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Effects of Battery Buffering on the
Post-Load-Transient Performance of a PSOFC

Sudip K. Mazumder, Senior Member, IEEE, Sanjaya K. Pradhan, Student Member, IEEE, Joseph Hartvigsen,
Michael R. von Spakovsky, and Diego F. Rancruel

Abstract—For a planar solid-oxide fuel cell (PSOFC)-based
power system, the differences in the response times of the PSOFC
stack, the power electronics subsystem (PES), and the balance-of-
plant subsystem (BOPS) cause low-reactant conditions near the
PSOFC electrodes during load transients. Because the BOPS can-
not instantaneously provide enough fuel to the PSOFC, the load
transients have a detrimental effect on the performance and life
of the fuel cell. To alleviate the degrading effects of load tran-
sients on PSOFC stacks, the effectiveness of the energy buffering
is investigated.

Index Terms—Balance-of-plant subsystem (BOPS), distributed
generation (DG), energy buffering, load transient, mitigation, pla-
nar solid-oxide fuel cell (PSOFC), power conditioning system
(PCS), power electronics.

NOMENCLATURE

AL Application load.
ASR Area-specific resistance (Ω·cm2).
BOPS Balance-of-plant subsystem.
Cp Specific heat capacity at constant pressure

(J·kg−1·◦C−1).
CTE Coefficient of thermal expansion.
DG Distributed generation.
En Nernst potential (V ).
F Faraday’s electrochemical constant (C).
FPS Fuel-processing subsystem.
I PSOFC output current (A).
ji Current density in the 1-D cell model (A·cm−2).
η Hydrogen molar flow rate (mol·s−1).
PCS Power-conditioning system.
PES Power-electronics subsystem.
PHT Pressurized hydrogen tank.
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PSOFC Planar solid-oxide fuel cell.
PSOFCS Planar solid-oxide fuel cell stack.
Q Heat rate per unit volume (W·m−3).
ρ Mass density (kg·m−3).
T∞ Enclosure temperature (K).
Tn,t Temperature at the nth segment at the instant t

(K).
U Hydrogen utilization, dimensionless.
Vop Output voltage (V).
Vtn Thermal neutral voltage (V).
∆x Incremental step distance (m).
x, z Spatial dimensions of the PSOFC used in the

finite element model (mm).

I. INTRODUCTION

OVER the last few years, fuel cells and fuel-cell based PCSs
have been the subject of extensive research for meeting

the increasing demands of power quality and reliability for DG
systems. This is because fuel cells have several advantages in-
cluding high energy efficiency, near-zero emissions, ease of
installation in urban as well as in remote regions, silent oper-
ation, and fewer moving parts [1], [2]. Although several fuel
cells are being considered for DG, PSOFCs, as illustrated in
Fig. 1 at cell and stack levels and explained in detail in [3],
are emerging as one of the prime candidates, primarily because
of their high energy efficiency and simple power generation
architecture.

However, for commercial use, SOFC technology, as per the
U.S. Department of Energy (DoE) guidelines, needs to demon-
strate an operating life of greater than 40 000 h for stationary
applications and greater than 5000 h for transportation appli-
cations. Recently, using a comprehensive model of the tubu-
lar SOFC PCS [4], Acharya et al. [5], [6], von Spakovsky et
al. [7], and Mazumder et al. [8] have demonstrated that tran-
sients in the output current of the PES may have a significant
impact on the life of the SOFC stack because of the following
reasons.

1) BOPS cannot react instantaneously to the increased fuel
demands during load transients, leading to low-reactant
conditions [8], [9] within the SOFCS. This causes the
reoxidation of the anode, which degrades the PSOFC [13].

2) With the fuel utilization of a stack changing drastically
due to a load transient, a safer and lower operating fuel
utilization is enforced to prevent zero-reactant condition in
the PSOFCS. Because the efficiency of a stack depends on
the operating stack fuel utilization [14], lower operating
fuel utilization reduces the efficiency of the stack.

0885-8969/$25.00 © 2006 IEEE
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Fig. 1. (a) Principle of operation of the PSOFC. (b) Illustration of a repeat
cell element in a PSOFCS.

Fig. 2. Block diagram of a complete PSOFC PCS comprised of a PSOFCS
PES and BOPS supplying power to the AL.

