Available online at www.sciencedirect.com
JOURNAL OF

SCIENCE(dDIRECT° P“W[H
\
< SOURCES

ELSEVIER Journal of Power Sources 147 (2005) 136-147

www.elsevier.com/locate /jpowsour

Anode-supported intermediate-temperature direct
internal reforming solid oxide fuel cell
Il. Model-based dynamic performance and control

P. Aguia, C.S. Adjimarf*?, N.P. Brando# *

2 Department of Chemical Engineering and Chemical Technology, Imperial College London, London SW72AZ, UK
b Centre for Process Systems Engineering, Imperial College London, London SW72AZ, UK

Received 24 May 2004; received in revised form 11 January 2005; accepted 17 January 2005
Available online 13 March 2005

Abstract

In operation, solid oxide fuel cellSQFCs) can be subjected to frequent load changes due to variable power demand. Knowledge of their
dynamic behaviour is thus important when looking for suitable control strategies. The present work investigates the open and closed-looj
transient response of a co-flow planar anode-supported intermediate-temperature direct internal reforming solid oxide fuel cell to load step
changes. A previously developed dynamic SOFC model, which consists of mass and energy balances and an electrochemical model th
relates the fuel and air gas compositions and temperature to voltage, current density, and other relevant fuel cell variables, is used. A mast
controller that imposes a current density disturbance representing a change in power demand and sets the fuel and air flow rates proportior
to that current (keeping the fuel utilisation and air ratio constant) and a typical feedback PID temperature controller that, given the outlet fuel
temperature, responds by changing the air ratio around the default set by the master controller, have been implemented. Two distinct contr
approaches are considered. In the first case, the controller responds to a fixed temperature set-point, while in the second one the set-po
is an adjustable parameter that depends on the magnitude of the load change introduced. Open-loop dynamic simulations show that, aftel
positive/negative load step-change, the overall SOFC temperature increases/decreases and the intermediate period between the disturbe
imposed and the new steady-state is characterised by an undershoot/overshoot of the cell potential. Closed-loop simulations when load ste
changes from 0.5 to 0.3, 0.4, 0.6, and 0.7 Aérare imposed show that the proposed fixed set-point PID controller can successfully take the
outlet fuel temperature to the desired set-point. However, it is also shown that for load changes of higher magnitude, an adjustable set-poir
control strategy is more effective in avoiding oscillatory control action, which can often lead to operation failure, as well as in preventing
potentially damaging temperature gradients that can cause excessive stresses within the SOFC components and lead to cell breakdown.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction composed of two ceramic electrodes, anode and cathode, sep-
arated by a dense ceramic electro@®FCs operate at high
Solid oxide fuel cells (SOFCs) are energy conversion temperatures and atmospheric or elevated pressures, and can
devices that produce electricity and heat directly from a use hydrogen, carbon monoxide, and hydrocarbons as fuel,
gaseous or gasified fuel by electrochemical combination of and air (or oxygen) as oxidant. In the cell, the oxygen ions
that fuel with an oxidant. A SOFC consists of an intercon- formed at the cathode migrate through the ion-conducting
nect structure and a three-layer region (often referred to aselectrolyte to the anode/electrolyte interface where they react
the PEN—positive-electrode/electrolyte/negative-electrode) with the hydrogen and carbon monoxide contained in (and/or
produced by) the fuel, producing water and carbon dioxide
* Corresponding author. Tel.: +44 20 7594 5704 fax: +44 20 7594 5604, While releasing electrons that flow via an external circuit to
E-mail addressn.brandon@imperial.ac.uk (N.P. Brandon). the cathode/electrolyte interfafH.
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Nomenclature

F Faraday’s constant (C mot)

Fair molar flow rate of the air stream (mdtls)
Fuel molar flow rate of the fuel stream (mdtls)
Jj average current density (ATA)

L system length (m)

Lcel cell length (m)

LHV?  lower heating value of componeirtkJ mol-1)
Psorc power density (W m?)

