙi
ox (16)

The quantities ṙi
ref, ṙi

shift and ṙi
ox in Eqs. (15) and (16) rep-

esent, respectively, the reaction rates (mol s−1) of the methane
eforming (Eq. (17)), water–gas shift (Eq. (18)) and electro-
xidation (Eq. (19)) reactions, reported below:

H4 + H2O → CO + 3H2 (17)

O + H2O ↔ CO2 + H2 (18)

2 + 1

2
O2 → H2O (19)

ṙi
ox and ṙi

ref are estimated, respectively, via Faraday’s law (Eq.

1)) and the following temperature–pressure-dependent correla-
ion proposed by Achenbach and Riensche [24]:

˙iref = 4274piAi e−(82000/R/T i
f ) (20)
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Table 1
Specifications of the electrolyte-supported SOFC defined by IEA [10]

Geometrical data

Electroactive area 100 cm2

Cell length 10 cm
Channel width 3 mm
Channel height 1 mm
Anode thickness 50 �m
Cathode thickness 50 �m
Electrolyte thickness 150 �m
Bipolar plates thickness 2500 �m

Operating conditions
Pressure 1 bar
Inlet temperature 900 ◦C
Fuel utilization 85%
Excess air 7
Average current density 0.3 A cm−2

Fuel feed Reformate methane
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Figs. 7 and 8 show the spatial distributions of current, temper-
ature and fuel-species molar fraction. Initially, current density
follows temperature variation, which decreases significantly
(from 900 down to 850 ◦C) due to the highly endothermic inter-
86 M. Sorrentino et al. / Journal of

On the other hand, since the water–gas-shift reaction is
ssumed to be at equilibrium, ṙi

shift is estimated solving the equi-
ibrium constant with respect to species molar fraction [19,25].

Boundary conditions for the systems of Eqs. (15) and (16)
re the inlet flows, estimated according to the operating fuel
tilization and excess air factors:

f = ṅH2,react

4ṅ
pre
CH4

= ISOFC

Fne

1

4ṅ
pre
CH4

(21)

= ṅ0
O2

ṅO2,sto
= ṅ0

O2

(1/2)ṅH2,react
= ṅ0

air

4.76(1/2)ṅH2,react
(22)

.2.3. Energy balance
The energy balance is verified by dividing the computa-

ional element into three separate control volumes, namely solid
rilayer and fuel and air channels (see Fig. 6). The following sim-
lifying hypotheses were assumed: (i) adiabatic cell boundaries;
ii) radiative heat transfer between solid trilayer and metallic
nterconnects is negligible; (iii) conduction in the solid trilayer in
he flow direction is neglected. Hypothesis (i) is consistent with
he assumptions suggested in [10]. Hypothesis (ii) was verified
y comparing model outputs with corresponding data provided
y the International Energy Agency (IEA) [10] (see Table 2).
he last assumption (iii) also was confirmed by the results pre-
ented in [17]. Hence, the dominant processes described in the
odel are the convective heat transfer between solid trilayer and

uel and air streams, and the energy transfer due to the reactants
nd products flows.

Applying energy conservation principle to the three control
olumes shown in Fig. 6, the following energy balances hold for
olid trilayer, fuel channel and air channel, respectively:

Ėi
react − Ėi

prod + Ėi
O2

− Q̇i
conv,s-f − Q̇i

conv,s-a − Ėi
el

= 0 (solid) (23)

˙ i−1
f − Ėi

f − Ėi
react + Ėi

prod + Q̇i
conv,s-f = 0 (fuel) (24)

˙ i−1
a − Ėi

a − Ėi
O2

+ Q̇i
conv,s-a = 0 (air) (25)
Further details on the estimation of the energy rates, asso-
iated with inlet and outlet flows and the electro-oxidation,
eforming and water–gas-shift reactions, can be found in [19].