3) The abnormal rise in the PSOFC temperature due to higher
current density in the stack induces residual stresses [11]
that degrade its reliability.

Thus, there exists a need for mitigation techniques that can
alleviate the impacts of these degrading effects on the reliability
and performance of PSOFC stack during a load transient. To-
ward the end of the paper, a detailed thermochemical analysis
of the impact of the load transient on a PSOFCS is provided.
The effects of the load transient on the fuel utilization, current
density, and temperature with and without the battery buffering
are investigated. The battery provides the additional load current
during the transient and alleviates the effect of the load transient
on these parameters, thereby avoiding any degrading effects.
The analyses in this paper may lead to the choice of battery size
and optimal design and operation of the PSOFC PCS (as shown
in Fig. 2).

Fig. 3. Schematic showing the implementation of a comprehensive PSOFC-
PCS model with the flow of data among simulation models using gPROMS and
MATLAB/Simulink platforms.

Fig. 4. Residential PES topology for the PSOFC PCS. The parameters of the
power stage of the dc–dc boost converter and the VSI are listed in Table IV.

II. OVERVIEW OF PSOFC-PCS MODELING

AND INTERACTION ANALYSES

To study the effects of load transients, a comprehensive model
of the PSOFC-based PCS with the flow of data among various
models, as shown in Fig. 3, is developed. The temporal mod-
els for the PSOFC, PES, which includes AL, and BOPS are
implemented using an embedded MATLAB function, SimPow-
erSystems, and gPROMS1, respectively.

The details of the transient models of SOFC, BOPS, PES, and
AL are described in [4], [5], [7], [12].

The PES is responsible for processing the output voltage and
current of the PSOFCS to a level that can be used by the AL. The
PES topological model, as shown in Fig. 4, used for PSOFC-
based PCS consists of a dc–dc boost converter to step up the
PSOFCS output voltage followed by a dc–ac inverter.

The BOPS model2, as shown in Fig. 5, consists of the FPS
to convert natural gas to hydrogen (which is used as PSOFC
fuel) and the thermal-management and power-recovery subsys-
tems (TM/PRS) to maintain the fuel and the oxidant temperature
for efficient chemical reactions in the PSOFCS. This model is
used to analyze the thermodynamic, kinetic, geometric, and cost
characteristics of the BOPS and its components at full- and part-
loads. A representative schematic of the BOPS configuration is
shown in Fig. 5. The actual configuration is a varied subset of

1gPROMS is a simulation software that incorporates several nonlinear
solvers for dynamic process modeling and optimization. gPROMS is dis-
tributed by Process System Enterprises, Inc. (http://www.psenterprise.com/
products_gproms.html).

2The BOPS model parameters and base-line conditions are extensive and are
described in complete detail in [8], [12].
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Fig. 5. Representative flow diagram of a methane-based BOPS model supplying fuel and air to the PSOFCS. The actual optimal BOPS configuration (a varied
subset of the one shown in this figure) is not presented here due to pending patent considerations.

Fig. 6. 1-D homogenous slab model for the PSOFC providing 1-D discretiza-
tions involving finite differences. Temperature, current, and molar flow rates of
air and fuel are calculated at each instance of time for n = 1, . . . , N [18]–[20].

this configuration and is not presented here due to pending patent
considerations. The varied subset configuration is optimally de-
termined based on the large-scale dynamic optimization of the
synthesis/design and operational/control of the BOPS coupled
to the fuel cell stack [15], [16].

To study the impact of load transients on the PSOFC, an ac-
curate prediction of the parameters inside the cell is essential.
As the transient model of the PSOFC [8] cannot predict the
variation of different parameters inside the PSOFC, a spatio-
temporal model of the PSOFC is developed, which provides one-
dimensional (1-D) discretizations of a planar cell in Simulink
using an embedded MATLAB function. The function is de-
signed to accept the required system inputs (reactant stream flow
rates, compositions, and temperatures, cell geometric parame-
ters, and cell current) and return the corresponding properties
of the output.

The fuel-stream and the air-stream inlet temperatures (as
shown in Fig. 6) are used to calculate the temperature of the
fuel cell structure at the inlet and to compute the temperature-
dependent thermal conductivity and specific heat values. The
bulk density of the stack has been used to account for the open
channel volume fraction so that a thermal conduction model
can be constructed as representative of a homogenous 1-D slab.