T temperature (K)

U potential (V)

Urwer  fuel utilisation factor

Weell cell width (m)

w system width (m)

X axial coordinate (m)
Vi molar fraction of componerit
¥ molar fraction of componeritat inlet

Greek letters

a coefficient of thermal expansion (K)
I3 sustainable stress-induced strain
nsorc fuel cell efficiency

Aair air ratio

Superscripts

Electrode-supported SOFCs have been developed in an at-
tempt to minimise such ohmic losses under lower temper-
ature operation, as in the case of IT-SOFCs. In these cells,
one of the two electrodes is the thickest component and sup-
port structure, while the electrolyte is required to have high
ionic conductivity and/or small thickness. However, it is usu-
ally observed that, despite a low ohmic contribution, the area
specific resistance of IT-SOFCs may be larger than high-
temperature SOFCs. This is due to activation and perhaps
concentration overpotentials, which can often outweigh the
ohmic contribution. Thus, many of the recent efforts in fuel
cell technology development have been devoted to reducing
the thickness of critical cell components while improving
their structures, with the aim of obtaining a higher and more
stable performance with a lower c§4t6].

Most fuel cells need to convert a hydrocarbon primary
fuel into a hydrogen-rich gas required for the electrochemi-
cal reaction on the anode side. One option is to process the
fuel indirectly in an external catalytic steam reformer or par-
tial oxidation reactof7]. In the most common case of a re-
former, heat needs to be available to drive the endothermic
steam reforming reaction. One method of achieving this is to
feed the exhaust cell gases into a burner, where the excess
fuel is combusted, and the heat generated used to preheat the
steam and the fuel and to provide the heat needed in the re-
former. However, a more elegant and efficient method of pro-

viding heat for the reforming reaction in SOFCs is to carry
out the reforming, partially or totally, within the cell stack
[8,9]. Internal reforming SOFCs (IR-SOFCs) can eliminate
the requirement for a separate fuel reformer and significantly
reduce the requirement for cell cooling, usually achieved by
flowing excess air through the cathdd8,11] One approach
to IR is direct internal reforming (DIR), where the methane
is fed directly into the cell and the reforming takes place
While conventional high-temperature SOFCs generally directly on the anodf8]. A problem, mostly related to high-
operate between 1073 and 1273 K, a number of researchtemperature SOFCs, is the strong cooling effect caused by
groups are presently focusing on intermediate-temperaturethe highly endothermic reforming reaction that can gener-
solid oxide fuel cells (IT-SOFCs). These typically operate ate large temperature gradients across the cell and limit the
between 823 and 1073 K, allowing for a wider range of ma- amount of IR allowed in practice. It has been shown that
terials and more cost-effective SOFC fabrication, particularly in high-temperature IR-SOFCs, all the methane is usually
in relation to the interconnections and balance of plant (BoP). completely reformed within a small distance from the anode
High-temperature SOFCs are generally all ceramic while IT- entrancg12-15] IT-SOFCs offer significant advantages in
SOFCs are metal-ceramic and use stainless steel interconterms of internally reforming methane, as the lower temper-
nects instead of more expensive high-chrome alloys or ox- ature naturally reduces the reforming reaction [26.
ides. A typical SOFC electrolyte is yttria stabilised zirconia
(YSZz), an oxide ion conductor at elevated temperatures. Thel.1l. Complete fuel cell system
anode is usually a nickel/zirconia cermet, which provides
high electrochemical performance, good chemical stability, = For operation, a SOFC must be embedded within a SOFC
and low cost, and the cathode a perovskite material, suchsystem incorporating a balance of plantto supply air and clean
as strontium doped lanthanum manganite, often mixed with fuel, convert the direct current (dc) to alternate current (ac),
YSZ in the form of a compositg2,3]. Two main SOFC de-  and remove or process the depleted reactants, products, and
signs are the electrolyte-supported and electrode-supportecheat[17-19] A complete SOFC system is generally com-
SOFC. In the former design, the electrolyte is the thickest posed of five main sub-systems: fuel processing, fuel cell
component and works as the support structure. Electrolyte-stack, power conditioning, heat recovery and/or further power
supported cells are only suitable for high-temperature oper- generation using integrated gas and steam turbines, and plant
ation where the, often large, ohmic losses can be reducedcontrol.Fig. 1presents a schematic of such sub-systems. For

0 feed conditions (fuel and air channel inlet)

Subscripts

i component;j € {CHg, Hz, CO, Oz}
max maximum

PEN PEN structure
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Fig. 1. Schematic of a complete fuel cell system.

a SOFC system, the starting point is the fuel processing: nat- The high operating temperature of SOFCs implies that the
ural gas is first partially or totally externally steam reformed structural stability and reliability of the PEN structure needs
(pre-reformer) before being fed to the SOFC stack, produc- to be guaranteed over a wide temperature range. The elec-
ing hydrogen and carbon monoxide, both of which can be trode and electrolyte materials can possess significantly dif-
used by the stack as fuel; any natural gas remaining can beferent thermo-mechanical properties, resulting in large ther-
reformed internally in the stack, providing useful cooling. mal stresses during thermal excursions, and failure due to
The electrochemical power generation takes place when dcfracture or buckling represents a serious reliability concern
electricity is produced within the fuel cells, normally com- [21]. Thus, during the normal operation of a SOFC, the sup-
bined in a varying number of cells or stacks that can match pression of temperature gradients or transients that can cause
a particular power requirement. The power-conditioning unit excessive stresses within the SOFC components and lead to
converts the electric power from direct current into regulated cell breakdown, is crucial. Therefore, the development of an
direct current or alternate network current for consumer use. appropriate control strategy is essential.