Fig. 6. Energy balance at the i-th element. F
nlet fuel composition 17.1% CH4; 26.26% H2; 49.34% H2O;
2.94% CO; 4.36% CO2

nlet air composition 21% O2; 79% N2

.3. Model validation

Provided that the fuel cell is discretized on an N compu-
ational elements grid, the one-dimensional model results in a
ystem of 10N + 1 equations (i.e. Eqs. (14)–(16) and (23)–(25)
lus the constraint, expressed by Eq. (2), on total current drawn
rom the fuel cell). The 10N + 1 unknowns are

Ji, T i
a, T

i
f , T

i
s , x

i
H2

, xi
CO, xi

CO2
, xi

CH4
, xi

H2O, xi
O2

, VSOFC
}

(26)

The model was tested by estimating the spatial distributions
f J and Ts and than comparing some suitable metrics with pub-
ished data. The specifications of the reference planar SOFC are
iven in Table 1, which also reports the operating conditions at
hich the one-dimensional model was solved.
ig. 7. Estimated current and temperature distributions for the IEA SOFC.
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assumed that Kcell equals the heat capacity of the solid parts
Fig. 8. Estimated fuel gas composition for the IEA SOFC.

al reforming of methane. Then, after the methane is completely
eformed (i.e. at one-fourth of cell length, as shown in Fig. 8),
emperature and hydrogen molar fractions increase, with a ben-
ficial impact on polarization losses (see cell temperature effect
n Fig. 4) and Nernst potential (see impact of hydrogen partial
ressure in Eq. (2)), respectively. Therefore, the electrochemical
eactions are enhanced, causing current to reach its maximum
alue (beyond 7 cm in Fig. 7). Finally, due to hydrogen depletion
s shown in Fig. 8, current decreases monotonically.

As shown in Table 2, the comparison between calculated and
ublished outputs confirms the good level of accuracy achieved
nd the validity of model assumptions.

. Control-oriented model for simulation and control of
lanar SOFC

The control-oriented model is based on simplifying assump-
ions whose validity is supported by previous studies. Such
ssumptions, presented in detail in the next sections, allow
escribing the dynamic behavior of a single SOFC as a first order
ystem with the outlet temperature as the only state variable.
his simplification entailed developing a black-box relationship
etween VSOFC, state variable (i.e. Tout) and input variables (i.e.

¯ , and λ). The data needed for identifying this relationship were
enerated making use of the high-level model (i.e. the 1D model
escribed in Section 4) of the hierarchical structure shown in

ig. 3. The hierarchical approach was followed to derive the
oltage model for a reformate-fuel-fed SOFC, considering the
ell dimensions provided by IEA (see Table 1). The validity
f the control-oriented model was checked by simulating load

able 2
omparison between model and IEA data published in [10]

IEA Model

ax J(X) (A cm−2) 0.3040–0.3665 0.3582
in J(X) (A cm−2) 0.1748–0.2508 0.2112
ax T(X) (◦C) 1021–1034 1043
in T(X) (◦C) 847–862 848

oltage (V) 0.633–0.649 0.649
ower (W) 18.99–19.47 19.47

(

K

F

r Sources 180 (2008) 380–392 387

teps and comparing the resulting voltage and outlet tempera-
ure responses with those obtained by a physical model [15].
ssuming the single SOFC as representative of the whole stack
ehavior, the extension of the developed model to an SOFC stack
s straightforward.

.1. Dynamic model

The dynamic, control-oriented model presented herein was
onceived to describe the response of SOFC voltage to variations
n load and excess air. Main goal was to develop a simplified

odel that guarantees a satisfactory trade-off between accu-
acy and computational burden. Therefore, SOFC dynamics is
escribed via lumped modeling of the open system shown in
ig. 9. The model was obtained considering the following sim-
lifying assumptions: (i) adiabatic cell (i.e. the heat exchange
ith the surroundings is zero) [10]; (ii) the variation of gases’

ensible heat is neglected; (iii) negligible pressure drop across
he cell [17]; (iv) the dynamics of both electrochemistry and

ass transfer is much faster than thermal dynamics [15]; (v)
ince in planar co-flow SOFC fuel, air and solid temperatures
o not differ significantly [26], the temperature of the solid tri-
ayer is assumed as representative of the entire control volume;
vi) Tout is assumed as the state variable.