The PSOFC stack thermal transient is described by the “ther-
mal energy equation”

ρCp
∂T

∂t
− k

∂2T

∂x2
= Q (1)

where Q represents the sum of the resistive heat rate per unit
volume and the heat rate per unit volume generated by the
electrochemical and shift reactions taking place within the cell,
and ρ and Cp are the combined mass density and the combined
specific heat capacity of the fluids and the solids (electrodes),
respectively. Eq. (1) is solved along the length of the fuel cell
as shown in Fig. 6, using a centered-difference approximation
of the second derivative [17]

∂2T

∂x2
≈ 1

∆x2
[Tn+1,t − 2Tn,t + Tn−1,t]. (2)

Approximating the term ∂T/∂t as the temperature difference
across a single time step and substituting (2) into (1) yields

Tn,t+1 = Tn,t +
k∆t

ρCp∆x2
(Tn+1,t − 2Tn,t + Tn−1,t)

+
∆t

ρCp
Q. (3)

Given the temperature distribution along the fuel cell at t = 0,
(3) is used to advance the solution in time for each successive
time step. These temperature solutions are then used to solve for
the other variables that are not described by a partial differential
equation. Boundary conditions are set such that the temperature
at the inlet of the cell is equal to the inlet streams temperature,
and at the outlet, the cell is radiating to an environment with a
known ambient temperature. The stack enclosure temperature
is set to 5 ◦C less than the inlet temperature (T∞ = Tin − 5).
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Fig. 7. PSOFCS connected to the load via a dc–dc boost converter.

Based on the temperature profile obtained using (3), the
Nernst or reversible potential, cell resistance (using an Arrhe-
nius fit of experimental data), current density, heat generation,
updated flow rates, and reequilibration of the shift reaction are
calculated at each of the nodal points representing a stream-
wise position in the PSOFC [18]–[20]. An operating voltage is
assumed in order to compute the current density at each of the
n discretized points in the cell, i.e.,

jin =
(Enn − V op

n )
ASRn

(4)

where En is the Nernst potential, ASR represents the area-
specific resistance (which is a temperature-dependent function),
and Vop is the assumed output voltage. The Nernst poten-
tial is computed using the local temperature and composition-
dependent values of the Gibb’s free energy (∆G) and is given
by

En =
∆G

mF
(5)

where m is the stoichiometric coefficient of electrons in the
electrochemical reaction and F is the Faraday’s electrochemi-
cal constant. Using (4), the total cell current I is obtained by
summing over all the computational unit cells as

I =
N∑

n=1

Anjin. (6)

Hydrogen utilization is directly proportional to the current and
can be defined as

U =
I

η(mF )
(7)

where η is the hydrogen molar flow rate, which is determined
by the BOPS.

In order to compute an operating voltage Vop from the re-
quired PSOFC current, an iterative secant-root-finding method
is employed, which varies the assumed operating voltage un-
til the computed total current result matches the specified input
current. The volumetric heat generation term Q in the heat equa-
tion is a combination of the ohmic heating due to current flow
and the electrochemical heat of reaction, namely

Q = (Vtn − Vop)ji (8)

where the enthalpy of reaction (∆H) is used to define the ther-
mal neutral voltage (Vtn)

Vtn =
∆H

mF
. (9)

Fig. 8. Load/current transient (no-load to full-load current) that results in a
drop in the PSOFC output voltage.

Fig. 9. Spatial current-density variation across the PSOFC cross section
(a) Before. (b) After the load transient.

Air and fuel concentrations and flow rates entering a compu-
tational unit cell are taken to be the exit rate and composition
of the upstream cell. It is assumed that the reactant streams
and surrounding solids have a uniform temperature within each
computational unit cell. A material balance within the cell ac-
counts for the inlet and exit flows, along with the effect of the
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Fig. 10. Illustration of comparison of response times. (a) PES versus the
BOPS. (b) PSOFC versus the BOPS.

electrochemical reaction and the equilibration of the water–gas
shift reaction. The fuel value of CO is extracted by assuming
that the water–gas shift reaction (CO + H2O ⇔ CO2 + H2),
which proceeds rapidly under PSOFC operating conditions, re-
mains in equilibrium. With the shift reaction in equilibrium, the
Nernst potential calculated for CO oxidation will be equal to
that calculated for hydrogen oxidation, so there would be no
difference in the thermodynamic driving force for CO or H2

electrochemical reactions, except for the kinetic differences.
The overall interaction analysis to ascertain the efficacy of

energy-buffering devices and control techniques on the perfor-
mance of PSOFC during a load transient is carried out in two
steps. First, a time-domain analysis of the PSOFC-based PCS
is carried out using the comprehensive model discussed and de-
scribed in detail in [8], [12]. Using such a temporal analysis,
the change in the PSOFCS output current and voltages before,
during, and after a load transient is obtained.