The heatrecovery refers to the recovery of residual heatinthe  As mentioned previously one of the main components of
exhaust gas that can be used to heat water for local space heathe anode/electrolyte/cathode structure is YSZ and, thus, as a
ing, thus giving a higher overall system efficiency. The con- first approximation, mechanical properties of the PEN struc-
trol sub-system guarantees that both the BoP and the SOFQure can be taken to be those of a single YSZ layer. Assuming
stack respond both rapidly and safely to any variation. As a simple planar structure, the maximum allowable local ther-
expected, all the different elements that compose the SOFCmal gradients along the cell can be estimated by

system need to interact closely, i.e., the power conditioning

feeds a load demand to which the plant control system needseyax = adTPEN Weell, (1)
to react. max

wheree is the sustainable stress-induced straithe coeffi-
1.2. Thermal stresses cient of thermal expansionJdgn/dx the axial PEN structure

temperature gradient, and.e the cell width. For a square

Thin film materials, such as the ceramic components of cell, the maximum allowable temperature chang®max
a SOFC, are subjected to stresses that can arise from manalong the cell can then be given by
ufacturing (residual stresses), differences between thermal AT
expansion coefficients, temperature gradients along the cell, emax = @ ——2
oxygen activity gradients, and/or external mechanical load- cell
ing. In general, a mixture of all these sources of stress is likely whereLcg is the cell length. Therefore, for a coefficient of
to be present and their magnitude depends on the properties ofhermal expansion of T® K~1 [21] and a maximum safe
the materials, operating conditions, and design. The strengthstress-induced strain of 0.1%, the maximum allowable local
of a given brittle material is not normally a characteristic of temperature gradient is 10 K crhand the maximum allow-
the material itself, but a strong function of the processing con- able total temperature difference along a 10 cm cell is 100 K.
ditions, which are being continuously improved; systematic Note thatthe developed model assumes a total fuel cell length
changes in a few processing parameters can lead to residuabf 40 cm, comprising four individual cells in series, each of
stress changes of several hundred MPa in metallic and oxidel0 cmx 10 cm. Thus, from the results above and the knowl-
thin films[20]. edge acquired previously on the SOFC system under study

Weell = ¢ATmax 2
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[16], the total temperature increase along the cell should notphenomendl,12,22—27] Even though most of the work re-
represent an operational problem, but special attention shouldported describeSOFC steady-state performance, dynamic

be paid to the local temperature gradients. Thermal stressesssues have also been addressed by some authors. Ota et al.
resulting from differential thermal expansion or contraction [28]and Hall and Colclasg29] analysed the open-loop tran-

are not considered here. sient response of a high temperature tubular SOFC to small
load step-changes, while Achenb§88,31]presented a sim-
1.3. Need for dynamic modelling ilar study for a planar SOFC.

Ina previous publication, Parf16], the authors presented

One of the characteristics of fuel cell systems is that their a dynamic anode-supported intermediate-temperature direct
efficiency is nearly unaffected by size. This means that small, internal reforming planar co-flow one-dimensional SOFC
relatively high efficiency power plants can be developed, model, whichis used in the present work. To produce a useful
avoiding the high capital costs normally associated with large voltage, a SOFC consists of several repeating electrochemical
plants. Fuel cells are thus suited to distributed generationcells in a module, connected both in series and/or in parallel
(DG), which is characterised by small, modular power sys- and assembled to compose a stack. However, SOFC models
tems that are sited at or close to the power demand sourceare usually developed for the smallest unit cell or module,
DG can be an economic and beneficial addition to commer- then used to compute the operating conditions of the whole
cial buildings, industrial facilities, or any customer dependent stack. In the case reported here, the repeating single-cell is
onreliable energy. However, while it is known that the opera- considered to be in the centre of a large stack, such that no
tion of a SOFC system is normally subjected to frequent load edge effects are present, and to be formed when two intercon-
changes due to variable power demand, its response and, imect plates are placed above and below the cell PEN structure.
particular, its interaction with the distributed energy network, A schematic side view of a co-flow SOFC stack, where the
is not yet well known. Dynamic modelling is therefore essen- unit cell being modelled is indicated, is illustratedrig. 2
tial for fuel cell systems design, as it allows the prediction of For the model, the SOFC was considered to be composed of
the cell response under transient conditions, and contributesfuel and air channels, PEN structure, and interconnect. The
to the definition of appropriate control strategies, not only model consists of mass balances around the fuel and air chan-
necessary when load changes occur, but also during start-umels, energy balances around the fuel and air channels, PEN,
or shutdown. and interconnect, and an electrochemical model that relates

