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ABSTRACT

STEADY-STATE AND TRANSIENT ANALYSIS OF A
STEAM REFORMER BASED SOLID OXIDE FUEL CELL
SYSTEM

By

Sridharan Narayanan

In this thesis we perform a model-based analysis of a Solid Oxide Fuel Cell (SOFC)
system with an integrated steam reformer and with methane as fuel. The objective of
this study is to analyze the steady-state and transient characteristics of this system
for varying current demand. For the analysis, we develop a control-oriented model of
the system that captures the heat and mass transfer, chemical kinetics and electro-
chemical phenomena. We express the dynamics of the reformer and the fuel cell in
state-space form. By applying coordinate transformations to the state-space model,
we derive analytical expressions of steady-state conditions and transient behaviors of
two critical performance variables, namely utilization and steam-to-carbon balance.
Using these results, we solve a constrained fuel optimization problem in steady-state
using linear programming. Our analysis is supported by simulations. The results
presented in this thesis can be applied in predicting transient response and will be

useful in control development for SOFC systems.
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CHAPTER 1

NOMENCLATURE

A Cross sectional area for heat transfer(mQ)

A Cross sectional area for heat transfer in discretized model (n12)
C Specific heat(J/kg/K)

Cp Specific heat at constant pressure (J/kg/K)

Cy Specific heat at constant volume (J/kg/K)

Dy Hydraulic diameter (m)

dp Catalyst ring equivalent spherical diameter (i)

E Reformer bed emmisivity

E;, Er;. Erpp Activation energy of reactions (I), (II), (III)
in Eqgs.(3.17) and (3.38) (J/mol)

F Faraday’s constant (= 96485.34 Coulomb/mol)

H Convective heat transfer cocfﬁcient(W/m2 /K)

h Molar enthalpy (J/mole)

hrate Molar enthalpy change (J/mole)

i Current draw (A)

Key Convective contribution to the heat transfer coeficient

in reformer(W/1n2/K)

Keo Stagnant bed conductivity (W/m/K)



Kr

Kr Krr1

Krr

Kcwy Keo. Ka,
K0

k

ks

ks

L

M

MW

M;n

Mo,

Pr

Convective contribution to the heat transfer coeficient
in reformer(W/ m?2 /K)

Equilibrium constant of reactions (I) and (III)

in Eqs.(3.17) and (3.38) (Pa?)

Equilibrium constant of reaction (II)

in Egs.(3.17) and (3.38)

Adsorption constant for CHy, CO, Hy (1/Pa)
Adsorption constant for HoO

Anode recirculation fraction

Fluid conductive heat transfer coefficient (W/m/K)
Solid conductive heat transfer cocfficient (W/m/K)
Length(m)

Mass (kg)

Molecular weight (kg/mol)

Anode inlet mass flow rate (kg/sec)

Anode exit mass flow rate (kg/sec)

Number of moles (moles)

Nusselt number

Number of cells in series

Molar flow rate of air (moles/scc)

Molar flow rate of fuel (moles/scc)

Anode inlet flow rate (moles/sec)

Anode exit flow rate (moles/sec)

Number of electrons participating in electro-
chemical reaction (= 2)

Control volume pressure (N/ m2)

Prandt]l number



Q

€

AGY.
AH
Ah(},zgs

KI, K111

Partial pressure (N/ m2)

Rate of heat transfer (W)

Reynold’s number along diameter

Reynold’s number along length

Universal gas constant (8.314J/mol/K)

Species rate of formation (moles/sec)

Rates of reactions (I), (II), (III)

in Eqgs.(3.17) and (3.38) (mol/kg cat./sec)

Rate of electro-chemical reaction (moles/sec)
Entropy of formation at temperature T (J/K Mol)
Steam-To-Carbon Balance (moles/sec)
Steam-To-Carbon Ratio

Temperature (K)

Reference temperature (K)

Utilization

Volume (m3)

Velocity of fluid through a control volume (m/sec)
Net work done (W)

Species mole fraction

Reformer particle voidage

Catalyst bed void fraction

standard state Gibbs function for a unit reaction (J/mol)
Enthalpy of reaction or adsorption (J/mol)

Enthalpy of formation at 298K and latm (J/mol)

Rate coefficient of reaction (I) and (III)

(mol Pa%?/kg cat /sec)



KIT Rate coefficient of reaction (II)

(mol/kg cat/sec/Pa)

7 Molar flow rate (moles/sec)

o Stefan-Boltzmann constant (= 5.67e-8 (W/m2K1)

Subscripts

a Anode control volume

air Air supply

asp Air supply pipe

c Cathode control volume

cat Catalyst

ch Combustor control volume

cond Conductive heat transfer

conv convective heat transfer

des Desired

elec Electrolyte

exr Exit condition of control volume

g Gas control volume

n Inlet condition of control volume

Jj Values of 1 through 7 represent the species
CHy, CO, CO9, Hy, HyO, N9, and O respectively

pr Preheater control volume

T Reformate control volume

rad Radiation

s Solid volume

sep Seperator volume

ss Steady-state



CHAPTER 2

INTRODUCTION

Among different fuel cell technologies, Solid Oxide Fuel Cell (SOFC) systems have
generated considerable interest in recent years. Fuel flexibility and tolerance to impu-
rities are attractive attributes of SOFC systems. Their high operating temperatures
(800° to 1000°C) are conducive to internal reforming of fuel. The exhaust gases are
excellent means for sustaining on-board fuel reforming processes. SOFC systems are
not only tolerant to carbon monoxide but can also use it as a fuel. They also serve
as excellent combined heat and power (CHP) systems. However, the high operating
temperatures have precluded automotive applications of SOFC systems due to the
associated thermal stresses, material failure and significant start-up times.