Starting from the above hypotheses, SOFC thermal dynamics
an be modeled applying the energy conservation principle to
he lumped volume shown in Fig. 9. Therefore, the following
ynamic model was obtained:

cell
dTout

dt
= Ėin(Tin) − Ėout(Tout)

− J̄VSOFC(J̄ , Tout, λ)A (27)

here Kcell (J K−1) is the lumped heat capacity of the SOFC and
˙ in and Ėout are the inlet and outlet energy flows, respectively.
n Eq. (27), the accumulation term on the left hand side only
ccounts for the heat adsorbed by the solid part, as a consequence
f hypothesis (ii).

Owing to the lumped nature of Eq. (27) and the simplify-
ng modeling assumptions, it is required to identify the model
arameter Kcell. Nevertheless, due to the lack of dynamic exper-
mental data suitable for system identification [10], it was
i.e. cell trilayer and interconnect), as follows:

cell = ρcerVOLccer = 96.86 (J K−1) (28)

ig. 9. Lumped cell that includes gas channels, solid trilayer and interconnect.
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here VOL is the cell volume, calculated according to the geo-
etrical data listed in Table 1, and ρcer (6600 kg m−3) and ccer

400 J kg−1 K−1) are ceramic density and specific heat, respec-
ively.

The state-space representation of Eq. (27) in its explicit form
eads as

ẋ = f (x, u)

y = g(x, u)
(29)

here the state, output and input vectors are, respectively:

= {Tout} y = {VSOFC} u = {Tin, J̄ , λ} (30)

nd g(x,u) = g(J̄ , Tout, λ) is a black-box relationship presented
n the next section.

The proposed model is characterized by two distinguishing
eatures with respect to other lumped approaches proposed in
iterature [27]. Firstly, since the outlet temperature is the state
ariable, it is possible to account for temperature variation across
he cell. Therefore, this model is suitable to perform, at low
omputational cost, very accurate balance of plant analyses,
ncluding heat exchangers sizing. Secondly, as a consequence
f the hierarchical approach followed, the voltage is evaluated
s function of the main operating variables (i.e. current den-
ity, outlet cell temperature and excess air), thus allowing to
eparately investigate the influence of each variable on SOFC
erformance in both steady and transient conditions.

.2. SOFC voltage black-box model

According to the modeling scheme shown in Fig. 7, the rela-
ionship between cell voltage and state and input variables (i.e.
(x,u)) was hierarchically derived from the one-dimensional
odel developed in Section 4. Particularly, steady-state calcu-

ations performed on the IEA benchmark described in Table 1
ere used to generate a reference data-set that comprehensively

overs the SOFC operating domain. The reference data, used to
dentify and validate the voltage black-box model, were obtained
etting the fuel utilization to 0.8 and varying the operating vari-
bles around their nominal values in the following ranges:

¯ (A cm−2) ∈ [0–0.8]; Tin (◦C) ∈ [700–750]; λ ∈ [5–9]

(31)

The curve fitting of the reference data-set yielded the follow-
ng relationship:

SOFC = 33.76 − 0.93λ + 1.07 × 10−3λ2 − 0.28J2

− 5.45 × 10−2Tout + 2.23 × 10−5T 2
out + 8.33

× 10−4λTout − 5.15 × 10−4JTout (32)

n which quadratic and cross-terms appear, thus making the

ynamic Eq. (27) strongly nonlinear. In Eq. (32) Tout is one
f the independent variables, whose values were calculated by
eans of the one-dimensional model. Then, they were fed as

nput to the identification procedure. The independent terms of

s
t
t
F

he accuracy of the voltage black-box model (reformate feed, R2 = 0.97,
MSE = 0.026 V).

q. (32) were found by means of a forward stepwise approach
ased on the analysis of parameters 95% confidence intervals.