A dynamic model of a planar anode-supported the fuel and air gas compositions and the various cell tem-
intermediate-temperature direct internal reforming SOFC peratures to voltage, current density, and other cell variables.
system is under development. The project is divided in two The chemical species considered arg O, CO, H, and
main tasks: dynamic modelling of a SOFC stack alone, CO; for the fuel stream and £and N for the air stream. It
presented here, and subsequent dynamic modelling of theis assumed that onlyHs electrochemically oxidised, all the
whole SOFC system, to be presented in the near future.CO is converted through the water-gas shift reaction, assumed
These models can be used to study the dynamics of theat equilibrium, and any Cliin the fuel can only be reformed
SOFC stack and remaining BoP, producing an improved to Hp, CO, and CQ but not electrochemically oxidised. The
understanding of their interaction, to investigate possible electrochemical model accounts for ohmic losses across the

control strategies, and to study design changes. PEN structure and for anode and cathode concentration and
The aim of this publication is to present the dynamic be- activation overpotentials.
haviour of a solid oxide fuel cell and to discuss appropri- For the model solution, in addition to all geometry and

ate control strategies for this type of system. For that pur- property data and inlet temperatures and compositions, it is
pose, the response of a planar anode-supported IT DIR-SOFC
to load step-changes is analysed under both open-loop and

closed-loop conditions. The next section briefly describes the T T T 7 T T T T I ITTIT.
dynamic SOFC model developed and the control strategy A 2 :
adopted. PEN
Fuel — —>
S T o o T
. . . Ai e — >
2. SOFC dynamic simulation and control strategy it =
cell PEN
2.1. SOFC stack model L e —» .
—— A A A A At e
L . Air  —» —>
There have been several publications focusing on mod-
PEN

elling the performance of high-temperatlB8®FCs. Such -
models can be for different geometries, PEN structures, Fuel — —

and flow configurations; can range from one to three-

dimensional; and can consider or not IR or various other Fig. 2. Schematic side view of a co-flow planar SOFC stack.
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Table 1

Mathematical definition of fuel utilisation, air ratio, and fuel efficiency
o JLW

Fuel utilisation Utyel = o J o 0o ?3)

(08FyCH4 + 2Fyy, + 2Fyco) Fruel
_— Yo, Fai
Air ratio Agip = —22ar (4)
JLW/AF

Power density Psorc= jU ®)
- P w

Fuel efficiency NSOFC = sorck (6)

0 0 0 0 0 0 \0
(yCH4 LHVCH4 + Vh, LHVHZ + yeo LHV co) Frie

necessary to specify the average current density, fuel utili- are monitored even if no control loop is implemented for their
sation, and air ratio (from which the molar flux of fuel and control.

air are determined). Fuel utilisation is defined as the fraction =~ Two main control loops have been implemented: a mas-
of the inlet fuel that is used to produce electricity, and the ter controller that imposes a current density disturbance (as
air ratio as the excess air, in relation to that stoichiometri- if a change in power demand occurs) and sets the fuel and
cally needed, that is supplied for cooling. The fuel efficiency air flow rates proportional to that current; and a typical
is defined as the fraction of the chemical energy in the inlet feedback proportional-integral—derivative (PID) temperature
fuel that is converted to electric powdible 1presents the  controllerthat, giventhe outlet fuel gas temperature, responds
mathematical definition of these performance factors. The re- by changing the air flow around the default air flow set by the
sulting system of partial differential and algebraic equations master controller. The master controller maintains constant
is solved usinggPROMS ModelBuilde?.2.5[32], with the fuel utilisation and air ratio according to the definitions given
finite difference integration method. All remaining details of in Table 1 In feedback control the objective is to reduce the

