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Abstract This chapter discusses solid-oxide fuel cells at the system level and
the integration of the cell stack with balance-of-plant components.

Balance-of-plant components includes fuel processors (e.g., desul-

furization and fuel reforming), pumps and blowers, heat exchangers,

and catalytic reactors. Understanding and predicting thermal and

chemical communication among these components are essential

elements of system design and control. System analysis considers

overall efficiency of converting fuel to electricity as well as com-

bined heat and power (CHP) applications that beneficially use waste

heat. In addition to conversion efficiency alone, analysis of life-

cycle cost (LCC) plays an important role in optimizing system

performance. The chapter concludes with a discussion of model-

predictive control (MPC), wherein physically based models can be

incorporated into real-time process-control strategies.
1. INTRODUCTION

Development of solid-oxide fuel cell (SOFC) systems is proceeding at
power-generation scales ranging from 50 W to 500 MW. The high
operating temperature and solid state electrolyte produce attractive ben-
efits for a variety of applications, including portable (50–1000 W), mobile
(500 W–20 kW), stationary residential and commercial (1 kW–1 MW),
industrial (1–5 MW), and central utility (>100 MW) power systems.
Research, design, and development activities for mobile SOFC systems
encompass air-independent, unmanned undersea vehicles (UUVs; Braun
and Kattke, 2011; Burke and Carreiro, 2006), unmanned aerial vehicles
(Erikstrup et al., 2009; Himansu et al., 2006; Miller and Reitz, 2010; Sun
et al., 2009), auxiliary power units in the transportation sector (Braun et al.,
2009; Mukerjee et al., 2009), and even railway locomotives (Schroeder and
Majumdar, 2009). Most development activity concentrates on stationary
power, including combined heat and power (CHP) applications (Braun,
2010; Braun et al., 2006; Colella et al., 2010a,b; Colson and Nehrir, 2011;
Hawkes et al., 2007, 2009; Kazempoor et al., 2011; Nanaeda et al., 2010; Verda
and Quaglia, 2008), integrated coal gasification-SOFC systems (Braun et al.,
2012; Liese, 2010; Verma et al., 2006), and SOFC-gas turbine hybrids fueled
from natural gas (Costamagna et al., 2001; Massardo and Lubelli, 2000;



SOFC
stack

module

(anode)

(cathode)

Fuel
Desulfurizer

Ejector

Inverter

Reformer

Exhaust

Heat
recovery

Anode recycle

Air

C
om

bustor

AC
DC

Blower Air preheater
Wc

Wb

Figure 1 Generic SOFC system employing anode gas recycle.
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Mueller et al., 2008; Yang et al., 2007). The often stated advantages of SOFC
technology include high efficiency, fuel flexibility, high-grade waste heat
for bottoming-cycle integration or cogeneration, low chemical emissions,
power scalability, and the potential for low unit costs when mature.

Figure 1 illustrates a generic SOFC system, incorporating anode gas
recycle (AGR) and waste-heat recovery. The basic components of an SOFC
power plant consist of a fuel processor, fuel-cell power module, power-
conditioning equipment for DC-to-AC inversion, and process-gas heat
exchangers. Because of their high operating temperature, SOFCs produce
varying grades of waste heat that can be recovered for process heating,
power augmentation via an expander, or exported for cogeneration (or
trigeneration) purposes. Beneficially using waste heat significantly impacts
system efficiency, economics, and environmental emissions. Thus, a physi-
cally based understanding of the interactions among unit processes is
necessary for designing systems that maximize the potential benefits of
SOFCs for both electrical energy generation and thermal energy utilization.

Despite these advantages and much recent progress, SOFC technology
faces numerous challenges before commercially viable systems are widely
available. In traditional power-generation systems, a load step of 20–25% of
the generator rating is considered large, causing significant transients
(Lassiter, 1998). Distributed power systems, such as in mobile or commer-
cial building applications, may require load steps of 50–60% of system
rating without causing safety or stability problems. Load step changes of
this magnitude may take several minutes or longer for fuel-cell systems
due to the thermal lag of the fuel cell and fuel-processing hardware.

Understanding SOFC dynamic response to operational transients
and perturbations is important in system control. The fuel cell may set its
operating point based on a control signal from the inverter. The time
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constant of an SOFC can be 30 s or more (Achenbach, 1995; Huang et al.,
2011). This behavior translates into an approximate time of 2–5 min for the
operating point of the fuel cell to increase or decrease from the old value to
the new value set by the control signal (Achenbach, 1995; Aguiar et al., 2005;
Colclasure et al., 2011).1 Thus, the cell temperature dynamics are on the
order of hundreds of seconds and given the numerous temperature depen-
dent performance characteristics, they affect all other state variable dynam-
ics. During this transient, if the power demanded by the inverter is not
matched by the power output from the fuel cell, there will be a power
deficiency or an excess. In the case of a call for power, an increase in current
results in a decrease in cell voltage; simultaneously, an excess production of
oxygen anions (O2�) occurs at the cathode. Changes in power demand can
occur on millisecond timescales in many applications. Fast load dynamics
present challenges to SOFC systems where the thermal response of the cell
stack and supply of fuel and air cannot follow such fast perturbations.2

Control of reactant supply during large load steps is particularly important
as the oxygen anions that migrate across the solid electrolyte are likely to
arrive at the anode where no fuel is available for oxidation. When such a
loss of fuel supply occurs, these highly reactive anions can then oxidize the
nickel in the anode cermet, damaging the cell.

Issues of safe operation and control also exist when stepping down in
load. During this transient, excessive unreacted fuel can exit the fuel-cell
stack for a short period of time and enter the tail-gas combustor. Depend-
ing upon how the fuel-cell stack is thermally integrated with the combus-
tor, the subsequent fuel oxidation and heat release may generate large
temperature gradients in the fuel-cell components and downstream heat
exchangers, causing high thermal stresses or otherwise exceeding tem-
perature limits. In the case of a decrease in power demand, that is, when
the current demand is less than the available current, unoxidized fuel will
exit the cell, reducing the system efficiency. There are additional concerns
for loss in electric load beyond the concomitant inefficiency. Excess fuel
can cause large heat release in the catalytic combustor, which is posi-
tioned downstream of the fuel-cell stack. High-temperature excursions
can damage the combustion catalyst via sintering. Safety concerns asso-
ciated with sudden load loss are proportional to both the magnitude and
duration of the load excursion.

Fuel processing and thermal management are also critical to the per-
formance of all types of fuel cells. Proper steam-to-carbon (SC) ratios in
1 The time to steady state may be even longer during load changes because control is complicated by changes
in fuel cell efficiency.
2 Although not discussed in this chapter, hybridization with energy-storage components (e.g., secondary
batteries or supercapacitors) is often an important element of achieving aggressive load-following demands.



Analysis, Optimization, and Control of Solid-Oxide Fuel Cell Systems 387

Author's personal copy
the fuel reformer feedstock must be maintained during these operational
changes to eliminate harmful carbon deposition in either reformer or fuel-
cell stack components. Such operational considerations must be resolved
with an understanding of the system dynamics, leading to effective con-
trol strategies.

The purpose of model development is to meet specific design or
simulation objectives with adequate precision. For example, models that
are developed to support design optimization can be quite different from
models that are intended to support process control. As a practical matter
in most multiphysics multiscale modeling, models are based upon
approximations that are commensurate with the objectives. It is often
necessary to bridge greatly disparate time and length scales. For instance,
it is usually impractical to incorporate the detailed nano- and microstruc-
ture of a composite electrode into the model of even a single tube or
channel. Rather, effective transport properties (e.g., diffusion coefficients)
are derived from fine-scale models that can be used at larger length scales.
A fuel-cell stack may be composed of hundreds, or thousands, of small
channels. It may be appropriate to assume that all the individual channels
behave similarly, or at least that a few sampled channels can be used to
represent groups of channels.

This chapter focuses on the modeling, analysis, optimization, and
control of SOFC-based energy systems. Modeling approaches for the
fuel-cell stack, heat exchangers, and the integrated system are presented.
The presentation has a predominately system design focus (as opposed to
off-design system simulation) and includes discussion of system-level
operating characteristics, thermal modeling, exergy analysis, life-cycle
cost (LCC) minimization, and control. Chapter content is constrained to
nonhybridized SOFC systems, that is, those systems that have not been
integrated with gas turbines or other prime movers.
2. STEADY-STATE SOFC STACK AND SYSTEM MODELING

System-level models are typically a collection of component models
that are integrated such that input and output variables are ex-
changed between components and whose performance metrics may
be interrelated. The mathematical description of the system is formu-
lated in terms of governing equations that are established from (1) conser-
vation laws, (2) thermophysical property relationships, (3) component
performance characteristics, and (4) interface and boundary conditions.
Examples of component performance characteristics include blower,
compressor and power-conditioning efficiencies, fuel-cell polariza-
tion curves, and heat-exchanger effectiveness. The equations for
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mass and energy balances, property relationships, and performance
characteristics form a set of nonlinear-coupled equations incorporating
design and operating variables. This section begins with an overview
of system operation, motivating subsequent discussions on system
analysis and optimization.
2.1 Process overview

Despite its fuel flexibility, robust operation of the SOFC stack is most
easily accomplished when the fuel mixture entering the stack contains a
large fraction of hydrogen. As illustrated in Figure 1, natural gas entering
the plant is pressurized, stripped of sulfur, and mixed with superheated
steam via recycle of depleted anode exhaust gases. The fuel-steam mix-
ture is delivered to an integrated fuel processor, combining the functions
of fuel heating and steam reforming. The thermal energy required to
support the endothermic reforming reactions is supplied by the hot
exhaust gases leaving the catalytic tail-gas combustor. The resulting
hydrogen-rich fuel gas is directed into the anode compartments of the
individual cells within the stack through a flow-distribution manifold.
Within the cells, the fuel stream is transported through the porous com-
posite anode where heterogeneous reactions at the anode-gas-electrolyte
interfaces electrochemically oxidize the fuel. The rate of electrochemical
fuel oxidation varies spatially within the anode, with the rate being a
function of the local current density. Analogous to the fuel delivery, fresh
air is supplied with an air blower or compressor, preheated, and deliv-
ered to the cathode compartment of the SOFC stack. It is typical to provide
air in excess of the stoichiometric requirements of the electrochemical
oxidation of the fuel stream. Excess air ranges from 100% to 600% and is
used to maintain a desired cell operating temperature. An inverter con-
verts direct current (DC) from the SOFC to alternating current (AC), a
portion of which is used to service parasitic loads, such as the fuel
compressor and air blower (e.g., Wc and Wb, respectively).

Not all the fuel delivered to the cell stack is consumed to avoid
generating an unacceptably low stack voltage and thereby damage cell
integrity. Fuel utilization measures the fraction of fuel that is electrochem-
ically oxidized. SOFC stacks typically operate with fuel utilization in the
range of 70–85%. Recycle of the anode exhaust gases alters the amount of
fuel utilized in the cell stack and hence the stack efficiency. Oxidation of
unspent fuel exiting the anode is accomplished in a tail-gas combustor.
Because the fuel leaving the SOFC is highly diluted with reaction pro-
ducts (i.e., H2O and CO2), the oxidation must usually be accomplished via
heterogeneous reaction over an active catalyst (e.g., rhodium). Products of
the catalytic tail-gas combustion process are then recovered for use in fuel
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processing and air preheating before being made available for external
heat recovery in the form of hot water, steam, or warm air.

The addition of the fuel-processing equipment adds complexity, capi-
tal cost, maintenance, and inefficiency to the system. Nonetheless, this
equipment is necessary in any practical system operating on readily
available hydrocarbon fuels. Because overall system efficiency depends
upon the efficiency of hydrogen production, design of the fuel reforming
processes plays a major role in the optimal design and operation of
the system. SOFC systems that are fueled with natural gas or other
hydrocarbon-based fuels usually employ a combination of internal and
external reforming (ER) methods. The required steam may be supplied
either by a waste-heat boiler (Braun et al., 2006) or by recycled fuel-cell
reaction products (Figure 1 illustrates anode recycling). Other hydrogen-
production processes, such as catalytic partial oxidation (CPOX) or
autothermal reforming (ATR), are also available. Choosing the fuel
reforming process for particular applications depends on fuel type,
cost, efficiency, transient response, and technology readiness. Additional
process-design considerations, such as cathode gas recycle, separate air and
fuel gas circuits, fan and compressor selection, etc., are also viable options
to be evaluated in design trade studies (Autissier et al., 2007; Braun, 2010).

There are several alternative approaches for recovering thermal
energy from fuel-cell exhaust gases. The temperature of the useful
waste-heat product depends on where the heat is extracted in the system.
As illustrated in Figure 1, heat extraction immediately downstream of the
combustor produces the highest grade of heat, whereas heat recuperation
after the air preheater will produce the lowest grade of heat, although this
is more than sufficient for producing domestic hot water. In addition to
the application requirements, another consideration for heat extraction
design is that high-temperature heat recuperation can lower temperature
differences in the downstream heat exchangers, thereby increasing their
size and the associated capital cost (Riensche et al., 1998a).
2.2 SOFC stacks

For the purposes of stack design and optimization, three-dimensional
representations of flow and heat transfer are usually very important.
For example, inlet and exhaust manifolds must be designed such that
fuel and air flow are distributed uniformly among all channels. However,
there are often competing objectives. Flow uniformity can be realized
with small channel dimensions but at the expense of high pressure
drop. Large pressure drops significantly reduce overall efficiency because
of the increased parasitic power needed to drive blowers. Achieving
spatially uniform temperatures is usually an important aspect of stack
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design. Because chemistry depends strongly on temperature, achieving
uniform temperature enables all cells to operate at their peak perfor-
mance. Additionally, large temperature gradients can cause damage, or
failure, in critical ceramic components and seals.