The comparison between reference data and models outputs,
hown in Fig. 10, demonstrates the satisfactory level of accu-
acy and generalization guaranteed by the voltage black-box
elationship.

.3. Analysis of SOFC transient response for stepwise load
ariation

The control-oriented model was tested for validation by sim-
lating the response of VSOFC to step changes in load (i.e. J̄).
uch responses were then analyzed with respect to the following
erformance metrics derived from literatures [15,28]:

Vdrop = VSOFC(t∞) − VSOFC,min: voltage undershoot intensity
(mV);
�V = VSOFC(t∞) − VSOFC(t0): voltage difference between
second and first stationary point (mV);
τV: voltage relaxation time (s).

Voltage relaxation time, which is very significant for optimal
alance of plant and control of SOFC systems [28], is defined
s the time needed for VSOFC to recover 90% of the voltage drop
ccurring after load or excess air step variation [15]:

rec = 0.9Vdrop + VSOFC,min (33)

V = t|VSOFC=Vrec − t0 (34)

The sensitivity of performance metrics to operating condi-
ions was also investigated and reported.

The lack of experimental transient data entailed perform-
ng qualitative validation of the model. Therefore, the results
resented in the following are discussed and compared with

imulations performed by Achenbach [15], who developed a
hree-dimensional time-dependent model for simulating the
ransient behavior of planar SOFC excited by load variations.
inally, a potential application of the control-oriented model
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Table 3
Stepwise load variations simulated in the response to load change analysis

Case J̄0 (A cm−2) J̄∞ (A cm−2)

1 0.4 0.7
2 0.6 0.7
3 0.4 0.5

i
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t
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a
m
r
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Fig. 13. Simulated voltage response after case 3 load step.
Fig. 11. Simulated voltage response after case 1 and case 2 load steps.

s given, namely the development of a PI controller to limit
emperature rise across the cell within a tolerable threshold.

.3.1. Simulation of load stepwise variation
The SOFC response to load change was investigated for

hree different step variations listed in Table 3. The other inputs
i.e. λ and Tin) were set to their respective nominal values: 7
nd 750 ◦C. Simulations were run by implementing the lumped
odel described by Eq. (27) in the Matlab-Simulink® envi-
onment. A 6.2 × 10−4 computational to real-time ratio was
chieved on a PC Pentium 4 3.2 GHz, thus guaranteeing a com-
utational burden compatible with the objectives of this paper.

ig. 12. Simulated temperature response after case 1 and case 2 load steps.
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Fig. 14. Simulated temperature response after case 3 load step.

Figs. 11–14 show VSOFC and Tout responses for a methane
eformate feed. For all the cases simulated, load increase causes
he polarization losses to sudden increase as well, resulting
n an undershoot-type response of the voltage, as shown in
igs. 11 and 13. Then, due to the slow temperature increase
hown in Figs. 12 and 14, polarization losses decrease, thus
llowing for a slow voltage recovery. Table 4 summarizes the
esults obtained by simulating cases 1–3.

The values of τV and τT indicate that thermal dynamics is
ignificantly slow, of the order of hundreds of seconds, achiev-

ng satisfactory accordance with the simulations performed in
15,29]. As expected, since voltage dynamics is directly depen-
ent on thermal dynamics, τV and τT are always comparable,
s shown in Table 4 and in all the figures from Figs. 11 to 14.

able 4
erformance metrics estimated for the three stepwise load transients

ase τV (s) τT (s) Vdrop (mV)

453 420 144
418 408 55
679 657 42
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herefore, only the dependence of τV on load step characteris-
ics is deeply analyzed in the following. Voltage relaxation time
ends to reduce as J̄∞ increases. This behavior depends on the
alue of final current density reached after load step. In fact, the
igher J̄∞ is, the more heat is released by the electrochemical
eaction, resulting in higher temperature increase, as it emerges
omparing Figs. 12–14. Such an effect allows for faster com-
ensation of polarization losses due to load increase, which in
urn results in shorter τV for case 1 and case 2 as compared to
ase 3.