the model developed can be found in H&b]. error signal between a pre-defined set-point and the measured
value of the controlled variabl@3]. Under PID control, the
2.2. Possible control strategy controller output depends on the error signal (proportional

action), on its integral over time (integral action), and on its

An effective control strategy aims to avoid any possible rate of change (derivative action). Such controllers have three
failure conditions. These can include limitations in tempera- tuning parameters that can be adjusted to make the changes
ture variation, to avoid the thermal stresses described abovejn the controller output as sensitive as desired to deviations
practical limits on fuel and air flow rates, or a maximum al- between set-point and controlled variable. For the PID tem-
lowable variation of the electrochemical variables. Common perature controller above, the controlled variable is the out-
requirements for the operation of a SOFC include: controlling let fuel gas temperature, the manipulated variable is the air
the average stack temperature and guaranteeing that the ouflow rate, and the set-point defined remains constant. Note
let gas temperature is as constant as possible (at least acrogat the remainder of this paper distinguishes between open-
the full to 50% power operating range); maintaining the fuel loop and closed-loop system response; closed-loop implies
utilisation constant for all power outputs; and ensuring that that both the above control loops are active, whereas open-
the air ratio always exceeds a minimum specified value. How- loop suggests that only the master controller is in operation,
ever, when the complete SOFC system is considered, manyi.e., there is no temperature control. Bounds are set on the
other requirements need to be satisfied. A simple exampleoperation of the PID controller, where the air ratio cannot
is the lower limit normally imposed on the steam to car- be assigned a value below 2 (minimum stoichiometrically
bon ratio at the entrance of the pre-reformer to avoid carbon needed air plus a safety margin) and above 14 (compres-
deposition. sor maximum allowed air flow rate). Previous publications

The present publication focuses on the behaviour of the [28-30]on the open-loop load change behaviour of SOFCs
SOFC stack alone and on the discussion of a possible controhave assumed a constant fuel flow rate throughout any load
strategy that satisfies some of the above requirements. Stackhange.
temperature control is normally provided by varying the air ~ In practice, one other control loop, not implemented
ratio, i.e., the supply of air for cooling. Although in practice here, would monitor the variation of cell voltage because
the stack temperature could be taken as the average reading a¥f changes in current density and guarantee that such volt-
several thermocouples placed at different locations, here onlyage does not fall below a certain specified value. A fuel cell
the outlet fuel gas temperature is controlled. Since the inlet is normally designed to operate within a voltage range of
fuel and air temperature are set a priori (boundary conditions 0.6-0.7 V, although higher or lower voltage values are al-
for the model), this approximation assumes that the variation lowed. This voltage range is a compromise between low cap-
of the average cell temperature is limited to a certain extentital cost, efficiency, stable operation, and anode oxidation
although not precisely controlled. The maximum temperature prevention at low voltagelable 2summarises the operation
gradients achieved along the cell, mentioned in Sedti@n limits discussed.
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Table 2 tions, the SOFC operates at an output voltage of 0.664V,
Summary of limits on cell operation a power density of 0.332 W cm, and a fuel efficiency of
Desired outlet fuel temperature (K) 1123 46.8%.Fig. 3illustrates some characteristic profiles for the
Allowed air ratio range 2-14 steady-state defined above: fuel channel component mole
,\Dme;'rﬁ?;gﬁggfé’;:tsgﬁ;sg%;sg W :ggm fraction profiles, and fuel and air channels, PEN structure,
Maximum allowed local PEN temperature 10 and interconnect temperature profiles along the cell length.
gradient (K cn?) Fig. 3a demonstrates the impact of the simultaneous oc-

currence of the DIR, water gas-shift, and hydrogen oxida-
tion reactions. At the entrance of the fuel cell, and due to
3. Simulation results and discussion the high methane content, the reforming reaction is much
faster and the methane is consumed rapidly, producing hy-
The model described above is able to predict the vari- drogen and carbon monoxide. Once most of the methane is
ous cell temperatures (fuel and air channels, PEN structure,consumed, the hydrogen oxidation reaction becomes dom-
and interconnect), the gas composition (fuel and air chan-inant and the consumption of hydrogen and production of
nels), and all the electrochemical-related variables (open-steam can be clearly sedfig. 3 shows that the cell tem-
circuit voltage, activation, ohmic, and concentration overpo- perature increases along the direction of fuel and air flow,
tential losses, terminal potential, current density) along the with the maximum temperature occurring at the outlet. Al-

cell length as well as their variation with time. though the reforming reaction is known to be strongly en-
dothermic, the total heat consumed by the DIR reaction rep-
3.1. Initial steady-state conditions resents only 45% of the total heat produced in the cell, and