To translate system-level electrical parameters of the
PSOFCS to its cell-level electrochemical parameters [such as
current density as in (4), fuel utilization as in (7), and cell tem-
perature distributions as in (3)], a detailed finite element analysis
(FEA) using the spatial model of the PSOFC is conducted. Be-
cause PSOFC parameters such as hydrogen depletion and cell

Fig. 11. Transient in the fuel (hydrogen) utilization due to the load transient.

Fig. 12. Effect of severity of the load transient on the fuel (hydrogen) utiliza-
tion and mean stack temperature.

temperature can directly affect the material properties of the
PSOFC, it is important to study the spatial distribution of these
parameters across its cross section.

III. SOFC PERFORMANCE ANALYSES DURING

LOAD TRANSIENT

A. Case I: Operation Without Battery Buffering

Fig. 7 shows the operating configuration for Case I. The
PSOFC stack is connected to the dc–dc converter that feeds
the load. For this investigation, the inverter (dc–ac converter)
is removed. The scaled PSOFC PCS does not have any energy
buffering as well. As such, the initial effect of a load transient di-
rectly affects the performance of the PSOFCS. This is analyzed
using the models outlined in Section II.

Fig. 8 shows the drop in the output voltage of the PSOFC due
to the load transient (40% of rated load current transient). The
voltage drop is attributed to the enhanced polarization losses
owing to higher current density, as illustrated in Fig. 9. Because
the response time of the BOPS is significantly slower as com-
pared to the response time of the PES/SOFC [21] [as illustrated
in Fig. 10(a) and (b)], the input fuel flow rates of the PSOFCS
will not change immediately after the load transient. This will
lead to higher fuel utilization in the stack so as to attain a new
electrochemical steady state.
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Fig. 13. Mean variation of temperature at the extreme ends of the PSOFC due to (a) 40% and (b) 100% of rated load current transient.

Fig. 14. Spatial temperature distribution across the PSOFC at time t = 600 s after (a) 40% and (b) 100% of rated load current transient.

TABLE I
RESIDUAL STRESSES AT PSOFC INTERFACES DUE TO RATED LOAD TRANSIENT

Fig. 11 shows that hydrogen utilization increases very sharply
immediately after the load transient. The increase in the stack
fuel utilization due to the load transient is dependent on the
severity of the current transient, as shown in Fig. 12. To prevent

the zero-reactant condition in the stack, the operating base fuel
utilization of the stack needs to be lowered and this decreases
the efficiency of the stack significantly.

The thermal energy balance at each node can be obtained
using (3) with the assumption of a negligible temperature dif-
ference across the nodes, i.e.

Tn,t+1 = Tn,t +
∆t

ρCp
Q (10)

which shows that for a given value of ρ and Cp, an increase
in Q3 (because of the increased rate of exothermic reactions),
until the BOPS responds to the increased demand of fuel and
air, results in a rise in the fuel cell temperature. However, the
thermal time constant of the PSOFC being much larger than that

3The variable Q, which is the net rate of energy transfer due to heat interac-
tions and generation, increases with an increase in hydrogen utilization.
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Fig. 15. Estimated stack reliability with probability of failure of a cell.

Fig. 16. PSOFCS connected to the load via a dc–dc boost converter. The
battery provides the energy buffering during and after the load transient.

Fig. 17. Spatial distribution of current density across the cross section of the
PSOFC (a) before and (b) after the load transient with battery buffering.

Fig. 18. Hydrogen utilization across the PSOFC (a) before and (b) after the
load transient with battery buffering.

of the PSOFC electrochemical or PES time constants [20], the
cell temperature will gradually increase, as validated in Fig. 13,
until the PSOFC attains a new thermal steady state.