Large-scale computational fluid dynamics (CFD) software can be a
powerful tool in assisting stack design and development. Such models
can handle great geometric complexity, including high-level user inter-
faces for geometry definition and meshing. Although CFD models pro-
vide sophisticated fluid flow and heat-transfer capabilities, they are
usually limited in their ability to represent complex chemistry and elec-
trochemistry. In the case of commercial software, the user has, at best,
restricted access to the source code. Nevertheless, it is usually possible,
and often necessary, to augment CFD software with special-purpose
software to handle aspects of electrochemical phenomena.

Figure 2 shows a representative result from a large-scale three-
dimensional model of a tubular stack (Kattke and Braun, 2011a; Kattke
et al., 2011). This model integrates a three-dimensional CFD representation
of the cathode air flow around the outsides of the tubes with electrochem-
istry models within each tube (Colclasure et al., 2011). The tubular fuel-cell
model represents fuel flow and methane reforming chemistry within the
anode-supported tubes, porous-media transport within the electrode struc-
tures, electrochemical charge transfer, and thermal balances. However, to
810 ˚C

Tube temperature

21.0%

13.5%

O2 mole fraction

530 ˚C

Figure 2 Modeling results of a 66-tube SOFC stack operating on a mixture of H2, CO,

and CH4. The left-side tubes show tube surface temperatures and the right-side tubes

show gas-phase oxygen mole fraction on the tube surfaces.
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make the computation times reasonable, a number of approximations are
made. The fuel flow is modeled using plug-flow approximations, neglect-
ing radial gradients. The reforming chemistry is modeled with two global
reactions (steam reforming andwater-gas shift). The reactive porous-media
transport within the composite electrodes is represented with only two
computational cells. The tube wall temperature is assumed to be uniform
through its thickness, but varying axially. The electrochemistry is repre-
sented in terms of a Nernst potential and various overpotentials. Although
these approximations are certainly reasonable, it should also be recognized
that more sophisticated models are available.

The tubular fuel-cell models in Figure 2 cannot stand alone; they must
be coupled with the external cathode air. Moreover, there is significant
radiative and convective heat transfer between the tubes and the external
shell. An iterative algorithm is developed to couple the complex three-
dimensional flow and heat transfer outside the tubes with the complex
chemistry and electrochemistry within the tubes. The external air flow
and heat transfer are modeled with FLUENT (Fluent software package), and
iterative coupling with the SOFC tubes is handled with a so-called user
defined function (UDF).

The iterative algorithm must establish communication between the
CFDmodel and the SOFC tube models, which have very different compu-
tational mesh structures (Kattke et al., 2011). The tubular fuel-cell models
are solved using axial profiles of temperature and oxygen concentration
supplied by the CFD model. The fuel-cell model predicts axial profiles of
heat and oxygen fluxes, which are then used as boundary conditions by
the CFD model for a subsequent iteration. The iterative process continues
until convergence, usually in only a few iterations.

The design shown in Figure 2 shows significant variations in local
temperature and oxygen concentrations, within individual tubes and
between tubes. The model-based design objective is to improve cell uni-
formity, and hence overall stack performance, by exploring alternative
stack configurations and operating conditions.
2.3 Heat exchangers and catalytic reactors

Analogous to SOFC stack design, the model-based design process also
beneficially impacts the development of heat exchangers and catalytic
reactors. Figure 3 illustrates the results of a three-dimensional simulation
of a microchannel reformer that closely couples heat-exchanger and
reformer functions. The exploded image on the left shows the internal
manifold and channel structure for four layers of the reactor (Kee et al.,



Hot
exhuast
outlet

Reformate
outlet

Hot
exhaust

inlet
Fuel

mixture
inlet

H2

CH4

Temperature

Velocity

Reactive flow

Figure 3 A microchannel reactor that closely couples the catalytic reforming function

with the thermal control function.

392 Robert J. Braun et al.

Author's personal copy
2011). A reforming catalyst is loaded into alternate channel layers. In these
layers, a fuel-steammixture flows, with hot exhaust gases flowing through
the noncatalytic channels. The reformer shown schematically in Figure 1
could use such a design. The contourmaps on the right show predictions of
selected concentrations, temperature, and velocity. This model considers
both reactive fluid flow and coupled heat transfer in the reactor body.

As with fuel-cell stacks, models can assist design development that
maximizes performance. In addition to reforming per se, a well-designed
reactor should minimize pressure drop yet still achieve good flow unifor-
mity among all channels and layers. Three-dimensional simulations (e.g.,
Figure 3) are valuable, but computation time can be long, especially when
detailed catalytic chemistry is included.

Design of channel-manifold configurations is important in planar fuel-
cell stacks, particularly for achieving flow uniformitywithminimal pressure
drop. This topic is also important in heat-exchanger design, with general
design procedures being reasonably well established (Kays and London,
1998; Shah and Sekulić, 2003). Special-purposemodels have been developed
to provide channel-manifold design guidelines, with attention to fuel-cell
applications (Costamagna et al., 1994; Kee et al., 2002; Wang, 2008, 2011).
However, detailed design of new configurations may require more
complex models. For example, Figure 4 illustrates the layer design for a
particular counter-flow planar fuel cell. This manifold configuration is not
well represented by conventional design rules, and precise pressure drop
and flow-distribution predictions may require three-dimensional CFD
simulations.
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2.4 System-level models

Broadly speaking, SOFC system models require component submodels
(including the stack model) with the following attributes

� Capability to extract gross performance metrics
� Software interfaces to communicate with other submodels
� Capability to simulate off-design operating conditions
� Ability to follow transient behaviors
� Solution algorithms that are computationally efficient

With these attributes in mind, it is evident that models that are devel-
oped for the purposes of stack design could be quite different from
system-level stack models. For example, Chapter 6 presents approaches
for high fidelity models of MEAs and channels that involve detailed gas-
phase species and energy transport in porous electrodes and elementary
charge-transfer processes within the structure. Such approaches can be
computationally expensive and may not be well aligned with the objec-
tives of system-level modeling. Nevertheless, if measured performance
maps are unavailable, predicting stack performance may be based upon
single-channel models.

It is important to calibrate and validate models with experimental
measurements. Figure 5A shows an illustrative example comparing
measured polarization performance with a channel model prediction.
These results are based on a 50 mm by 50 mm single-cell, planar stack
operating on humidified hydrogen at different temperatures. Applying
the model to other operating conditions, Figure 5B illustrates the predicted
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performance of a single channel, operating on both reformate and humidi-
fied hydrogen fuels at a constant fuel utilization of 85%. The effect of
hydrogen dilution by electrochemically inactive species results in a lower
Nernst potential and voltage reduction of greater than 50 mV at the same
current. Power density is similarly degraded by the reformed fuel.

It is often reasonable to assume that the electrochemical performance
of an entire stack may be represented by the performance of a single
channel. However, if stack-level behaviors (e.g., flow distribution and
pressure drop in the manifold structures) are not modeled accurately,
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significant system-level errors can result. Such errors are particularly
pronounced when thermal interactions between stack and system com-
ponents are neglected. The following section discusses approaches for
modeling system-level thermal interactions.
2.5 System thermal modeling

Typical hardware within SOFC hot-zone enclosures includes the fuel-cell
stack, and balance-of-plant (BOP) components that include fuel reformer,
process heat exchangers, combustors, and the piping conduits that provide
interconnections among system components (see Figure 6). While separate
unit processes occur within each component, external heat transport
between components must be optimally managed in system-level design.
Understanding component interactions and synergistically leveraging heat
sinks and sources to maintain component and process temperatures are an
essential aspect of the system design and optimization process.

Despite the importance of thermal interactions among components,
it is not uncommon to find system-level models that largely neglect
the thermal coupling. Making de facto assumptions that components are
perfectly insulated (i.e., adiabatic) can lead to substantial errors. Such
assumptions imply that all thermal communication between components
is accomplished via the mass flow rates and enthalpies associated with
Figure 6 Possible hot-zone layout of an SOFC system for a UUV application (Kattke and

Braun, 2011a).
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the interconnecting gas streams. In fact, especially for small systems, at
least a third of the waste heat in the system is rejected via surface heat
losses to the surroundings. Additionally, thermal management is often
viewed as a strategy of matching process temperatures or selection of cell-
stack insulation in order to maintain cell temperature during dynamic
operations, such as start-up and shutdown (Apfel et al., 2006; Chen and
Evans, 2005; Damm and Federov, 2006). In practice, due to thermofluidic
coupling between packaged components, a change in SOFC performance
alters process statepoints throughout the system and vice versa. Such
effects must also be considered in system control. As discussed in previ-
ous sections, CFD software provides one means to model stack and BOP
components. The following sections provide a brief overview of low-
dimensional modeling techniques that may be applied to represent sys-
tem thermal management, but at far less computational cost relative to
full CFD.

2.5.1 Resistive model formulation
The stack is typically the largest component in SOFC systems, and its
relatively high surface area and high operating temperature cause strong
thermal interactions with the smaller BOP hardware (particularly in porta-
ble and mobile applications in the 1–10 kW range). Considering the domi-
nant role of the stack in thermal management, any thermal modeling
strategy must focus on enabling heat exchange between the BOP hard-
ware and the stack. Heat rejection from the SOFC system is accomplished
via two different pathways. The first pathway is heat transmission from
components in the hot module to the surroundings by way of conduction
and radiation through the hot-module outer surface. The second pathway
is via convection of the thermal energy that accompanies the exhaust gas
mass flow as it leaves the system. An overall strategy for thermal man-
agement of system heat sources and sinks depends on balancing these
two pathways.

Figure 6 illustrates a possible hot-zone configuration for an SOFC
power source in a small UUV (Kattke and Braun, 2011a). A lumped
thermal model, based on equivalent thermal resistors, can be formulated
to represent heat transport between the SOFC stack and its surroundings.
Such a model, which assumes spatially uniform surface temperatures for
all components and enclosure surfaces, includes conduction, convection,
and radiation heat transfer mechanisms. It is often reasonable to neglect
direct component-to-component interactions, compared with the interac-
tions between a component and the surrounding enclosure walls and
cavity gas. However, the validity of this assumption depends largely on
system packaging. The more closely the components are packaged, the
more consideration must be given to direct component–component
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interactions. The net heat transfer from a component to the surroundings
can be written in terms of a temperature difference divided by the equiv-
alent thermal resistance as

_Q
cond

i ¼Tw;i�Tins;i

Rcond
ins;i

¼ _Q
conv

i þ _Q
rad

i ; (1)

cavity
_Q
conv

i ¼
Tins;i�Tgas

Rconv
i

; (2)

rad T �T
_Qi ¼ ins;i HM;i

Rrad
i

; (3)

where _Q
cond

i is the net heat-transfer rate from component i, Tw,i is the
lumped inner wall surface temperature of component i, Tins,i is the insu-
lation surface temperature of component i, Tgas

cavity is the enclosure cavity
gas temperature, and THM,i is the inner enclosure surface temperature.

Discussion of equivalent thermal resistance networks and expressions
for thermal resistors can be found in any heat-transfer textbook (e.g.,
Bergman et al., 2011). Conduction through planar walls and convection
from surfaces to adjacent gases may be represented as

Rcond ¼ L

kA
; Rconv ¼ 1

hA
; (4)

where L is the thickness through which heat is conducted, A is the area
through which the heat flux is transferred, k is the material thermal
conductivity, and h is a convective heat-transfer coefficient. In the so-
called limit of a small body in a large enclosure, the radiation resistor is
represented as

Rrad ¼ 1

hrA
; hr ¼ se TsþT1ð Þ T2

s þT2
1

� �
; (5)

where s is the Stefan–Boltzmann constant, e is the surface emissivity, hr is
the radiation heat-transfer coefficient, Ts is the component surface tem-
perature (i.e., Tins,i), and T1 is the temperature of the surrounding enclo-
sure (i.e., Tgas

cavity or To).
Figure 7 illustrates a resistive network between an SOFC stack, the

surrounding hot-module wall, and the external environment. Heat is
transmitted by conduction from the ceramic SOFC stack surface through
a layer of stack insulation material. The surface heat flux from the outer
insulation material occurs through combined heat-transfer modes of con-
vection and radiation. Radiation heat flux between the insulated stack
surface and the wall of the hot module assumes grey diffuse surfaces and
is accomplished with a view factor specification and linearized radiation
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heat transfer coefficient. The equivalent heat transfer resistance for this
network is expressed as

Rtot ¼Rcond
ins þ Rrad

SOFC

� ��1þ Rconv
SOFCþRconv

HM;i

� ��1
� ��1

þRcond
HM

þ Rrad
HM;o

� ��1
þ Rconv

HM;o

� ��1
� ��1

: (6)

In this formulation, the hot-module wall is assumed to be sufficiently
large in diameter that a plane wall representation is an appropriate
simplification. Evaluating the resistances requires an estimate of the
convective heat transfer from the hot-module inner wall (THM,i) to the
enclosure gases (i.e., qgas). Sensitivity of the selection of the fraction of qgas
to the total wall heat flux should be made, but in many cases, the overall
system results are not overly sensitive to this parameter. Braun and
Kattke (2011) have reported that a reasonable range for the qgas fraction
to total wall flux is 40–60% for small mobile systems (<3 kW).