only a slight local cooling effect caused by this reaction is

To study the effect of load changes on SOFC performance,observed at the cell entrance: the fuel channel temperature
an initial steady-state needs to be defined. For this steady-decreases by 53 K in relation to its inlet value (the equivalent
state, the composition of the inlet fuel results from a fuel temperature decrease in the PEN structure is around 17 K).
mixture with a steam to carbon ratio equal to 2 after 10% However, it should be pointed out that, while this is true for
pre-reforming, where the shift reaction is at equilibrium. The the operating conditions and kinetic data used in the present
operating pressure is 1 bar and the temperature of the fuel andnodel, temperature gradients due to DIR should always be
air inlet streams is 1023 K. The current density considered is carefully monitored. If these prove to be detrimental for the
0.5AcnT2, with a fuel utilisation of 75%, and an air ratio  operation of a particular SOFC, the degree of methane pre-
value of 8.93 (value chosen to achieve an outlet fuel temper-reforming (here set to 10%) and the anode material (more
ature of 1123 K). The remaining model input geometry and precisely, its activity to steam reforming) are some of the
property data can be found in REE6]. factors that may be manipulated. For the remaining of this

The steady-state performance of such a SOFC, as well apaper and as the PEN temperatures gradients due to DIR
the impact of changes in inlet temperatures, fuel utilisation, never exceed the maximum definediable 2 only the tem-
average current density, and flow configuration, have beenperature gradients due to the heat accumulation along the gas
previously illustrated16]. For the above operating condi- flow direction are monitored{gs. 5 and 1} Finally, all the
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Fig. 3. Fuel channel component mole fractions (a) and fuel and air channels, PEN structure, and interconnect temperature (b) profiles alongtthiocell le
the initial steady-state conditions.
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Fig. 7. Open-loop (a) and closed-loop (b) transient response of the maximum PEN structure temperature gradient for 0.5 (initial steadyistegptodhdit
0.4, 0.6, and 0.7 Acrr? load step-changes. The dashed lines show the maximum allowed local PEN temperature gradient.

Table 3

Initial and new steady-state values for 0.5 to 0.3, 0.4, 0.6, and 0.7 /& twad changes

Final current density (A cr?)

0.5 0.3 0.4 0.6 0.7
Initial Open-loop case
Outlet fuel temperature (K) 1123 1023 11086 11372 11508
Cell potential (V) 0664 Q733 Q695 Q0638 Q616
Fuel efficiency (%) 468 517 490 450 435
Closed-loop case
Cell potential (V) 0722 Q691 0640 Q617
Fuel efficiency (%) 5® 487 451 435
Air ratio 6.10 747 105 123

still observed. The desired outlet fuel temperature and, thus,

the PID controller set-point is, accordingTable 2 1123 K.
Fig. 4 presents the outlet fuel temperature transient be-
haviour after the introduction of the above load disturbances.
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Fig. 8. Closed-loop PEN structure temperature profile at the new steady-
state for 0.5 (initial steady-state conditions) to 0.3, 0.4, 0.6, and 0.7&cm
load step-changes.

As can be seen, for the open-loop case (nho temperature con-
trol), the temperature increases for positive load changes and
decreases for negative ones, while for the closed-loop case,
the PID controller successfully and progressively brings the
temperature back to the specified 1123 K set-point. The con-
troller takes around 1000 s to stabilise the outlet fuel temper-
ature (the fuel residence time varies from 0.71 to 0.30s).