Fig. 14 shows the nonuniform spatial temperature distribu-
tion within the PSOFC after the load transients. The degree of
nonuniformity in the temperature increases with the severity of
the load transient, as shown in Fig. 14(b). A nonuniform in-
crease in the cell temperature leads to a nonuniform expansion
of the cell components due to the difference in their CTEs. In
a PSOFC, with strict binding among each cell components, a
slight mismatch in thermal expansion among the cell compo-
nents can cause severe residual stress, which may degrade the
performance and reliability of the cell [11].

A preliminary thermal analysis of the rated load transient
reveals that significant residual tensile stress is developed at
the interface of the electrolyte with the cathode, as given in
Table I, leading to a cell failure probability of approximately
1%. The reliability of a PSOFCS depends on the reliability of
the individual cells and the number of cells in the stack, and a
slightest decrease in the reliability of the cells leads to a severe
degradation in the stack reliability [22], as shown in Fig. 15.

The frequency of the load transient increases the severity of
this effect on the life of the stack in the long run. Therefore,
mitigation techniques are essential to alleviate these degrading
effects of load transients on PSOFC.
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Fig. 19. Effect of battery buffering on the spatial variation of the temperature
of the PSOFC (a) before and (b) after the load transient.

B. Case II: Operation With Battery Buffering

As the batteries (depending on their size) discharge at rapid
rates, their operating life is small. However, fuel buffering us-
ing pressurized hydrogen (or reformate) tanks (PHTs) mitigates
the effects of load transients by supplying fuel at the required
rates to the PSOFCS for any load condition. Suitable reserves
guarantee that the fuel in the tank is never depleted during and
shortly after the transients until a new steady state is achieved.
However, the size of a PHT is typically larger than that of a
battery (although the weight may not be) and hence, it may
be a less viable candidate for energy buffering depending on
system-level volume constraints.4

Fig. 16 shows an arrangement to investigate the impact of a
battery on the PSOFC during and after the load transient.

During a load transient, the battery supplies the additional
energy requirements to the load till the BOPS responds, and
hence, the load demands of the PSOFC are substantially re-

4In fact, a combination of both types of energy buffering which provides the
optimal system solution should be obtained. It will depend, of course, on the
trade-offs considered and the constraints that must be met.

TABLE II
BASELINE CONDITIONS FOR THE PSOFC MODEL

TABLE III
INPUT OPERATING CONDITIONS OF THE PSOFC SPATIAL MODEL

duced. Fig. 17 shows the current density of the PSOFC before
and after the load transient. Clearly, unlike Fig. 9, the battery
buffering ensures practically no change in the current density
of the PSOFC after the transient. Consequently, the increase in
fuel utilization as well as the accompanying nonuniformity in
the spatial temperature distribution is negligible (as illustrated
in Figs. 18 and 19) as opposed to the Case I results shown in
Figs. 11 and 14. This eliminates the degrading effect of the low-
reactant condition. Again, with such a small increase in the fuel
utilization, the operating fuel utilization can be increased sig-
nificantly to increase the efficiency of the stack. Thus, a battery
provides the additional energy requirement of the load during a
load transient, mitigating its degrading effects on the reliability
and performance of PSOFC.

IV. SUMMARY AND CONCLUSION

This paper investigates the effects of battery buffering on the
reliability and performance of a PSOFC during load transients.
It is observed that the post-load-transient cell current density
increases significantly, which in turn results in a surge in the
fuel utilization, leading to a nonuniform temperature increase in
the PSOFC. The nonuniform temperature distribution induces
potentially degrading residual stresses at the interfaces of the
cell. An energy-buffering device (such as a battery) provides
the excess energy required instantaneously, decreasing the load
demands on the PSOFC stack, and in turn decreasing the fuel
utilization level during the transients. The size of the battery
should be optimally chosen so as to handle additional load cur-
rent during the load transient and hence, to maintain the fuel
utilization within certain limits till the BOPS responds. This en-
sures that the detrimental impacts on the materials of the PSOFC
are avoided, resulting in improved reliability. Such a PSOFC-
based PCS ensures better load following and hence, may lead
to improved system performance and efficiency.

APPENDIX

See Tables II–IV.
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TABLE IV
POWER-STAGE PARAMETERS FOR THE PES

TOPOLOGY IN FIG. 4
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