The values of voltage drop, listed in Table 4, indicate a sig-
ificant dependence of such variable on both magnitude of load
tep (i.e. �J̄ = J̄∞ − J̄0) and final current density (i.e. J̄∞).
his can be explained considering that if J̄∞ is a few percent
igger than J̄0 (i.e. small �J̄ in cases 2 and 3), steady VSOFC and
out variations are not so significant, thus resulting in small Vdrop
of the order of tens of mV, as shown in Figs. 11 and 13). More-
ver, the higher J̄∞ the more is the difference between voltage
alues at different temperature, as shown in Fig. 4. Thus, since
n the first seconds after the load step Tout remains still closer to
0 than T∞, the voltage drop tends to increase with J̄∞ increase.

In order to further investigate the influence on performance
etrics of initial (i.e. at t0) and final (i.e. at t∞) step conditions,

wo sensitivity analysis were performed. Sensitivity of function
to variable B was evaluated as

A
B = dA

A

B

dB
(35)

Fig. 15 shows the variations of Vdrop as function of �J̄ and
¯∞ with the corresponding average sensitivities (i.e. S̄Vdrop

�J̄
and

¯ Vdrop
J∞ ). The figure indicates that either an increase in load step
r in final current density causes the voltage drop to increase.
n the other hand Fig. 16, which shows the dependence of τv
n �J̄ and J̄∞, indicates that �J̄ has not such a significant

ffect on relaxation time (i.e. S̄τ

�J̄
close to 0) while, as expected,

ensitivity to J̄∞ (i.e. S̄Vdrop
�J̄

) is negative.

ig. 15. Variation of Vdrop as function of and corresponding average sensitiv-
ties.
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ig. 16. Variation of τV as function of and corresponding average sensitivities.

.4. Application of the control oriented model: PI
ontroller development

SOFC power is controlled by varying the current drawn
rom the stack until the power demand is met. Nevertheless, the
ynamics associated with load variation is characterized by two
ignificant phenomena: voltage undershoot, described in Fig. 11;
emperature increase following load increase, due to the higher
eat produced via electrochemical reaction at the anode (see
ig. 12). The latter phenomenon is of particular concern, due to

he thermal stresses imposed on the cell material by temperature
ariation. Previous studies [10,30,31] indicated that tempera-
ure variation across the cell should not overcome 100–150 ◦C
o ensure cell components integrity.

Using the control-oriented simulator developed in the pre-
ious section, a PI controller was designed to keep temperature
ariation (i.e. �T = Tout − Tin) below a safety-threshold, here set
o 150 ◦C. To accomplish this task, the variable to be managed
s the excess air λ [31]. Such control can be performed acting
n the drive motor of the air supply system. For a generic fuel
ell system, air can be fed by either a compressor or a blower,
epending upon operating pressure requirements. Since the time
onstant of air supply system is much lower than temperature
ynamics, hardware implementation of excess-air control can
e easily accomplished. It is also worth pointing out that tem-
erature control in an SOFC system requires to take into deep
ccount the mutual interaction between stack and its main aux-
liaries, not only air compressor/blower but reformer and heat
xchangers as well. Specifically in this section, the interest is
ainly devoted to assess the potentialities offered by the pre-

ented modeling methodology to address the aspects related to
he SOFC component control within the entire system.

The controller design was performed referring to the SOFC
odeled through Eq. (27). Reformate fuel feed was assumed.
ig. 17 sketches the control scheme adopted.