Fig. 5presents the air ratio transient variation that results
from the PID controller action. As mentioned before, the fuel
and air flow rates are set by the master controller to follow
any variation in current density, keeping the fuel utilisation
and air ratio constant. This occurs for both open-loop and
closed-loop cases. The air flow rate (air ratio) is varied by the
PID controller around the value set by the master controller
to maintain the outlet fuel temperature at the desired set-point
(closed-loop case only). As seen fréfiy. 5, the air ratio in-
creases/decreases for positive/negative load changes to avoid
the fuel temperature increase/decrease that would otherwise
be observedKig. 4a). The controlled variable for the 0.5 to
0.3Acnt 2 load change caséig. 4b) presents more oscil-
lations than for the other cases. In addition, it is important
to point out that, for higher negative load step-changes (for
instance, 0.5 to 0.2 or 0.1 A crd), the control strategy pro-
posed is no longer able to take the system temperature to
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the specified set-point, and irreversible and progressively in- tem behaviour under these conditions, it is not expected, for
creasing oscillations are observed instead. This can be ex-economical reasons, that the SOFC in question would op-
plained by two contributing factors. The first one is related to erate under these or lower current densities for a long pe-
the limitations associated with the use of a PID controller: a riod. Fig. &b illustrates that the power output responds pro-
PID controller can only guarantee a good performance if any portionally to the load disturbance introduced. As can be
introduced disturbance does not imply a significant change seen, the voltage undershoot/overshoot phenomena are re-
in the operating point, i.e., if the new steady-state is not con- flected on the power output curvEig. 6b), which does not
siderably different from the initial one. The second factor is respond immediately to the load change imposed, but in-
related to the fact that, as the magnitude of the negative loadcreases/decreases progressively to the new steady-state value.
change imposed increases, the controller reduces the air ratiddverall, the open-loop simulation results presented show the
to an extent where the cell operation becomes very sensitivesame general response reported by Achenljadhfor a
to any further changes, resulting in the oscillations described. planar SOFC and by Hall and Colclad@®] for a tubular
An alternative control approach, found more appropriate for SOFC.
significant load changes, is discussed in the next section. Al-  Fig. 7 presents the transient response of the maximum
though for high positive load changes such oscillations are PEN structure temperature gradient for the disturbances im-
not observed, it is believed that such an alternative approachposed. It is interesting to note that, while for the open-loop
is also beneficial in these cases, as it allows for the reductioncase, higher PEN temperature gradients (where the maxi-
of the otherwise very high cell temperature, while avoiding mum allowed local PEN temperature gradient of 10 Kém
excessively high air flow rates. is exceed) are associated with the positive load change cases
Fig. 6 presents the transient response of both the cell po- (higher final current density values), the opposite is true when
tential and the cell power output for the same conditions as temperature control is in operation. For the cases where an
above. It can be seen that the intermediate period betweerincrease in load occurs, this trend seems logical, as the ac-
the imposed disturbance and the new steady-state is chartion of the controller causes a reduction in the fuel outlet
acterised by an undershoot (for positive load changes) ortemperature, smoothing the cell temperature profiles. How-
an overshoot (for negative load changes) of the cell poten-ever, as discussed before, for the cases where a decrease in
tial. As is well known, a SOFC is less/more efficient for current density occurs, the controller acts by decreasing the
higher/lower current density values, causing a larger/smaller air ratio, increasing the fuel outlet temperature and making
production of waste heat with a consequent temperature in-the temperature profiles steeper. The fact that the SOFC in
crease/decrease. In addition, itis clear that the changes takingjuestion performs DIR, contributes to an even less uniform
effect have different characteristic response times: changesemperature distribution within the cell (although, as men-
in gas flow rates and power output are much faster thantioned before, temperature gradients caused by DIR do not
changes in temperature. These factors explain the underexceed 10 K cm?). Fig. 8illustrates the axial PEN structure
shoot/overshoot phenomena observe#im 6 as immedi- temperature profiles for the new steady-states, providing a
ately after the current density step-change, the cell temper-clearer picture of the PEN structure temperature gradients
ature is still low/high (and related to the initial current den- just mentioned.
sity value), all the sources of voltage loss are higher/lower
at that point. Therefore, during that intermediate period, the 3.3. SOFC stack response to load step-changes:
cell voltage is lower/higher than the new steady-state value. adjustable PID controller set-point
It is also important to stress that, though for the closed-
loop case the outlet fuel temperature remains approximately The above discussion demonstrates that, if thermal
constant Fig. 4b), the average cell temperature does in- stresses within a SOFC under normal operation are an is-
crease/decrease for positive/negative load changes. Theresue of concern, a more flexible control strategy is required
fore, both cases undergo the same undershoot/overshoot efto avoid undesirable temperature gradients induced by a con-
fects. Any differences in the cell potential transient behaviour troller action that tries to meet a fixed temperature set-point.
(undershoot/overshoot and new steady-state values) betweeim other words, the control action should respond accord-
the open-loop and closed-loop cases are due to those differing to the disturbance introduced. This section illustrates the
ences intemperature. Only the 0.5t0 0.3 Adtoad change ~ case where the set-point is not fixed for any of the possi-
case shows a final cell voltage outside the desirable operat-ble disturbances imposed to the system but is instead an ad-
ing voltage range presented Table 2 although the under-  justable value that depends on the magnitude of each distur-
shoot/overshoot does go below/above that range for a fewbance. The PID temperature controller is, otherwise, similar
seconds for the 0.4 and 0.7 Actcase loads. Since there to the one implemented in SectiBr2 Four more simulation
is no information available at present that implies any po- cases are presented: load step-changes from 0.5 to 0.3 and
tentially damaging effects caused by these short undershoo0.2 A cn2 under open-loop and closed-loop conditions. For
phenomena, the SOFC dynamic response is found acceptthe closed-loop cases, the set-point is decreased by 25 and
able. In addition, in relation to the 0.5 to 0.3 Acfload 50K for the 0.5 to 0.3 and 0.5 to 0.2 Acthload change
change case, although it is important to understand the sys-cases, respectively. Although the decrease in set-point has
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stack behaviour, under open-loop (OL) and closed-loop (CL) Fig.11. open-loop and closed-loop transient response of the maximum PEN