The use of resistive networks is a convenient construct to represent
complex thermal interactions but certainly requires several assumptions
and simplifications with regard to the actual thermofluidic physics. As
illustrated in Figure 8, a thermal resistive network for an entire subsystem
within the hot module can be developed by coupling each of the compo-
nents to the inner hot-module wall temperature THM,i. Balance-of-plant
components within the hot enclosure approximates their inner wall surface
temperature by taking an average gas temperature. The stack surface
temperatures are outputs from the stack thermal model. Although in this
formulation components are not directly coupled to one another via radia-
tion mechanisms, they are coupled through convection. An energy balance
to the cavity gas temperature node within the enclosure is expressed as
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_Q
cavity

gas ¼ _mcavity
gas cp Tgas;in�Tcavity

gas

� �
; (7)

where _mcavity
gas and Tgas,in are the flow and temperature of the entering

cavity gas, Tgas
cavity is the temperature of cavity gases within the hot enclo-

sure, and cp is the average specific heat calculated from the inlet and
cavity gas temperatures. Components are also coupled though radiation
by a common interaction with the inner surface of the enclosure wall.
(note that in Figure 8, the qgas term is equivalent to _Q

cavity

gas of Equation 7.)
Selection of component radiation view factors requires an assessment

of component packing density and geometry. Employing component
view factors of unity assumes a relatively large enclosure area in compar-
ison to component areas. In the resistive thermal model approach, the
radiation view factors are all assumed to have a value of 1.0 and employ a
linearized radiation heat-transfer coefficient. In the case of larger system
components (e.g., the stack and recuperator), where the enclosure ‘‘sees’’
the component, radiation exchange from larger components is expected to
be overpredicted. As the components in a system are more tightly pack-
aged, the formulation of the radiation heat-transfer resistance naturally
becomes more complicated, involving radiosity, emissivity, and view
factors for N surface enclosures. The source of the cavity gas flow can be
either from outside cooling air or from an internal gas stream. In either
situation, estimation of heat transfer from components near the inlet of
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cavity gases into the enclosure will experience the greatest error, since
that is where the largest departure from the assumption of perfectly
mixed gas temperature occurs. Lumped surface temperatures and lack
of component-to-component radiation exchange will tend to underpre-
dict the coupling of neighboring system components. Greater fidelity in
capturing component-to-component interactions requires either a more
elaborate resistive network or the use of CFD.
2.5.2 System-level thermal management
When a system thermal model is integrated into a thermodynamic system
process model, interactions between component heat loss (or gain) and
process-gas temperatures and flow conditions are captured. The predic-
tive nature of the resulting integrated model provides feedback to design
considerations, such as component sizing and gas flow rates. In the
following, the integrated thermal model is exercised on a 1.1 kW (gross)
mobile SOFC system concept shown in Figure 6. The figure illustrates the
general layout of the system where each unit operation is a discrete
component. Although this example is for a UUV application, the essential
features of the integrated thermal-system model are applicable to many
other similar-sized applications.

Figure 9 illustrates a system-statepoint diagram, detailing results from
an SOFC system operating with liquid dodecane (C12H26) as the fuel and
pure oxygen as the oxidizer. Of particular interest is the temperature
increase of 33 �C between oxidant entering the stack module and that
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entering the cathode compartment of the stack itself. At a stack operating
temperature of 800 �C, a relatively cold oxidant stream at 681 �C is
required to enter the oxidant inlet manifold of the stack. The solid
stack remains relatively hot at the oxidant inlet, 714 �C, which presents
a large temperature driving force for heat transfer to manifold cavity
gases entering the stack module. Stack manifold and surface heat transfer
strongly influence the cooling-air flow rate that is needed to maintain the
stack operating temperature. Greater than 75% of the 142 W of heat loss
from the stack outer surface is transferred via radiation to the enclosure
inner wall. Because radiation is a significant heat-transfer mechanism,
its inclusion in the system thermal model is very important to the fidelity
of the model.

The model enables design alternatives to be explored, such as
introducing a cooling gas flow within the enclosure, insulation thickness,
etc. System thermal models show that cathode gas flows are typically
overestimated by as much as 200% in small-scale systems when adiabatic
assumptions are used (Braun and Kattke, 2011). Oxidant usage is espe-
cially important in mobile applications where the oxidant must be stored
onboard (e.g., underwater applications). Further, heat transfer within gas
manifolds influences temperature distribution within the stack. Because
the stack-level thermal performance is sensitive to oxidant flow rate, it is
important to develop thermally integrated system models.
2.6 Fuel processing considerations

Fuel processing is defined herein as the conversion of a commercially
available gas or liquid fuel to a gaseous reformate that is suitable for
serving the fuel-cell anode reactions without cell performance degrada-
tion. Fuel processing encompasses the removal of harmful contaminants,
such as sulfur, the generation of a hydrogen-rich gas stream, and heating
(or cooling) of the reformate to the prescribed inlet temperature of the
fuel-cell stack. In low-temperature fuel cells, the fuel processing may also
include additional measures beyond desulfurization and reforming, such
as low- and high-temperature shift conversion and preferential selective
oxidation.

Direct electrochemical oxidation of hydrocarbons, including methane,
within SOFC anodes is difficult to accomplish in conventional SOFCs.
Therefore, carbonaceous fuels are reformed to produce syngas (H2 and
CO). The extent of fuel processing depends not only on the fuel-cell type
but also on the fuel type. Alcohols (e.g., methanol or ethanol) and hydro-
carbons (e.g., natural gas) are usually reformed into a hydrogen-rich
synthesis gas using one of several possible methods: catalytic steam



Table 1 Possible global reactions in reforming processes

Name Reaction DH298 (kJ mol� 1)

Steam reforming CH4þH2O⇌COþ3H2 206.1

Water-gas shift COþH2O⇌CO2þH2 �41.15

Reverse Sabatier CH4þ2H2O⇌CO2þ4H2 165.0

Dry reforming CH4þCO2⇌2COþ2H2 247.3

Methane cracking CH4⇌C(s)þ2H2 74.82

Boudouard 2CO⇌C(s)þCO2 �173.3

CO reduction COþH2⇌C(s)þH2O �131.3
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reforming (CSR), CPOX, or ATR (U.S. Department of Energy, 2004).
Table 1 lists several global reactions for the reforming of methane.

The raw fuel can be converted and reformed external to the SOFC in a
reactor (often a packed-bed type) or internally within the anode compart-
ment. Most external reformer concepts for stationary applications favor
CSR, because it yields the highest amount of hydrogen and results in the
highest system efficiencies (Carrette et al., 2001). By contrast, CPOX offers
compactness, fast start-up, and rapid dynamic response, but sacrifices
fuel conversion efficiency. ATR is a combination of CSR and CPOX
processes. In general, these reforming technologies all share approxi-
mately the same level of complexity. The major technological difference
between CSR, CPOX, or ATR processes is the mechanism for providing
the thermal energy required for the endothermic reforming reactions
(Larminie and Dicks, 2003).
2.6.1 Desulfurization
Sulfur-bound fuels include logistic fuels, gasoline, coal-gas, biogas, heat-
ing oils, and natural gas. Sulfur is a poison to essentially all fuel cells and
must be removed from the fuel feedstock before it is admitted into the
reformer and cell stack. The reforming reaction requires a catalyst (typi-
cally nickel or rhodium) with high surface area supported on a ceramic
substrate (e.g., alumina). The conventional anode of the SOFC is also
nickel-based, which promotes electrochemical charge transfer as well as
internal reforming (IR). The nickel catalyst in both the reformer and fuel
cell is poisoned by the sulfur compounds normally found in many fuels.
Even the normal odorant compound level in natural gas rapidly deacti-
vates the catalyst due to tenacious adsorption and formation of nickel
sulfide (Gong et al., 2007; Zha et al., 2007). Thus, because fuel-bound sulfur
compounds poison both the reforming catalysts and the fuel-cell electro-
catalysts, they must be removed from the raw fuel feedstock. The
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allowable sulfur concentration for intermediate temperature (700–850 �C)
SOFCs is limited to about 0.1 ppmv (Ivers-Tiffée et al., 2009; Zha et al.,
2007), above which substantial electrode performance degradation is
realized. Current research is considering new anode materials and novel
electrode structures to overcome these issues (cf. Pillai et al., 2008; Yang
et al., 2009a). Nevertheless, until such electrode developments mature,
desulfurization of the fuel gas will be required.

Several desulfurization techniques are available, including activated
carbon, zinc oxide, and hydrodesulfurization (Larminie and Dicks, 2003).
Both zinc oxide and hydrodesulfurization processes require operation
near 400 �C. Generally speaking, desulfurization technology is well estab-
lished and the choice of technique depends upon cost-effectiveness and
the type of sulfur compounds present in the fuel.

2.6.2 Catalytic steam reforming
Due to wide availability of light hydrocarbon gases (i.e., natural gas) for
stationary applications, this section focuses on steam reforming of natural
gas. Natural gas is a fuel mixture that is methane rich but contains low
levels of some higher hydrocarbons (e.g., ethane, propane, and butane)
and nitrogen. Natural gas reformers for SOFC systems usually operate
near atmospheric pressure and, because the cell operating temperature is
sufficiently high, may be thermally integrated with the fuel-cell stack such
that the necessary heat for the endothermic reforming reactions is sup-
plied by the heat release from electrochemical oxidation of hydrogen and
ohmic losses associated with current generation and flow in the cell stack.
CSR is capable of operating with high fuel conversion efficiency (85–95%).
As illustrated conceptually in Figure 10, at least three different reforming
configurations are possible: (1) ER, (2) indirect internal reforming (IIR),
and (3) direct internal reforming (DIR). Because CSR is an endothermic
process, ER requires a heat source, such as a burner or hot waste gas. IR
capitalizes on the heat release in the fuel oxidation process by providing a
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convenient and efficient setting for energy transfer between heat source
and heat sink. Such tight thermal coupling can also reduce the required
cathode air flow rate, which is often used to control stack temperature.

The close coupling of CSR within the SOFC anode (i.e., DIR) offers
other potential benefits, including the reduction of parasitic power and
reduced cost. The heat produced by inefficiencies associated with charge-
transfer chemistry and ohmic heating can be delivered directly to support
endothermic reforming. However, DIR still requires some partial ‘‘pre-
reforming’’ external to the fuel cell, reforming some of the methane and
higher hydrocarbons in the primary fuel. The partial reforming is needed
to eliminate carbon deposits in the fuel cell and to limit temperature
gradients. If the endothermic reforming reactions proceed too rapidly
near the cell inlet, the associate cooling can produce deleteriously large
temperature gradients. External CSR reformers can have relatively slow
dynamic response times, thus limiting the dynamic response of the entire
system. Faster load response is anticipated for DIR–SOFC systems due to
the close proximity of reaction processes and the reducedmass of the fuel-
processing system (Meusinger et al., 1998).

A significant concern during reforming operation is the formation of
solid carbon through undesired side reactions known as methane decom-
position (or cracking), Boudouard coking, and CO reduction, respec-
tively, which are listed in Table 1. Carbon deposition should be avoided
as it deactivates catalyst and clogs interstices within the reactor bed
or porous anode microstructure. Boudouard and CO reduction reactions
are both exothermic and the forward rate reduces the number of moles.
Thus, low temperature and high pressure favor these reactions. Because
CO is usually not present in the fuel, and hence at the reformer
inlet, these carbon deposition reactions are not thermodynamically
favored. Nevertheless, as methane is consumed and carbon monoxide is
produced, carbon deposition reactions can become thermodynamically
and kinetically possible when the gas is cooled below 750 �C (Sasaki and
Teraoka, 2003). Even when conditions conducive to carbon deposition
are present, the reaction kinetics may be so slow that deposits are not
significant over the life of the catalyst.

The problem of determining when or where carbon formation will
occur is presently limited to evaluating thermodynamic tendencies. Accu-
rate prediction of carbon deposition can only be achieved by experiment
or analysis with the appropriate kinetic rate equations. However, the rate
equations are generally not known (Sasaki and Teraoka, 2003; Wagner
and Froment, 1992). Consequently, the tendency for carbon formation can
be estimated by evaluating the spatially varying equilibrium state within
the reformer. The risk for carbon formation through side reactions is
reduced by increasing the SC ratio of the fuel feedstock. However, the
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minimum amount of steam necessary for carbon-free operation is difficult
to establish.

Estimating the minimum SC ratio based on evaluation of thermo-
dynamic driving forces results in excessive but ‘‘safe’’ SC ratios of
usually 2 or 3 to 1. Wagner and Froment (1992) have used the princi-
ple of equilibrated gas to make a conservative estimate of 1.6 as the
minimum SC ratio to prevent coking phenomenon. The validity of this
method increases with increasing operating temperature. Others have
employed phase equilibria via C��H��O ternary diagrams (e.g.,
Sasaki and Teraoka, 2003).

Figure 11A shows the temperature-dependent equilibrium hydrogen
yield for a steam-to-methane ratio of 2:1. As temperature increases, H2

production begins at about 150 �C, increases in a nearly linear fashion
from 300 to 700 �C, and reaches a maximum hydrogen yield near 800 �C
and above. Thus, Figure 11A offers some insight into the motivation for
the selection of reformer operating temperature.

In addition to suppressing carbon deposits, the SC ratio also affects the
equilibrium yield of hydrogen. Figure 11B shows the effect of SC ratio on
the equilibrium species mole fractions at 800 �C and 1 atm. As the SC ratio
is increased, the hydrogen concentration decreases. Increasing the SC
ratio also negatively affects the overall system energy efficiency by (1)
requiring additional primary steam generation or recycle of anode efflu-
ent for reforming, and (2) by increasing the mole fraction of water vapor
in the exhaust gas, the sensible heat available in the exhaust gas for heat
recovery is reduced (Riensche et al., 1998a). These considerations clearly
illustrate the incentive to minimize the steam requirements for fuel
processing.
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2.6.3 Catalytic partial oxidation and autothermal reforming
Hydrogen can also be liberated from methane and other hydrocarbons
through partial oxidation, which may be catalyzed, noncatalyzed, or a
combination of both (Carrette et al., 2001). The partial-oxidation process is
typically used to reform heavy hydrocarbon and oil fuels where the
required heats of reaction are provided in situ by oxidizing a fraction of
the feedstock (Larminie and Dicks, 2003). Because CPOX yields lower
levels of hydrogen per mole of hydrocarbon input than CSR processes, as
well as consuming a portion of the fuel heating value to supply the heat
for the endothermic reforming reaction, it results in lower system effi-
ciencies (approximately 3–10% below systems using CSR). Overall, CPOX
is an exothermic process. Despite these inefficiencies, CPOX reformers are
attractive for mobile power applications where the inefficiencies are
acceptable in light of other advantages, such as cost, weight, and dynamic
response (Braun and Kattke, 2011; Burke and Carreiro, 2006; Miller and
Reitz, 2010).