The PI was developed by tuning the proportional and integral

ains until acceptable control performances in terms of system
esponse and stability were reached. This process resulted in the
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Fig. 17. Diagram block of the control architecture implemented.
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ig. 18. Comparison between VSOFC responses in controlled and uncontrolled
peration.

ollowing gains:

kp = 0.1

ki = 5 × 10−4 (36)
Figs. 18 and 19 show the voltage and �T responses to load
hange (i.e. from J̄0 = 0.4 to J̄∞ = 0.7 (A cm−2)) for both con-
rolled and uncontrolled SOFC operation. Fig. 19 evidences
ow the PI controller is capable to limit �T increase down

ig. 19. Comparison between �T responses in controlled and uncontrolled
peration.
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Fig. 20. Excess of air in controlled and uncontrolled operation.

o 8◦ for about 600 s before bringing �T back to the optimal
hreshold. The comparison of controlled and uncontrolled volt-
ge responses, shown in Fig. 18, indicates that the PI action
esults in faster voltage drop recovery (about 100 s against 450 s).

oreover, as the safety threshold is reduced, the final voltage
ecreases from 0.51 to 0.5. Therefore, controlled operation can
atisfactorily prevent SOFC components from thermal-stress
aused damages, while slightly decreasing performance. Fig. 20
hows the λ trajectory for the controlled and uncontrolled sys-
ems. As expected, change in current load required increasing
xcess air to meet the safety threshold imposed on �T.

. Conclusions

A hierarchical modeling approach was presented that
escribes solid oxide fuel cell behavior in both steady and
ransient conditions. A one-dimensional model for steady-state
omputations was developed combining a phenomenological
lectrochemical model with appropriate forms of the conserva-
ion equations. Its principal aim is to provide accurate estimate
f the spatial variation of the main SOFC operating variables.
alidation of the model was successfully performed by referring

o previously published information.
Then, based on simplifying assumptions derived from lit-

rature and performance data provided by the 1D model in a
ierarchical way, a control-oriented model was developed to
imulate SOFC response to changes in operating conditions.
articularly, SOFC dynamics was modeled applying the conser-
ation of energy principle to a lumped open volume that includes
olid trilayer and interconnect, both made of ceramic materials.
he effect of thermal dynamics was thus considered dominant
ith respect to mass and electrochemistry. The influence of out-

et temperature variation on cell voltage was taken into account
y means of a black-box relationship, identified versus reference

ata generated by the one-dimensional model.

The control-oriented model was tested through extensive sim-
lations of voltage and temperature responses to changes in
urrent load. The results showed the ability of such model in well
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apturing the undershoot-type voltage response to positive load
ariation, thus proving the validity of the approach proposed.

SOFC dynamics was analyzed with respect to some signifi-
ant performance metrics, such as voltage drop (i.e. undershoot)
nd voltage relaxation time. Two sensitivity analyses were
arried out to evaluate the dependence of voltage drop and relax-
tion time on magnitude of load step and final current density. It
as shown that both variables have an appreciable influence
n voltage drop. Regarding relaxation time, the results indi-
ate that it is quite sensitive to final current density value, while
eing substantially independent of magnitude of load step. These
bservations are in accordance with previous theoretical studies
ased on physical time-consuming approaches. Therefore, the
odel presented allows for significant reduction in computa-

ional burden, while guaranteeing satisfactory accuracy.
Finally, an application example of the control oriented model

as reported, namely the development of a PI controller to limit
emperature rise from cell inlet to outlet. The use of such con-
roller allows reducing voltage relaxation time, while bounding
n a safe range the temperature rise subsequent to a load step.

oreover, the comparison between controlled and uncontrolled
ystem indicates the need of solving the trade-off between safe
peration of cell components and cell performance, with the
atter being lowered by temperature rise control.

The hierarchical approach proposed in this work can be
asily extended to other cell configurations, such as low tem-
erature and intermediate temperature anode supported cell, to
evelop control-oriented models suitable for (i) implementa-
ion in system-level simulators for balance of plant and system
izing calculations, such as large-scale design of automotive
PUs; (ii) optimal selection of cell materials as function of
esired and/or admissible current and temperature variations;
iii) off-line development of optimal energy-management strate-
ies for automotive APUs; (iv) on-board implementation for
odel-based control applications.
Future work will concentrate on the development of a com-

rehensive simulator of reformate-fed SOFC-APUs hybridized
ith appropriate energy storage devices.
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