conditions for the disturbances just described. There are twostructure temperature gradient for 0.5-0.2 and 0.3 & ¢vad step-changes

closed-loop sub-cases: fixed set-point (FSP) and adjustabléor both fixed and adjustable controller set-point. The dashed lines show the

set-point (ASP). As for the controller parameters, the values Maximum allowed local PEN temperature gradient.

presented in SectidB.1 are also used her&able 4presents

the corresponding new steady-state values. final temperatures. Froffig. 9, it can be seen that the outlet
Fig. 9 presents the outlet fuel temperature transient be- fuel temperature takes around 1000 s to stabilise.

haviour after the introduction of the above load disturbances.  Fig. 10presentsthe closed-loop air ratio transientresponse

As can be seen, for the closed-loop ASP case, the PID con-for 0.5 to 0.2 and 0.3Acn¥ load step-changes for both

troller successfully and progressively takes the temperaturefixed and adjustable controller set-point cases. No FSP case is

to the specified set-point of 1098 and 1073 K (adjustable set-shown for the case of a step load change of 0.5 to 0.2 A%m

point) for a load change from 0.5 to 0.3 and 0.2 Adn as no stable solution exists for this case. As can be seen

respectively. Note that, by applying such a temperature de-from Fig. 10, the final air ratio for the 0.5 to 0.3 A cn? load

crease, both the open-loop and closed-loop cases have similachange case with an ASP is higher than the one with a FSP

Table 4
New steady-state values for 0.5 to 0.2 and 0.3 Aétead changes

Final current density (A ciTé)

0.2 0.3

oL CL-ASP OL CL-FSP CL-ASP
Outlet fuel temperature (K) 1078 10731 10932 11232 10981
Cell potential (V) 0783 Q784 Q733 Q722 Q731
Fuel efficiency (%) 582 553 517 509 516

Air ratio 8.93 948 893 610 829
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(in accordance with the set-point decrease) and for the 0.5There are also some issues related to the control strategy it-
to 0.2 Acnt? load change case a stable performance is now self. While a PID feedback approach has been adopted here,
possible. The small changes in air ratio implemented by the a number of other more refined control strategies could easily
controller lead to the small temperature differences observedbe applied to the fuel cell field. In the case of model predictive
in Fig. 9 between the open and closed-loop cases. It can becontrol, for instance, the control algorithm would predict a
observed that the air ratio takes longer to stabilise than thepriori the outlet fuel temperature expected after the measured
outlet fuel temperature. load change and take the necessary advanced control action

The transient response of the cell potential is similar to to avoid any temperature increase or decrease. Nevertheless,
the results irFig. 6a. The final potential value for the 0.5to the results presented above seem to imply that, although the
0.3 Acnt 2 load change case with the FSP approach is lower operation of a solid oxide fuel cell is complex, both the cell
thatthe one for the ASP approach (3ebéle 4, asthe average  temperature variation and the air ratio required for control-
celltemperature for the former case is lower (even though theling it can be easily predicted after a current density change
outlet cell temperature is higher). (within a certain range). Therefore, in addition to a typical

Fig. 11 presents the transient response of the maximum PID control, use could be made of a simple entry driven table
PEN structure temperature gradients. While in Sec8d¢h that would automatically decide on the new air ratio value
it was concluded that a FSP control approach leads to high(the PID controller would always be in place for safety rea-
temperature gradients for negative load changes, it can besons). An equivalent approach could be applied together with
seen that the new ASP approach is efficient in decreasingthe adjustable set-point control approach, where such a table
those gradients. would provide the appropriate set-point values. This simpli-

fied approach would be helpful in the more realistic case of
frequent load changes for which a faster system response is

4. Concluding remarks needed.
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