ATR is a hybrid technology that combines steam reforming methods
with the in situ oxidation feature of partial-oxidation technology. Endo-
thermic steam reforming and exothermic CPOX are combined to produce
near thermal neutrality of the overall process. The operating temperature
of the ATR process (�850 �C) is usually lower than that of CPOX (1100–
1500 �C) and higher than that of CSR (�800 �C). Unlike CSR, both CPOX
and ATR processes produce a syngas stream that is diluted by nitrogen
when air is used as the oxidant. Because ATR offers many of the same
advantages of CPOX reforming, but with higher efficiency, developers are
increasingly considering its use for mobile and residential systems.
3. ANALYSIS OF SOFC SYSTEMS

The analysis of system performance and operating behaviors contributes
significantly to achieving optimal design. For example, high electrochem-
ical fuel utilization is necessary to achieve high system electric efficiency
yet may be less desirable in a CHP application where the thermal energy
coproduct can be augmented by low fuel utilization operation. Despite
numerous potential applications, several performance metrics are com-
mon to all systems. Relevant performance metrics include fuel utilization,
component, subsystem and system efficiencies, heat loss and thermal
management, and capital cost. This section provides relevant perfor-
mance definitions, discusses system-wide operating characteristics, and
presents an exergetic (availability) analysis of a small SOFC–CHP system.
System cost and optimization are discussed in Section 4.
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3.1 Performance definitions

Several different measures of efficiency are helpful in analyzing SOFC
systems; these include

� Cell-stack efficiency

�SOFC ¼ PDC

_Nfuel;inHHVfuel

� �
anode inlet

; (8)

� Net system electrical efficiency

�sys;e ¼
PAC;net

_Nfuel;inHHVfuel

� �
system inlet

; (9)

� System cogeneration efficiency

�CHP ¼
PAC;netþ _Qrec

_Nfuel;inHHVfuel

� �
system inlet

; (10)

� Exergetic electric efficiency

e¼ PAC;net

_Nfuel;inAfuel

� �
system inlet

; (11)

In these definitions, PDC is the stack DC power developed, PAC,net is
the net system AC power, _Qrec is the rate of thermal energy recovered
from the SOFC system exhaust gas, _Nfuel;in is the molar system fuel
flowrate, HHVfuel is the higher heating value of the fuel, and Afuel is the
exergy (availability) of the fuel entering the system.The in-cell fuel utili-
zation refers to the amount of fuel electrochemically oxidized within the
anode compartment of the cell stack. For example, when the fuel cell is
operated with natural gas reformate containing methane, hydrogen, and
carbon monoxide, the fuel utilization is defined as

Uf;cell ¼
_NH2;consumed

4 _NCH4
þ _NH2

þ _NCO

� �
anode inlet

; (12)

where _Nk is the species molar flow rate. The denominator of Equation (12)
represents the maximum amount of hydrogen that could be supplied
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with 100% conversion via the reforming and shift reactions. When AGR is
used, the per-pass or cell fuel utilization is as given in Equation (12).
However, the overall system fuel utilization is evaluated at the system
inlet (i.e., not the cell inlet) as

Uf;sys ¼
_NH2;consumed

4 _NCH4

� �
system feed

; (13)

The amount of oxidant required is often expressed in terms of either
oxidant utilization, Uo, or air ‘‘stoichs’’ on an oxygen basis, lair. Oxidant
utilization is written as

Uo ¼
_NO2;consumed

_NO2;supplied

(14)

where _NO2;consumed is the molar rate of electrochemical oxygen consump-
tion at the cathode and _NO2;supplied is the molar rate of oxygen supplied to
the cell. The molar rate of oxygen consumption is proportional to the rate
of hydrogen oxidation at the anode (i.e., _NO2;consumed ¼ 1=2 _NH2;consumed).
The number of air stoichs is then

lair ¼ 1

Uo
(15)

For methane-fueled systems, lair is given as

lair ¼
_NO2;system

2 _NCH4;system

; (16)

where the molar flow rates are evaluated at the system feed to the plant.
The amount of air flow can then be determined fromoxidant utilization and
themolar proportion of oxygen and nitrogen in ambient air (i.e., 3.76 mol of
N2 for every mole of O2 in simple dry air). Total air flow supplied to the
system is usually greater than the stoichiometric requirements and is deter-
mined via energy balances that include the cell polarizations, the amount
of IR, and the allowable temperature rise in the cathode air flow.
3.2 Operating characteristics

3.2.1 Internal reforming
The high operating temperature of the SOFC coupled with the catalytic
activity of the nickel-based anode enables DIR within the fuel electrode
without the need for ER equipment. However, complete IR is frustrated
by a number of practical considerations, including unacceptably large
thermal stresses and deleterious carbon deposition. As a result of such
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limitations, present SOFC technology cannot accomplish 100% DIR
within the fuel electrode. In the near-term, some fraction (20–50%) of the
methane must be converted in an external pre-reformer.

The pre-reformer serves two primary purposes: (1) convert the higher
hydrocarbons found in pipeline natural gas into H2 and CO, perhaps
slipping some CH4 and (2) generate sufficient hydrogen at the anode
inlet so that electrical energy can be generated at the leading edge of the
cell, but under conditions where carbon deposition is unfavorable. In
some cases, the pre-reformer serves the additional purpose of acting as
a recuperative heat exchanger that raises the fuel feedstock to a prescribed
cell inlet temperature.

Consider again the fuel reforming subsystem in the flowsheet of
Figure 1. Varying the inlet fuel composition to the SOFC anode can be
accomplished by a combination of

� Adjusting the SC ratio,
� Controlling the reforming temperature,
� Controlling the extent of pre-reforming.

The first two approaches were discussed previously. In the present
analysis, the extent of pre-reforming x is varied at near-ambient pressure,
while maintaining a fixed reforming temperature and SC ratio. Further,
only steam and pure methane species are considered at the inlet. Without
pre-reforming (x¼0), no hydrogen is produced and methane and steam
are the only species entering the anode chamber. Complete pre-reforming
(x¼1) means that all of the methane is converted to a mixture of H2, CO,
CO2, and H2O, which enters the anode chamber. For CSR of methane with
SC¼2 and x¼1.0, the fuel gas consists of about 65% hydrogen on a molar
basis. Figure 12 illustrates the effect of varying the amount of pre-reforming
on cell heat and power generation, and efficiency. As the extent of pre-
reforming (or conversion) increases, the cell power remains nearly con-
stant, the net heat generation increases, and the cell efficiency decreases.
The cell power remains nearly constant because the cell voltage (and
Nernst potential) increases only slightly (<50 mV) with increasing conver-
sion. Over the entire range ofmethane conversion, the net heat generated in
the cell increases by over 250%. It is interesting that the cell efficiency
decreases by over 10% in response to a greater fuel energy input for the
same power output. As the conversion of methane increases, the volumet-
ric heating value of the fuel gas mixture at the anode inlet decreases. A
disproportionate increase in the amount of hydrogen flow (relative to the
decrease in heating value) is needed to maintain the same current. Thus, an
increase in fuel energy input for the same power output is realized.

Figure 12 also shows the effect on the cooling-air requirements and air
temperature rise as the extent of pre-reforming is varied. The number of
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air stoichs required to maintain a nominal cell temperature of 800 �C
increases by nearly 50% when going from 0% to 100% methane conver-
sion. If a constant air temperature rise across the cell were maintained
instead of an average cell temperature, the air stoichs lair required would
increase by over 200%. DIR clearly reduces the need for excess cooling air
and the associated air temperature rise.

Figure 13 illustrates the SOFC temperature and temperature-gradient
profiles within a channel of a planar SOFC. Comparing Figure 13A and B
reveals that while increasing the amount of pre-reforming produces
higher peak temperatures, it results in a more uniform temperature-
gradient distribution, contributing to reduced thermal stress.

Locating the reforming process within the anode enables the heat
generation associated with the ohmic and activation polarizations to
directly serve the endothermic steam reformation reactions, thereby
reducing the cell-stack cooling requirements and the air blower parasitic
power. IR can reduce cathode air flow requirements, and hence parasitic
blower power, by greater than 50% when compared to ER. The
corresponding air preheater heat-exchanger requirements can be lowered
by greater than 75% (Braun et al., 2006). In addition to air flow require-
ments, ER affects system design and performance in terms of balancing
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system-wide thermal requirements. For example, as the heat required to
support an external reformer increases with increasing methane conver-
sion (decreasing IR), less thermal energy is available in the fuel-cell
product gases to serve the other system process needs.

IR affects system performance in several important ways:

1. Net system power and efficiency increase with IR due to reductions in
parasitic power, and use of high-grade waste heat from the cell reac-
tions for local fuel reformation (see also Section 3.3.3),

2. Net electric power increases, but less thermal energy is available for
exhaust gas heat recovery,

3. Capital cost decreases due to reduced air blower and air preheater
requirements,

4. Capital cost decreases due to reduction (or elimination) of ERhardware.

3.2.2 Anode gas recycle
Anode exhaust gas recycle is a system concept whereby a fraction of the
depleted anode exhaust is recirculated to the fuel-cell inlet, providing
water vapor to the anode feed gas to assist methane reformation and
inhibit carbon deposition. The extent of AGR is defined on a molar basis
as a fraction of the depleted anode exhaust gases as
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AGR¼
_Nrecycle

_Nanode;outlet

: (17)

The extent of AGR is typically chosen by balancing the need for water
vapor with the thermodynamic tendency for carbon formation, especially
on Ni. Increasing SC tends to negatively affect the overall system energy
efficiency by requiring additional primary steam generation or recycle of
anode effluent for reforming.

The primary advantage of AGR, compared to systems employing a
waste-heat boiler, is the large improvement in CHP efficiency (by as much
as 15%). At least two effects are responsible for the high CHP efficiency:
(1) the increase in thermal energy available for heat recovery due to
elimination of the waste-heat boiler and (2) a reduction in water vapor
content in the exhaust gas which enables higher sensible thermal energy
recovery.

At the stack level, AGR reduces in-cell (or per-pass) fuel utilization. For
example, a system fuel utilization of 85% leads to an in-cell fuel utilization
of about 69% when operating with an SC = 2.0. Cell-stack efficiency perfor-
mance is usually enhanced by lower in-cell fuel utilization, but that effect
can be negated by the dilution of H2 and CO concentrations in the inlet
anode feed stream due to the recycle stream (Yi et al., 2005), particularly for
systems that do not incorporate IR (Braun et al., 2006).

An additional advantage of AGR can be the reduction of fuel preheat-
ing heat-transfer area by direct contact mixing of the fuel feed and the
anode exhaust gas. Recirculation of fuel-cell exhaust gases can be
achieved by high-temperature blowers, fans, or gas ejectors. Ejectors are
usually the most cost-effective. However, disadvantages are the high
compression energy required for a natural-gas-driven ejector and control
of recycle throughout the operating envelope.
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3.2.3 Cathode gas recycle
Cathode gas recycle is a system concept wherein cathode exhaust gases
are recirculated to the fuel-cell inlet to reduce the size of the air preheater
and blower components, thereby reducing the system cost. CGR also
provides an opportunity to enhance system efficiency through a net
reduction in the blower parasitic power requirements. The extent of
cathode gas recycle is defined on a molar basis as

CGR¼
_Nrecycle

_Ncathode;outlet

: (18)

Gas ejectors or recycle blowers are used to accomplish the cathode
exhaust gas recycle. The merit of incorporating cathode recycle using
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ejector devices depends on ejector efficiency and the pressure drop in the
recycle loop. As with AGR, in practice the use of a gas ejector can be
difficult to implement because of difficulty in controlling the amount of
recycle throughout the operating envelope. Off-design operability may
also require a small air preheater to ensure air temperature control at the
stack inlet if recycle performance is poor. High-temperature recycle
blowers are another possibility, although the service temperature require-
ments are severe. Systems incorporating high-temperature recycle
blowers would accomplish much of the same effect as ejectors by reduc-
ing air preheater requirements, while still offering reduced overall para-
sitic power (Braun et al., 2006).
3.2.4 Cell operating voltage
The SOFC stack is the heart of the power plant, and the selection of where
to operate on its voltage–current performance characteristic is a critical
consideration. Changes in cell design, operating parameters, and control
strategies will produce varying system thermal-to-electric ratios (TERs),
as well as impact BOP component sizing, system economics, and cell
performance. The BOP is defined to be all system components except
the SOFC cell stack. The present section focuses on how the selection of
cell parameters influences the BOP and system-level performance char-
acteristics for the flowsheet configuration shown in Figure 1. A 5-kWnet

SOFC cogenerator fueled with natural gas and 80% IR serves as an
example to frame the discussion. Presuming a fixed stack size (�280
cells, each with a 100�100 mm planform), Figure 14 shows the sensitivity
of system performance to variations in cell voltage. Figure 14A shows the
impact of operating voltage on the gross cell-stack DC power, net system
AC power, and air blower parasitic power. As cell voltage decreases, the
gross stack power increases until it reaches a maximum of 21 kW near
0.42 V cell�1. The net AC stack power output is lower than the gross power,
primarily due to inverter inefficiency and the auxiliary power require-
ments. Net system power reaches a maximum of 13.3 kW at 0.51 V.
At maximum net AC power, air blower power requirements reach
4.6 kW, which is 25% of the gross AC power (after inversion) and over
90% of the total plant parasitic power. As cell voltage decreases (cell
current increases), the net AC power is reduced as blower power con-
sumption exceeds the incremental increase in power developed by
the stack. The inclusion of parasitic power requirements suggests a
more practical design operating cell voltage range between 0.55 and
0.85 V. The allowable design voltage range is further reduced to 0.65–
0.85 V when the potential for nickel electro-oxidation in conventional
Ni-YSZ anodes is considered (Nehter, 2007; Sarantaridis et al., 2008).
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Figure 14B depicts the effect of cell voltage on system efficiencies and
TER. As the cell voltage increases (power decreases), the system electric
efficiency increases nearly linearly and ranges from 35% to 53% over the
practical design voltage range of 0.65–0.85 V. Interestingly, the cogenera-
tion efficiency increases slightly with increasing cell voltage, indicating
that the amount of heat output nearly offsets the loss in net electric power
produced at lower cell voltages. The cogeneration efficiency changes by
less than 6% over the same practical voltage range. The system TER
increases with decreasing voltage, ranging from 0.3<TER<0.8. Many
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commercial building applications require TERs nearly twice this range for
domestic hot water demand and can be a factor of 10 or more greater for
space heating needs, depending on geographic location and building
type. Clearly high TERs are only available at low voltages (i.e., low
efficiencies) which are usually impractical.

Figure 14C shows the influence of cell voltage on the cooling-air
requirements to maintain a nominal cell temperature of 800 �C. The air
flow, expressed in terms of stoichs, varies as 2�lair�5 in the acceptable
voltage range. Higher air flow translates into higher parasitic power and
larger air preheater heat-exchanger areas.3 Air preheater conductance
(i.e., UA) depends on both gas stream temperature differences and flow
rates. The air preheater UA requirements are a highly nonlinear function
of cell voltage; and a 44-fold increase in UA is required for a sevenfold
increase in net AC power produced over the same voltage range.
3.2.5 Heat loss
Heat loss in high-temperature fuel-cell systems can be significant, ranging
from 3% to 20% of the fuel energy input. The amount of heat loss depends
on the module size, geometry and packaging, insulation material and
thickness, and the component operating temperatures. Heat loss in
small-scale (<10 kW) SOFC systems is particularly important. For exam-
ple, the thermal energy loss from a 2-kW planar SOFC stack module
consisting of a cylindrical vessel containing the cell stack, air and fuel
preheaters, and combustor can be as high as 9-10% of the fuel energy
input (Kattke and Braun, 2011b). This result reveals that heat loss is
significant, and while highly variable due to size and design dependen-
cies, it must be considered in systems modeling and analysis efforts.
Approaches to account for heat loss in small SOFC systems are explored
further by Kattke and Braun (2011a,b) and Kattke et al. (2011).
3.3 Exergy analysis

Although energetic performance assessments are valuable and necessary,
an exergetic (or availability) analysis is more revealing and quantitatively
insightful toward understanding the location and magnitude of process
inefficiencies within a system. Exergy is a thermodynamic property that
can be evaluated quantitatively in terms of other, perhaps more familiar,
thermodynamic properties (Moran, 1989; Moran and Shapiro, 2008;
3Heat exchangers are often characterized quantitatively in terms of UA, which is a measure of the thermal
resistance between the hot and cold flow streams (Bergman et al., 2011; Kays and London, 1998; Shah and
Sekulić, 2003). Although UA is best understood as a single parameter, it is the product of an overall heat-
transfer coefficient U (W m�2 K�1) and an effective heat-transfer area A (m2).
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Szargut, 2005; Szargut et al., 1988). The change in available energy asso-
ciated with the performance of a particular component can be evaluated
in terms of the exergy of the inlet and outlet flow streams. Because exergy
may not be a familiar concept, the following section discusses the basic
elements. The equations for estimating the thermodynamic property
exergy are first introduced, and an exergy analysis of an SOFC power
system is then carried out to quantify component exergy destructions and
efficiencies.
3.3.1 Evaluation of exergy
The exergy of a system (e.g., a flowing fluid or a fixed mass) is a thermo-
dynamic property that represents the maximum theoretical work that can
be obtained when the system comes into equilibrium with its environ-
ment. The discussion here is specific to flowing fluid streams (either ideal
gas mixtures or pure component fluids) within an energy conversion
system. An important reason to evaluate the exergies of process-flow
streams is to assist the evaluation of second-law efficiencies of compo-
nents. As discussed in the foregoing paragraphs, the exergy A is a state
variable (J mol�1). The exergy Ak of a species k (Jmolk

� 1) may be consid-
ered as the sum of thermomechanical and chemical components as

Ak ¼Atm
k þAch

k : (19)

The first term on the right-hand side represents the maximum ‘‘work’’
that can be obtained by bringing species k from the process-flow state to
the environmental state by thermomechanical processes alone (e.g.,
expansion through a turbine). That is, thermomechanical (or physical)
exergy is a measure of a fluid stream’s departure from thermal (i.e.,
temperature), mechanical (i.e., pressure), velocity, and elevation equilib-
rium with a stationary reference environment. The second term in Equa-
tion (19) represents the maximum work possible by converting the
substance into environmental species (mainly carbon dioxide and
water) at the environmental conditions. In other words, chemical exergy
represents the free-energy change in converting process species k into
environmental species at the environmental conditions. This term repre-
sents the maximum work that can be obtained via chemical reactions and
mixing of nonreacting species.

Specification of a reference environment is particularly important as
the exergy of a substance cannot be quantified until an environmental
reference state, defined by its temperature, pressure, and chemical com-
position, is chosen. Several standard environments are available to choose
from including that given by Szargut et al. (1988) and Moran and Shapiro
(2008). Property evaluation methods for the exergy of a substance are
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readily found from the literature (see Moran, 1989; Moran and Shapiro,
2008; Szargut, 2005) and are only briefly highlighted here.

The thermomechanical exergy of a flowing fluid per unit mass is
written as

atm ¼ h T;pð Þ�h T0;p0
� �� 	�T0 s T;pð Þ� s T0;p0

� �� 	þV2

2
þgz; (20)

where h is the mass enthalpy, s the mass entropy,V2 and gz are the stream
kinetic and potential exergies, respectively, and a is in units of kJ kg�1.
When evaluating the exergy of an ideal gas mixture, it is convenient to use
molar specific properties, where exergy is the sum of the partial exergies
of the constituents,

Atm
mix ¼

X
k

Xk Hk Tð Þ�Hk T0ð Þð ��T0 Sk T;pð Þ�Sk T0;p0
� �� 	

:
�

(21)

In this expression, the kinetic and potential exergy contributions
have been neglected and Xk is the mole fraction of the kth component
in the mixture. Hk is the molar enthalpy, which is a function of
temperature alone. The molar entropy Sk is a function of temperature
and pressure. In evaluating Equation (21), the chemical composition
is assumed to be frozen at the process-flow conditions. Chemical reaction
and composition change are captured in the chemical component and
are added to the thermomechanical component to get the total exergy of a
stream as given in Equation (19).

The first step in evaluating the chemical exergy is to write a reversible
reaction for each species k in the process flow. The objective is to react the
process-flow species with an environmental species, creating as products
only species that are in the environment. For instance, the reaction of a
hydrocarbon fuel may be written as

CnH
p
mþ nþm

4

� �
Oe

2 Ð
m

2
H2O

eþnCOe
2; (22)

where the superscripts ‘‘p’’ and ‘‘e’’ refer to the species being in the
process-flow state and environmental state, respectively. The chemical
contribution to the exergy of a process-gas species k is

Ach
k ¼�DG∘

k �RT0 ln
YK
j¼1

Xe
j

� �nj;k

0
@

1
A; (23)

where DGk
∘ is the change in standard state Gibbs free energy for the

reaction of species k, nj,k is the stoichiometric coefficient of species j, R is
the universal gas constant, and Xj

e is the species mole fractions in the
environment. For example, the chemical exergy for methane is
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Ach
CH4

¼�DG∘
CH4

�RT0 ln
Xe

CO2

� �
Xe

H2O

� �2

Xe
O2

� �2

2
64

3
75: (24)

The logarithmic term typically only contributes a few percent to the
magnitude of the chemical exergy (Moran and Shapiro, 2008), and the
chemical exergy of a hydrocarbon fuel is often found to be within 3–9% of
its lower heating value (Wark, 1998).

Process gases of interest in SOFC applications include hydrocarbons,
oxygenated fuels (e.g., alcohols), syngas (H2 and CO), as well as environ-
mental gases including H2O, CO2, O2, and N2. Solid fuel feedstocks, such
as biomass and coal, supplied to energy systems involving SOFCs are also
receiving increasing interest. Generalized methods for evaluating chemi-
cal exergy of gases and fuels are given in Moran and Shapiro (2008) and
Wark (1998).

On a molar basis, the total exergy can be expressed as

Atot ¼
XK
k¼1

XkAk ¼
XK
k¼1

Xk Atm
k þAch

k

� �
: (25)

To evaluate the potential power (Watts) associated with a particular
process flow, the molar flow rate (mol s�1) is multiplied by the exergy
of the process flow. Thus, the exergy rate (Watts) of a flow is determined as

_A¼ _NAtot: (26)

3.3.2 Exergetic balances and efficiencies
In an exergy analysis, exergy balances are made on each component
within the system with the objective of quantifying the exergy destruction
rate. The exergy destroyed represents the loss of work potential as a
consequence of process irreversibilities within the device. Assuming
that heat Q crosses control surfaces, work W is done by (or on) the
component, and mass flows across possibly multiple inlets and exits, a
generalized exergy rate balance for a component can be formulated as

dAcv

dt
¼
X
j

1�To

Tj


 �
_Qj� _Wcv�po

dVcv

dt


 �
þ
X
i

_mia
tot
i �

X
e

_mea
tot
e

� _AD (27)

where Acv is the total exergy of the control volume, _Qj is rate of the heat
transfer across surface j at temperature Tj, _Wcv is the net rate of work
transfer, _M is the rate of mass flow at the inlet or exit of the system, and _AD

is the rate of exergy destruction. The first term on the right hand side of
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Equation (27) represents the exergy transfer accompanying the net heat
transfer into the control volume. The second term is the net work transfer
within the control volume and is inclusive of moving boundary work. The
exergy accompanying mass transfer into and out of the control volume is
given by the third and fourth terms in Equation (27), respectively.

Second law efficiency definitions are varied and depend upon the
purpose of the device or system. A typical definition places the useful
product exergy in the numerator and all exergetic inputs in the denomi-
nator according to

e¼
P _A

useful

outP _Ain

(28)

3.3.3 Exergy analysis of a SOFC–CHP system
For the purposes of demonstrating an exergy analysis, consider a 1.3 kW
methane-fueled SOFC systemwith heat recovery that is operating at near-
atmospheric pressure with 100% ER (Figure 15). In this configuration, a
waste-heat boiler provides superheated steam at 5 bar with a SC ratio of
2:1 for the external reformer. The boiler is located immediately down-
stream of the fuel reformer to ensure that a sufficient pinch temperature is
achieved. Air is preheated to 729 �C before delivery to the SOFC cathode
compartment. The SOFC module operates at a nominal temperature of
800 �C and 0.705 V cell�1, producing 2.0 kW of DC power at a cell-stack
efficiency of 40.5% (44.2%LHV). The air blower consumes about 0.53 kW
to supply the cooling air at 315 mbar, and 1.3 kW net AC power is
generated at an overall system HHV efficiency of 34.0% (37.8% LHV). A
large fraction of the thermal energy in the combusted product gas is
required to support endothermic fuel processing reactions in the
reformer. After the air preheater, the product gas (112 �C) is further
cooled to about 51 �C in the hot water heating system, providing
0.95 kW of low-grade (60 �C) hot water. The system is capable of an
overall cogeneration efficiency of 58.5% (64.9% LHV).

Figure 16 shows the energy and exergy flows for an externally reform-
ing natural-gas fueled system. Approximately 3.9 kW of energy in the
form of natural gas enters the system and is transformed through mass
addition and thermochemical energy conversions to nearly 5.6 kW at the
anode inlet. The energy supplied to the fuel-processing system from the
balance of plant is approximately 1.7 kW. About 5 kW of the 5.6 kW of
energy delivered to the anode compartment is in the form of chemical
energy and the remainder in thermal energy. Thus, the process of fuel
reformation using fuel-cell product gases serves to increase the magni-
tude of the chemical energy (and exergy) of the fuel gas stream delivered
to the SOFC stack.
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The beneficial use of high-grade thermal energy that is available from
the SOFC stack for fuel reformation is particularly important in achieving
high system efficiency. For example, if cogeneration with high-grade heat
(>300 �C) is desired, then thermal energy must be extracted from the
combustor exit gas. However, cooling of this gas would substantially
reduce its effectiveness as a heat source to support the endothermic fuel
reforming process. Additional natural gas would need to be burned to
provide the thermal energy for fuel reformation. Employing the high-
grade thermal energy of the fuel-cell tail-gas for fuel reformation is a
strategy that enables additional hydrogen to be produced from water
and in fact reduces the amount of fresh fuel required to operate the
system. Because water supplied to the system has no heating value,
there is no decrease in the system electric efficiency. In short, additional
hydrogen is supplied to the system in the form of water, which when



~=

SOFC
stack

module

(anode)

(cathode)

Fuel

Desulfurizer Mixer

Inverter

Reformer

Exhaust

Heat
recovery

Air

AC

DC

Blower Air
preheater

Boiler

Water

Wc

Wb

Wp

C
om

bustor

Heat loss

E=3.86 kW
A=3.59 kW

5 W

0.53 kW

1.85 kW

2.01 kW

E=4.29 kW
A=3.67 kW

E=5.57 kW
A=4.45 kW

E=2.02 kW
A=1.12 kW

E=2.28 kW
A=0.32 kW

E=0.95 kW
A=0.07 kW

E=1.32 kW
A=0.10 kW

E=14.89 kW
A=  7.89 kW

E=0.12 kW
A=0.09 kW

E=12.97 kW
A=  7.20 kW

E=13.18 kW
A=  6.56 kW

E=13.61 kW
A=  6.93 kW

E=0.53 kW
A=0.42 kW

E=0.00 kW
A=0.06 kW

E=0.42 kW
A=0.09 kW

E = 0.0 kW
A = 0.0 kW

E=3.86 kW
A=3.60 kW

AD=0.18 kW

AD=0.02 kW

AD=0.28 kW

AD=0.17 kW

AD=0.15 kW

AD=0.58 kW

AD=0.16 kW

AD=0.25 kW AD=0.34 kW

Figure 16 Process flowsheet for a 1.2-kW methane-fueled SOFC CHP system with

external reforming. The rounded rectangular callouts show energy E and exergy A for the

process flows, the oval callouts show loss of exergy within the devices, and the sharp

rectangular callouts show electrical or thermal power.

Analysis, Optimization, and Control of Solid-Oxide Fuel Cell Systems 421

Author's personal copy
combined with methane and thermal energy, boosts the exergetic fuel
content fed to the stack and thereby reduced the overall natural gas input
to the system. Braun et al. have shown this to be the primary reason that
methane-fueled SOFC systems are of higher electric efficiency than those
fueled with pure hydrogen, even when the hydrogen is ‘‘free’’ and no IR
is used (Braun et al., 2006). In contrast, a hydrogen-fueled SOFC system
degrades the high-grade thermal energy content of the exhaust stream to
produce more low-grade hot water, thereby increasing the CHP efficiency
but reducing the electric efficiency (Braun et al., 2006).

The exergy rates shown in Figure 16 indicate that the primary system
irreversibilities are located in the air preheater (26%), catalytic combustor
(19%), boiler (12%), and SOFC stack (11%). The exergy rate of the system
effluent is less than 3% of the fuel input. Additionally, the exergy content of
the delivered hot water system is only 0.07 kW, compared to the 0.95 kW of
thermal energy valuation associated with 60 �C water. Of the 0.43 kW
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of exergy consumed (i.e., lost) in the combustor, approximately 78% is
due to irreversibilities of the combustion process (chemical reaction,
thermal energy exchange between reactants and products, and mixing)
and 22% as a result of heat transfer to the surroundings. The exergy
analysis suggests that system improvements should be concentrated on
reducing the air preheater duty and improving catalytic combustion by
reducing the mixing loss.
4. TECHNOECONOMIC MODELING AND OPTIMIZATION OF
SOFC SYSTEMS

The importance of technoeconomic analyses is the ability to quantify
benefits of CHP operation and optimize a system design by judiciously
taking into account the competing objectives of capital and operating cost
minimization subject to both system design and application constraints.
Fuel-cell system performance characteristics are largely driven by cell-
stack design parameters such as cell voltage, fuel utilization, operating
temperature, and cathode gas temperature rise. As previously observed
(see Figure 14), depending on where the fuel-cell stack is operated on its
voltage–current characteristic, different proportions of electric and ther-
mal output will be derived from the fuel-cell system. Selection of design
parameters may maximize either power density or electric efficiency.
Further, the design operating point strongly influences the capital costs
of the major system hardware components, such as the SOFC stack, air
blower and preheater, and heat recovery equipment. The operating costs
are primarily associated with fuel consumption (or efficiency). Quantita-
tively understanding and predicting the cost–benefit trade-offs is the
objective of technoeconomic modeling.
4.1 Life cycle costing

Minimizing LCC is usually the basis for system optimization. The LCC is
defined to mean the net present worth of the sum of all capital and
operating costs throughout the life of the system. For an electric-power-
generation application, the LCC may be expressed in terms of the leve-
lized cost of electricity (COE). In stationary SOFC applications, the COE
and LCC may be based on either electric-only or CHP systems where the
waste heat provides value. Cost models incorporate the forecasts for
manufacturing costs of the SOFC and BOP components. The models
consider capital and maintenance costs, utility energy prices (grid elec-
tricity and natural gas), interest and energy inflation rates, and system
efficiency.
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In an electric-only application, the COE (e.g., $/kWh)4 can be
expressed as

COEeo ¼ CRF�Csys
eo

Aplant�CFe|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
System capital cost

þ
X
j

MCj|fflfflfflfflffl{zfflfflfflfflffl}
Maintenance

þ Fc

�
sys
e|{z}

Fuel cost

: (29)

The first term in this expression is associated with the capital costs, the
second term with maintenance costs, and the third term with fuel costs.
The capital recovery factor (CRF) is defined to mean the ratio of a constant
annuity and the present value of receiving that annuity for a specified
period of time. The installed capital cost for an electric-only system is
expressed as Ceo

sys (e.g., $/kW). The system electric capacity factor CFe is
defined to mean the ratio of the electricity produced and the electricity
that would have been produced if the plant operated 100% of the time at
its rated capacity. The expected annual plant availability is Aplant. The
levelized annual maintenance cost of component j is MCj (e.g., $/kWh).
The unit fuel cost is Fc (e.g., $/kJ). The system electric efficiency is �e

sys

(HHV basis). The levelized annual maintenance cost for each component j
may be evaluated by forecasting the present worth of all replacement
costs over the life of the plant as

MCj ¼
CRF�Cj

1þiinflð Þn1
1þið Þn1 þ 1þiinflð Þn2

1þið Þn2 þ		 	
h i
CFeþAplant

; (30)

where the numerator represents the present worth of annual payments
for the replacement cost of component j replaced in years n1, n2,. . .,
utilizing an equipment-cost inflation rate iinfl and an interest rate i. The
component cost is represented as Cj. Levelized maintenance costs are
estimated by amortizing each of the expected service requirements over
the life of the system. For example, mature SOFC stacks are often
assumed to have an operational life of 5 years (40,000 h), with some
salvage value as a percentage of the original investment. These consid-
erations translate into replacing the entire fuel-cell stack two times
during a 15 year plant life. In similar fashion, other replacement costs,
such as catalysts in the reformer and combustor, may be replaced every
5 years (40,000 h) and the sorbent bed in a desulfurizer is typically
replaced annually.

In a CHP system, the net COE must be offset by the thermal energy
that is recovered and used for either process, space, or hot water heating,
4Monetary cost is represented as $, meaning any appropriate currency (e.g., dollars).
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COECHP ¼ CRF�C
sys
CHP

CFe|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
System capital cost

þ
X
j

MCj|fflfflfflfflffl{zfflfflfflfflffl}
maintenance

þ Fc

�
sys
e

1�CFh
�CHP��

sys
e

�htg

" #
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Fuel cost�Thermal energy credit

; (31)

where CCHP
sys is the installed cost for fuel cell and cogeneration systems

(e.g., $/kW). The factor �htg represents the heating efficiency of the system
that is being displaced by the recovered thermal energy from the SOFC.
The capacity factors CFe and CFh represent the electric-generating and
heating functions, respectively. The net thermal energy conversion effi-
ciency is equivalent to �CHP��e

sys, where �CHP is the system cogeneration
efficiency. Transmission and distribution costs do not factor into the
COE for on-site power generation.

The LCC of an SOFC system can alternatively be evaluated by adapt-
ing the P1–P2 method developed by Duffie and Beckman (2007) for the
case of grid-connected fuel-cell power systems that may not supply 100%
of the electricity and/or thermal energy requirements of an application. In
the P1–P2 method, the LCC is considered to be the sum of two terms
(LCC¼P1FþP2C) that are proportional to the first year operating cost F
and to the system installed capital costs C. The LCC of an SOFC power
system is then expressed as

LCCSOFC
j ¼P1 FSOFC

j þFutilityngas

� �
þP2C

sys
j

_W
sys

net

þP3F
utility
elec 1�CFe�Aplant

� �
; (32)

where the subscript j refers to either an electric-only or CHP type system,
FSOFC is the annual fuel cost to operate the SOFC system, Fngas

utility is the
annual natural gas fuel cost of the utility charges to serve the thermal
energy demand in the application, _W

sys

net is the rated power capacity of the
SOFC system, Felec

utility(1�CFe�Aplant) is the net grid electricity cost to
deliver power to the application demand that is not met by the fuel-cell
system. The constants P1 and P3 are present-worth factors that depend
primarily on the number of years that the equipment is expected to
operate, the inflation rate for expenses related to operation (typically the
rate at which the cost of the fuel or electricity inflates), and the market
discount rate. The constant of proportionality P2 depends on many eco-
nomic parameters, including the down payment on the first costs (capital
and installation), the interest and market discount rates, depreciation,
salvage values, etc.

Detailed capital cost data for SOFC systems is given by Braun
(2010), Gerdes et al. (2009), Arsalis et al. (2009), and Thijssen (2007),
and can be used to generate cost functions (cf. Braun, 2010) that are
employed to estimate the first costs, such as in Equation (32). LCC
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objective functions can be developed to optimize the hardware config-
uration in a system or to optimally select design parameters within
a given system configuration. Optimization of the system configuration
for SOFCs has been explored parametrically (Braun, 2010; Riensche
et al., 1998b) and more recently using mixed-integer linear and
nonlinear programming (Autissier et al., 2007; Palazzi et al., 2007;
Pruitt et al., 2011).

An objective function is formulated from minimization of the system
LCC subject to constraints such as mass and energy conservation, prop-
erty relations, and performance characteristics of all hardware within the
system. Performance characteristics involve heat-exchanger effectiveness
or approach temperatures, fuel-cell voltage–current characteristic, blower
and pump pressure rise-flow characteristics, extent of conversion in the
reformer, etc. The optimization problem is highly nonlinear and usually
involves several independent variables to optimize on as discussed in the
subsequent section.
4.2 Optimal parameter selection

Important SOFC stack operating parameters include nominal cell voltage,
fuel utilization, cell temperature, and allowable cathode air temperature
rise. Optimal selection of each of these parameters involves observing
constraints, such as minimum air flow requirements (i.e., lair>1),
and recognizing that these parameters are not independent of one
another. Additional considerations involve the practical realities of how
operating conditions affect the relationships between cell life and dura-
bility. The following example considers the performance of a small SOFC
micro-CHP system that is based on the process-flowsheet given in
Figure 1.

4.2.1 Optimal cell voltage and fuel utilization
Figure 17B shows how variations in cell voltage and fuel utilization
affect the electric efficiency and the number of cells in the SOFC stack
that are required to meet a given net AC power load. As the nominal
single-cell voltage increases, the system efficiency increases and cell
power density decreases. Over the range of cell voltage explored, the
system efficiency increases from 31% to 51% (HHV) and the number of
cells in the SOFC stack increases by over 300%. Figure 17A shows the
implications of these trends in terms of normalized LCCs for both
electric-only and CHP systems. Life cycle fuel costs are reduced with
increasing cell voltage by an amount greater than incremental increases
in system first costs associated with the fuel-cell stack. This trend
persists until the increase in the capital cost, due to the increasing
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number of cells in the stack to produce the required amount of power
(i.e., cell power density), offsets the efficiency gains. For fuel utilization
of 85%, optimum cell voltages are observed at 0.685 and 0.76 V for CHP
and electric-only systems, respectively. Figure 17A also shows that the
CHP configuration realizes 1–12% lower LCC, depending on operating
voltage. When fuel utilization decreases from 85% to 75%, LCCs
increase throughout the voltage range for the electric-only system.
The reason for this trend is that lowering fuel utilization not only
increases cell power density (reducing capital cost) but also reduces
system efficiency (increasing operating costs). In the case of CHP con-
figurations, the reduction of electric efficiency due to lower fuel utiliza-
tion can be offset by the increase in waste-heat recovery, such that fuel
utilization of 75% ultimately yields the lowest LCC at a cell voltage of
0.75 V. Simultaneous exploration of the cell voltage and fuel utilization
parameter space indicates that a global optimum is likely at 0.75 V
and 75% fuel utilization. For systems intended for electric-only applica-
tions, the minimum LCC favors higher cell voltage and higher fuel
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utilization, while a balance is struck between voltage and fuel utiliza-
tion for CHP systems.
4.2.2 Optimal cell temperature and air temperature rise
Figure 18A shows that increasing cell operating temperature reduces cell
polarization, resulting in improved efficiency. The cost model incorpo-
rates the change in SOFC stack and air recuperator material requirements
as operating temperature is varied from its nominal value of 800 �C and
the cell model responds to changes in cell resistance due to changes in
operating temperature. Figure 18B illustrates that as the cell operating
temperature increases from 700 to 850 �C, the normalized LCC decreases
by as much as 10%. This figure also shows the sensitivity of LCC to
changes in cell voltage and temperature. When the operating voltage
increases from its baseline value of 0.7 to 0.75 V cell�1 at a given temper-
ature, the LCC decreases. This characteristic is largely due to the benefits
of reduced fuel costs from increased operating efficiency. Further, higher
capital cost at higher operating temperature can be mitigated, or even
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reduced, as second order effects, such as reduced air flow and therefore
reduced air preheater duty and cost, compensate for higher SOFC capital
costs. However, Figure 18A reveals that the benefits of selecting a higher
design cell voltage diminish with increasing operating temperature as
gains in cell efficiency and airflow reduction are nonlinear and are ulti-
mately bounded by the minimum system air flow requirements.

The variation of LCCs is also analyzed for changes in design air
temperature rise across the cathode. This analysis assumes that it is
possible to achieve acceptable levels of thermally induced internal cell
stresses due to the increased cell temperature gradient via stack and cell
design strategy. The plots in Figure 18B are generated by maintaining the
nominal cell operating temperature at 800 �C, but varying the allowable
cathode air temperature rise across the cell. An increase in cell temperature
rise from 75 to 200 �C reduces the LCC metric by 4% for a nominal
0.7 V cell�1 condition and by less than 2% for a 0.75 V cell�1 operating
point. It is further observed that the use of 100% IR and operation at
higher cell voltages leads to LCC optima constrained byminimum airflow
requirements. Figure 18 shows that, in general, the opportunity to reduce
the LCC of the system design is greater for increases in cell operating
temperature than for increases in the allowable air temperature rise.

The results of this study suggest that the optima are driven toward
solutions that maximize cell temperature and air temperature rise, mini-
mize cell voltage and fuel utilization, and approach or reside at the
constraint of minimum air flow (Braun, 2010). Within a given material
temperature range, maximizing cell temperature increases system effi-
ciency and cell power density, and decreases SOFC capital cost. Increas-
ing the cathode air temperature rise reduces BOP capital cost and
increases system efficiency through reductions in air blower parasitic
power, but in increments that are smaller than those gained by increasing
cell temperature. Reduction of cell voltage, and hence system efficiency,
can be overcome by increases in cell temperature and allowable air
temperature rise. These observations indicate that the optimal values of
LCC are achieved by maximizing system efficiency and minimizing the
number of cells in the stack (the highest capital cost component) until
parameter constraints in cell temperature, DTcathode or lair, are reached.
Although the analysis presented herein is for a small SOFC–CHP system,
similar conclusions also apply to larger SOFC CHP systems.

Practical considerations in selection of SOFC design parameters are
heavily influenced by cell life and durability. Increasing cell temperatures
and reducing design voltages (increasing current density) generally reduce
cell lifetime (Linderoth and Mogensen, 2000). Further, a 40,000-h SOFC
stack with an average voltage degradation rate of 0.5%/1000 h will decay
on the order of 160 mV cell�1 from beginning-of-life to end-of-life. Thus,
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end-of-life current densities must be higher to satisfy the same power
demand at beginning-of-life. The systems-level perspective must account
for the increased reactant flows at end-of-life and this may ultimately
provide little leeway in the selection of cell voltage. Nevertheless, for the
purposes of this analysis, it is insightful to quantify the benefits without
such restrictions by assuming that cell voltage parameter exploration is
essentially one of median cell voltage design conditions (i.e., middle-of-life
performance).
5. PROCESS CONTROL

The SOFC stack requires careful balancing of fuel and air for operation,
with the specific flow rates, composition, and temperature all affecting its
ability to meet desired power loads efficiently and without damaging or
degrading components. Such operation requires a control system to regu-
late the SOFC and BOP components to achieve the desired performance.
Although simple regulatory loops can be used, efficiency, response speed,
and safety can be significantly enhanced by using a high-performance
control system that is designed using knowledge of the complete system
dynamics. By analogy, it is instructive to consider the evolution of inter-
nal-combustion engines. Early engines made little use of feedback control,
but current engine technology implements highly sophisticated control
systems to regulate fuel and air inputs, spark and valve timing, and
exhaust gas recirculation. Control systems play a central role in achieving
engine performance with high efficiency and low emissions.

The control of an SOFC system has several objectives:

� Follow the load demand (i.e., provide desired electrical power).
� Maximize efficiency (i.e., maximize the ratio of produced power and
chemical potential of the fuel).

� Respect constraints on input and output variables (i.e., assure that the
SOFC and BOP are not damaged).

These objectives can be categorized as being related to performance
(e.g., load following and efficiency) or safety and operation (e.g., limiting
temperature and fuel utilization, voltage regulation). While the perfor-
mance objectives relate to achieving a desired output, the safety and
operational objectives relate to maintaining inputs and outputs within
desired bounds. Examples of control systems that tackle one or more of
the objectives can be found in the literature; for representative samples,
see Hasikos et al. (2009), Huo et al. (2008), Jurado (2006), Pukrushpan et al.
(2004), Yang et al. (2009b,c). The remainder of this chapter discusses how
SOFC and BOP dynamics affect the relative difficulty of achieving these
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objectives. The discussion also highlights the advantages of a particular
high-performance control strategy—model-predictive control (MPC).
5.1 Physical constraints

There are numerous variables (often interrelated) that must be controlled
to avoid damage within the SOFC or BOP components. One of the
most important constraints in SOFC systems is maintaining operating
temperature and limiting temperature gradients. Exceeding temperature
limits leads to the degradation of critical components such as sintering
of catalysts and electrode layers. The durability and chemical stability of
metals and seals are adversely affected by high temperatures. Typical
SOFCs operate at temperatures around 800 �C, but temperatures
exceeding 1000 �C are likely to cause damage. The temperature of con-
ventional metal-based heat exchangers should not exceed about 850 �C
(Khandkar et al., 2000; Lundberg, 1989; Veyo, 1996). High-temperature
gradients can cause component damage via thermomechanical stresses
that cause cracks or delamination of critical interfaces. Introduction
of low-temperature gases with high local reforming rates is one mecha-
nism that can cause high-temperature gradients. Although there is no
clear consensus on the maximum allowable temperature gradients, in-
plane gradients below 1 �C mm�1 are considered to be acceptable (Stolten
et al., 2000).

Other important constraints are the inlet fuel composition, operating
voltage, and fuel utilization. Fuel mixtures with high hydrocarbon
content can lead to deleterious carbon deposits within the anode struc-
ture, possibly causing irreversible damage to the cell. Even small concen-
trations of olefins (e.g., ethylene) leaving a reformer can cause carbon
deposits in the SOFC. Nickel-based anodes can be oxidized thermally
by exposure to high-temperature air or by electro-oxidation caused by
operating the cell below a certain low voltage (usually around 0.6 V). The
large volume change associated with NiO formation eventually causes
major cell damage, often leading to complete failure. Low operating
SOFC voltage can also be harmful to power-electronics components.
5.2 Inputs and outputs

A control system makes use of sensor measurements (e.g., temperatures
or chemical composition) to command actuation of input variables
(e.g., cell voltage or fuel flow rate). One of the first tasks in control-
ler design is to decide which variables to use as controlled inputs and
which variables to use as measured outputs. In some cases, the choice
of which variables to consider as inputs may not be clear a priori. As a
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simple example, consider a resistor. This ‘‘system’’ has two variables of
interest, the voltage across the resistor and the current through the resis-
tor. Neither of these variables is clearly ‘‘the’’ input; one could consider
the voltage to be the input and the current the output, or vice versa. The
choice depends upon which variable is more convenient to externally
specify. Other system variables affect behavior but are not inputs or
outputs. For example, the resistance of the resistor is considered to be a
parameter. In addition to controlled inputs and measured outputs, the
controller must consider disturbance inputs and unmeasured outputs.
Disturbance inputs are signals or boundary conditions that affect the
system dynamics but are not directly controllable. Unmeasured outputs
are variables of interest that cannot be measured but may be inferred from
other measurements (Goodwin et al., 2001).

Table 2 lists the signals that may be important to control an SOFC
system. Particular choices of inputs and outputs are made that will be
used in the examples that follow.
5.3 Effect of dynamics

The dynamic response between manipulated inputs and measured out-
puts can play an important role in determining how well the control
objectives can be met. Some general observations about control systems
Table 2 Inputs and outputs for an SOFC

Controlled inputs Disturbance inputs

Voltage, Ecell Cell load Icell
Inlet fuel flowrate, mf,i Inlet fuel temperature, Tf,i

Inlet air flowrate, ma,i Inlet air temperature, Ta,i

Fuel steam-to-carbon ratio, s/c Heat Loss Q

Measured outputs Unmeasured outputs

Current, icell Cell temperature gradient, rT

Outlet fuel temp., Tf,o

Outlet air temp., Ta,o

Cell temp., Tcell

Fuel utilization, Uf

Parameters

Cell geometry

Cell material properties

V–I characteristic

Reforming reaction rate

Flow configuration
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are useful in understanding the effect of dynamics. Although a more
formal analysis is possible using systems theory, an illustrative set of
operating guidelines can be established by considering a simple feedback
control configuration as illustrated in Figure 19. In this configuration, the
control objective is for the system output y(t) to follow the reference
command signal r(t). It is also possible for the control objective to include
desired trajectories for internal unmeasured signals, but for simplicity, only
the measured case is included in this example. The controller is made up of
computational blocks. The feedforward controller takes as its input only
the reference signal. The feedback controller takes as its input the difference
(error) between the desired reference and themeasured output. The signals
from these two controllers are summed into the actuator command u(t),
which is applied to the system. Complicating the ability of the control
system to follow the desired reference is the possibility of a disturbance
signal d(t) and measurement noise n(t). The behavior of the disturbance
signal is modeled by a separate systemH(s), whose output is summedwith
the output of the actuated system, resulting in the net system output y(t).

Each of the blocks in Figure 19 represents a differential equation that
describes the relationship between the signals entering and leaving the
block. The differential equation is defined by the transfer function, which is
a rational function of the differential operator (for convenience denoted
by s :¼ d

dt). For example, the differential equation

d

dt
y tð Þþy tð Þ¼ d

dt
u tð Þþ2u tð Þ (33)

can be rewritten using operator notation as

sþ1ð Þy tð Þ¼ sþ2ð Þu tð Þ: (34)

Formally dividing both sides by (sþ1), Equation (34) can be rewritten as

y tð Þ¼G sð Þu tð Þ; (35)



Analysis, Optimization, and Control of Solid-Oxide Fuel Cell Systems 433

Author's personal copy
whereG(s)¼ (sþ2)/(sþ1). This notation is understood to indicate that the
relationship between y(t) and u(t) is given by the differential equation
defined by G(s), as in Equation (35). In this illustration, all of the differen-
tial equations are assumed to be linear. However, even though the SOFC
dynamics are nonlinear, at a specific operating point, small amplitude
variations of the signals will be well represented by linear equations, and
the performance limitations that occur in this case will still provide valid
insights into the general case.

Writing the differential equations in terms of G(s) is especially useful
for considering coupled systems, because the differential equation relat-
ing any pair of signals can be found by solving the set of algebraic
equations defined by the input–output relationships (Equation (35)) and
the summing junctions. The following transfer functions can be derived
that define how the signals r(t), d(t), and n(t) affect y(t),

Tyr sð Þ¼ Gfb sð ÞþCff sð Þ½ �G sð Þ
1þGfb sð ÞG sð Þ ; (36)

�C sð ÞG sð Þ

Tyn sð Þ¼ fb

1þCfb sð ÞG sð Þ ; (37)

H sð Þ

Tyd sð Þ¼

1þCfb sð ÞG sð Þ : (38)

The subscripts denote the output and input variables, for example, Tyr(s)
defines the differential equation relating output y(t) to input r(t).

In addition to defining the differential relationships between variables,
the transfer function can also be used to find the frequency response (i.e.,
how the system responds at steady state when the input is a sinusoid of a
particular frequency). Specifically, given the transfer function relation-
ship y(t)¼G(s)u(t), if u(t)¼sin(o0t), and the system is asymptotically
stable, then y(t) will approach the function jG(jo0)jsin(o0tþ∠G( jo0)),
where G( jo0) is G(s) evaluated at s¼ jo0 j¼ ffiffiffiffiffiffiffi�1

p� �
. Using this fact and

the form of the transfer functions (Equations (36)–(38)), important impli-
cations about the form of the control can be obtained.
5.3.1 Disturbance rejection
Consider the objectives for disturbance rejection. Suppose the disturbance
is a sinusoid with frequency o (or, alternatively, the disturbance is an
arbitrary signal whose Fourier transform has significant energy at fre-
quency o). Attenuating the effect of this disturbance on the output
requires that Tyd(jo)�0. By observing the form of Tyd(s), this shows the
competition inherent between the disturbance channel and the actuated
channel. Any frequency where H(jo) is large requires that the product
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G(jo)Cfb(jo) to be large (and in fact, even larger) in order to achieve
disturbance attenuation. In cases when the disturbance channel has a
lower gain at o than the actuator channel (jH(jo)j< jG(jo)j), achieving
this inequality can be straightforward. However, when the reverse is true
(jH(jo)j> jG(jo)j), the feedback control block must have high gain at jo.
Such a high gain has several other implications, including the imposition
of large amplitude variations in the actuator command u(t) during opera-
tion, and high sensitivity to variations in the actual dynamic behavior of
the actuated channel at high frequency. In fact, the use of high-gain
control can be prevented by physical or operational limits to the magni-
tude of u(t), as well as considerations of controller robustness to uncer-
tainty in G(jo).

SOFC controllers must consider the regulation of the current output in
the face of load variations. As illustrated in Figure 20, when current is
considered as an output, there are three main variables that can be
actuated to control the system: fuel flow rate, voltage (in reality, voltage
itself is controlled by power electronics), and air flow rate. (Not shown are
fuel composition and fuel and air temperature. Fuel consumption is
usually held constant while the gas temperatures have a small effect on
current for small temperature variations.) The relative limitations in these
actuators are also illustrated in both amplitude and frequency. The first
block along each channel is a nonlinear function that shows how the
commanded signal is limited in amplitude either by physical limits or
desired operating range. Both fuel flow and air flow are limited to be
between zero and a physical upper bound (i.e., the capability of a pump or
blower), while voltage is restricted to a small range by both hardware
G1(jω)

H(jω)

G2(jω)

G3(jω)

u1(t)  Fuel flow y(t)  Current

u2(t)  Voltage

u3(t)  Air flow

d(t)

+

+

+

+
+

Actuator
commands

Actuator
limits

Actuated
channel

Disturbance
channel

ω

ω

ω

ω

Figure 20 Illustration of cell dynamics with current as output.
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limitations and to avoid damage to the stack. The second block along each
channel illustrates the frequency response, with a bandwidth that is
inversely proportional to the dominant time constant. The voltage chan-
nel has a large bandwidth with a dominant time constant on the order of
milliseconds. The fuel flow rate has a smaller bandwidth with a dominant
time constant on the order of seconds. The air flow rate has an even
smaller bandwidth since the air flow primarily affects the current through
a change in operating temperature and thus a dominant time constant
that can be on the order of hundreds of seconds.

The discussion above indicates that disturbance-rejection control will
require using multiple channels, depending upon the bandwidth and
amplitude of the disturbance. Fast, high bandwidth, disturbances can be
rejected using the voltage channel. However, because of practical actuator
limits, high bandwidth disturbances are restricted to small amplitudes.
For larger disturbances, the fuel flow channel can be used, but the band-
width of the disturbance must match the bandwidth of the fuel flow
rate channel. Specifically, large disturbances with bandwidth greater
than 0.1–1 Hz will not be able to be rejected.

5.3.2 Reference following
A controlled system achieves good reference followingwhen the output y(t)
closely matches the reference signal r(t). An analysis similar to that for
disturbance rejection can be done in this case. By definition, good refer-
ence following at frequency o requires Tyr(jo)�1. Thus, good reference
following can be achieved when r(t) is a sinusoid of frequency o (or when
r(t) is a general signal with significant energy at o), if Cfb(jo)G(jo) is large,
or if not, when Cff(jo)�1/G(jo). There are advantages and disadvantages
to each approach

� If Cfb(jo) is large, then we need large actuator amplitude authority, just
as in the disturbance-rejection case. In addition, because of the form of
Tyn, good reference following will also mean that measurement noise at
this frequency will be passed through to the output.

� By making Cff(jo)�1/G(jo), we may still need a large actuator author-
ity if G(jo) is small, but generally the size of Cff(jo) for good tracking is
less than required for Cfb(jo). Also, increasing Cff(s) does not amplify
the noise signal. However, it may be difficult to ensure that Cff(jo) is
close to 1/G(jo) if G(jo) is uncertain, or if G(s) is not invertible.

Feedforward control can improve reference following in the frequen-
cies for which G(jo) is well known and invertible. Reference following is
still subject to the same kinds of bandwidth restrictions as for disturbance
rejection. Thus, good reference following cannot be achieved unless an
actuated channel is available with good actuator authority at the reference



436 Robert J. Braun et al.

Author's personal copy
frequency. For SOFC systems, this would mean that while low amplitude
current variations can be followed at millisecond time scales, large
changes in the reference trajectory should be limited to the order of
seconds.
5.4 Model-predictive control

In the previous discussion, the control was described in terms of an
unspecified dynamical system with transfer function C(s). This section
considers controller implementation. However, rather than designing a
particular linear system, an on-line optimization-based method called
MPC is used (Morari et al., 1999; Qin and Badgwell, 2003). MPC can result
in a nonlinear controller, however, in the vicinity of a particular operating
point, the controller behavior will be essentially linear, and the insight
gained from the previous section will remain valid.

MPC makes decisions about system actuator commands based on
optimization of an objective function that includes a simulation of the
system behavior in the specification of required constraints. Initially
developed for chemical processes with long time constants, MPC has
become more feasible for faster processes because computational and
algorithmic resources have improved. Today, methods are available
that enable some forms of MPC to be implemented at a sample rate of
over 1 kHz (Wang and Boyd, 2010).

The key advantages of MPC compared to other control implementa-
tions (such as Proportional-Integral-Derivative, or PID control) include

� Multiple-input/multiple-output (MIMO) systems can be handled,
� Hard constraints on the inputs and outputs can be enforced,
� Information from system models can be directly incorporated within
the controller.

The MPC implementation is accomplished in two distinct steps:
(1) estimate the current system state from observations of past inputs
u(t) and outputs y(t) and (2) establish future actuation trajectories u(t) to
take the system from a current state through a desired output trajectory.
Figure 21 is an illustration of data flow for MPC. Each of the light-gray
blocks is part of the MPC system, implemented in a computer or embed-
ded processor. These blocks operate at each time sample, taking in new
measurements from the system and determining a new command input.
The Plant Model block contains a reduced model of the system under
control (in this case, represented as a state-space dynamical system). This
model allows simulations to be performed over short time windows using
input sequences u(t) and initial state x(t) chosen by the Control and State
Estimation blocks.
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Figure 21 The data flow of model-predictive control.
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The State Estimation block determines the internal system state at the
current sample time. This is done via optimization: using the actual input
sequence u(t) that was applied up through the current time, the system
state x(t) at the current time (which is the final time of the simulation) is
adjusted until the model output ymodel(t) best matches the observed
system output yobserved(t), with the fit measured by an appropriate objec-
tive function. In order to give this optimization process a precise mathe-
matical description, the measurement sampling process needs to be
accounted for. To do this, the following definitions are made:

� Measurements are made every t̂ seconds, called the sample time.
� The number of samples since t¼0 is designated as k. The signal x(t) at
the kth sample is designated as x k̂t

� �
.

� Because the controller is also running in discrete time, the input u(t) is
assumed to be constant between sample points. Thus, at sample time k̂t,
the controller chooses a value uk, and the input to the system over the
next sample time is set at that value

u tð Þ¼ uk; k̂t� t< kþ1ð Þ̂t (39)
� The only part of the plant model simulation that is needed are the
values of the state at the sample times. Thus, in computational terms,
the simulation can be abstracted as a function call that updates the state
at sample time k to the state at sample time kþ1. So if the solution to
dx
dt ¼ f x tð Þ;u tð Þ½ � for k̂t� t�ðkþ 1Þ̂t has initial and final values given by
x k̂t
� �

and x kþ 1ð Þ̂t, an implicit functional relationship follows as

x kþ1ð Þ̂t� �¼ F x k̂t
� �

;uk
� �

; (40)
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recalling that u is constant and equal to uk over the sample period.
Denote ki to be the initial sample time and kc to be the current sample

time. For state estimation, it is necessary to guess a sequence of vectors
xki through xkc that represent the values of the state trajectory at the sample
times (i.e., x kît

� �
through x kc t̂

� �
). What are the requirements for a good

guess? Because the states should be expected to explain the observed
output,

y k̂t
� �observed � g xk;ukð Þ: (41)

Note that uk is the past input, and thus a known sequence. In addition, it
should be expected that the states respect the system dynamics so that

xkþ1 � F xk;ukð Þ: (42)

Finally, if any information is available about the initial state (e.g., the
system starts at rest, or at a known operating point, etc.), it is expected that

xki � x; (43)

where x is the best guess for the initial state. The true state trajectory
is estimated by finding a sequence xki through xkc that best achieves a
weighted combination of the three requirements above. To measure
errors, an appropriate metric is chosen. The most common metric is the
weighted Euclidean norm: given length n vector x, this norm is defined as

jjxjjQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0Q�1x

q
; (44)

where x0 is the transpose of x. The optimization problem solved by the
estimator is then represented as

min
xki ;...;xkc

xki �xk k2Pþ
Xkc
k¼ki

y k̂t
� �observed�g xk;ukð Þ

��� ���2
R

þ
Xkc
k¼ki

xkþ1�F xk;ukð Þk k2Q (45)

The weights P, Q, and R are chosen to reflect the relative uncertainty
for the initial condition, measurement accuracy, and model accuracy,
respectively. Once the optimal trajectory is found, the value of xkc is chosen
as the estimate of x(t) at the current time. While it appears that the number
of optimization variables grows as kc becomes larger, efficient recursive
implementation using extended Kalman filter is possible, which provides
an approximate solution with bounded computational cost (Simon, 2006).

Once the current system state is available, the Control block (Figure 21)
can use the Plant Model to determine the next action to take. Again, an
optimization problem is solved, but in this case, the optimization looks
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toward the future, rather than toward the past. The optimization takes
place over a window from the current time kc to K steps into the future,
where K is chosen by the controller designer. The optimization variables
are the state trajectory xkcþ 1 through xkcþK (note that xkc is known) and
the future input sequence ukcþ 1 through ukcþK. These variables must be
chosen such that they respect the system dynamics so that the constraint

xkþ1 ¼ F xk;ukð Þ (46)

is satisfied at each sample time. A key requirement of the controller is that
it should drive a specified subset of the system outputs along desired
trajectories (i.e., reference tracking). Let g1(x, u) represent the state output
mapping for these signals. Then given a desired trajectory at the sample
times, yk

desired, the state trajectory and input should satisfy

ydesiredk � g1 xk;ukð Þ: (47)

In general, it is desirable to use as little actuator effort as possible so that

uk � 0; or duk � 0; (48)

where duk¼uk�uk. Finally, if an objective is sought for the value of the
state at the end of the optimization window, say x, then it is desired that

xkcþK � x: (49)

The control input and state trajectory are then calculated that best achieve
these requirements. Since this is done via optimization, it is relatively
straightforward to impose constraints on the input and output variables.
These constraints can take various forms, but a very useful type of con-
straint is upper and lower bounds. Thus, the constraints

Lu � uk �Uu (50)

and

Ly � g2 xk;ukð Þ�Uy (51)

should be satisfied at each sample time, where Lu, Uu, Ly, and Uy are
(vector) values chosen by the control designer. The inequalities are
enforced element by element, and g2(x, u) is the state output mapping
for the output variables for which constraints are to be applied.

The final optimization problem has the form

min
ukcþ1;			;ukcþK;xkcþ1;			;xkcþK

xkcþK�x
�� ��2

P
þ
XkcþK

k¼kc

ydesiredk �g1 xk;ukð Þ�� ��2
R
þ
XkcþK

k¼kc

dukk k2Q

subject to
xkþ1 ¼ F xk;ukð Þ kc � k� kcþK;
Lu � uk �Uu kc � k� kcþK;

Ly � g2 xk;ukð Þ�Uy kcþ1� k� kcþK:

(52)
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Again, the weights P, R, and Q are chosen to balance the specific require-
ments concerning tracking versus control effort. Once the solution is
found, the value of ukcþ 1 is applied as the input to the system under
control for the next sampling period.

The need to maintain signal constraints during operation, combined
with importance of unmeasured variables such as internal stack tempera-
ture or fuel utilization, indicates the need for advanced control strategies.
Because of these important operational limits, as well as the strong
interaction between input variables, MPC is a natural choice for control
implementation. MPC provides a means to incorporate quantitative
physical understanding into real-time process-control decisions. The
SOFC stack is a complex nonlinear system, with a widely disparate
range of characteristic time scales. Moreover, there are multiple actuation
possibilities and a variety of sensors. It is a challenging task to design and
implement a control strategy that achieves optimal performance through
the coordination of multiple sensors and actuators.

One potential challenge for the implementation of MPC is the compu-
tational cost of the model simulation xkþ1¼F(xk, uk). Detailed physical
models may be available that have been used in the design stage and
tuned to accurately represent system behavior. However, unless the func-
tion call represented by F(xk, uk) can be calculated in a fraction of the
sampling time, this model cannot be directly used in MPC. One might
attempt to build a simpler model by hand, but when choosing which
physical effects to be included, it is often difficult to balance simplicity
and fidelity. As an alternative, numerical methods can be used to find a
reduced-order approximation to the high-order model. This is possible
because although a large number of states may be necessary to represent
the full spatial behavior of the fuel-cell system, the essential dynamics
between the system inputs and the important outputs usually can be well
represented using a much lower order system. Efficient and flexible
methods for model reduction can be based on a data-based analysis
often termed System Identification (Ljung, 1999; Van Overschee and De
Moor, 1996). Such a method is illustrated in Figure 22. By applying a
perturbation sequence with a wide frequency bandwidth, the model
output will contain a fairly complete representation of the essential
dynamics between inputs and outputs. Optimization or linear algebra
based methods can be easily applied to find a linear approximation of the
dynamics. By repeating these experiments at different operating points
and appropriately interpolating between them, a nonlinear system model
valid over a wide operating range can be obtained. A detailed discussion
of this process as applied to an SOFC stack model can be found in
Sanandaji et al. (2011).
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The results of the controller design developed by Sanandaji et al.
(Colclasure et al., 2011; Sanandaji et al., 2011) serve as an illustration of
the MPC strategy. The controller is validated using a simulated system
based on a high-order model of the SOFC. The controller, however, uses a
low-order model in order to reduce the computational cost in both the
state estimation and control processes. The results are shown in Figure 23.
The left-hand side shows the input variables that are manipulated by the
controller: cell voltage, fuel flow rate, and air flow rate. The fuel composi-
tion is fixed in this simulation. On the right-hand side, the measured
outputs are shown: cell current, fuel utilization, cell temperature, and
air exhaust temperature. A desired cell current trajectory is shown in
dark blue, while constraints to be enforced on the input and output
variables are indicated by horizontal blue lines. The controller uses a
look-ahead window of 2 s. Note that the controller is able to achieve
large swings in current over a time period of 40 s. As reflected in the
discussions of Sections 5.3.1 and 5.3.2, the controller is able to achieve this
by coordinated control of the cell voltage and fuel flow. The controller
allows the cell voltage to decrease because the dynamic response is fast
and good tracking can be achieved. However, because of prescribed limits



Figure 23 Results of an MPC simulation to control an SOFC through a current demand

profile (upper right figure). The left-hand panels illustrate model-predicted actuation

profiles and the right-hand panels show simulated sensor responses.
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on the voltage, the fuel flow is also increased, which can track the larger
variations, although at a longer time scale. These variables are also coor-
dinated in order to meet the limits on fuel utilization. Because the air flow
has only limited effect on the current, the controller correctly leaves this
input fixed, as the temperature outputs do not change appreciably over
the short time period of the experiment.
6. SUMMARY AND CONCLUSIONS

In addition to the fuel cell itself, fuel-cell system performance depends on
several essential balance of plant components (e.g., fuel reformers, heat
exchangers, air blowers, catalytic combustors, etc.). Understanding, opti-
mizing, and controlling system performance are greatly assisted by mod-
els that predict the interactions of the components. Models that represent
fundamental physical and chemistry, as well as geometric complexity,
can be developed for the individual components. However, such models
are usually too costly for application in overall system studies. These
models are certainly too costly for incorporation into real-time process-
control algorithms. Thus, there is a great need to develop and apply
reduced-order models. At the system level, it is important to design for
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thermal integration, seeking beneficial uses for heat that might otherwise
be wasted. Such design considerations are assisted by thermodynamic
analyses that incorporate the thermodynamic concepts of exergy (avail-
ability). Optimal system design must also consider trade-offs between the
efficiency of converting fuels to electricity and the capital and operating
costs. Most fuel-cell systems must deliver electrical output that follows
load-demand transients. System design must be influenced by how con-
trol algorithms that meet the load demands, while also respecting con-
straints on input and output variables. MPC provides the means to
incorporate physical knowledge into real-time control decisions, meeting
load demands, respecting constraints, and optimizing performance.
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