In this thesis we perform model-based analysis of a steam reformer based SOFC
system with anode recirculation and methane as fuel. Two types of SOFCs have
typically been considered in the literature, namely the planar and the tubular config-
urations. Mathematical models of the planar version appear in (3], [5], [14] and [19],
and those of the tubular type appear in [8], [10], [12], [13], [16] and [21]. We develop
a lumped control-oriented model of a tubular SOFC system. The model serves as a
powerful simulation tool in absence of an SOFC hardware. It enables risk-free exper-

imentation and forms the basis of the analytical development presented in this thesis.



The model captures heat and mass transfer, chemical kinetics and electro-chemical
phenomena of the system. The chemical kinetics of reforming are based on experi-
mental results and observations presented in [2] and [20]. The model has similarities
with the ones presented in [10] and [16].

The transient response of a fuel cell system directly impacts its load following
capability. Hence, characterization of the transients will be helpful in control design
for the cumulative system. One of the earlier works on transient analysis of SOFC
systems appears in [1], where the author applied dimensional analysis to characterize
voltage transients due to load changes. Transient simulations of an SOFC-Gas Tur-
bine hybrid system with anode recirculation is presented in [6]. In [17], the authors
simulate voltage response of a stand-alone SOFC plant to step changes in load and
fuel. In [15], the authors study the detrimental effects of load transients due to dif-
ferences in the response times of the SOFC, power electronics, and balance-of-plant
components. To mitigate these effects, they further investigate the effectiveness of
energy buffering devices such as battery.

In this thesis we specifically derive analytical expressions that characterize the
transient and steady-state behavior of fuel utilization (U) and steam-to-carbon bal-
ance (STCB) of an SOFC system. To the best of our knowledge, such results have not
appeared in the literature. Utilization is a critical variable in an SOFC system that in-
dicates the ratio of hydrogen consumption to the net available hydrogen in the anode.
While high utilization implies high efficiency, very high utilization leads to reduced
partial pressure of hydrogen in the fuel cell anode which can cause irreversible dam-
ages due to anode oxidation [16]. Typically, 85% is the target utilization for SOFC
systems. Steam-to-carbon ratio (STCR) is another critical variable in steam-reformer
based SOFC systems. STCR indicates the availability of steam for fuel reforming at
the inlet of the reformer. A minimum STCR, that allows stoichiometric combination

of steam and carbon, is necessary. For steam reforming of methane, a stoichiometric



mixture has an STCR value of approximately 2. A mixture lean in steam causes cata-
lyst deactivation through carbon deposition on the catalyst surfaces, [6], and therefore
must be prevented. In this thesis, instead of STCR, we analyze the transient response
of steam-to-carbon balance (STCB) due to its preferred mathematical form. This is
justified since a positive STCB automatically implies a mixture rich in steam and
hence results in a favorable value of STCR. Both U and STCR/STCB experience
dramatic transients due to step changes in load and our study focuses on predicting
these behaviors. These transients arise from the mass transfer and chemical kinetics
phenomena. Temperature variation in SOFC systemns occur at a significantly slower
rate and simulations indicate that a quasi-steady thermal behavior can be assumed
with minimal loss of accuracy.

This thesis is organized as follows: In section 3, we first describe the SOFC systemn
under consideration. We then develop the mathematical model of the SOFC systemn
in three subsections. We first present the equations for fundamental gas and solid
control volumes. The following subsections elaborate on the steam reformer and
SOFC system models respectively, with emphasis on the mass transfer phenomena
and chemical kinetics. An open-loop simulation of the system model is provided next.
Transient characterization of utilization U and STCB/STCR, due to load changes,
are carried out in sections 4 and 5 respectively, and simulation results are provided.
Based on these results, a steady-state fuel optimization problem is addressed and a
minimum fuel operating condition is derived in section 6. Concluding remarks are

provided in section 7.



CHAPTER 3

SOFC MODEL DEVELOPMENT

3.1 SOFC System Description

In this section, we describe a steam reformer based tubular SOFC system which forms
the basis of our analysis. A schematic diagram of the SOFC system is presented in

Fig.3.1. The system consists of three main components, namely,

e Steam reformer
e Solid oxide fuel cell

e Combustor

The steam reformer produces a hydrogen rich gas-mixture by reforming hydrocar-
bon fuels. The solid oxide fuel cell produces electricity from electro-chemical combi-
nation of hydrogen in the anode and oxygen in the cathode. The combustor oxidizes
unused fuel to generate heat. For our system, methane is chosen as the fuel. The
hydrogen-rich gas-mixture produced by the reformer is supplied to the anode of the
fuel cell. Electro-chemical reactions occuring at the anode, due to current draw,
results in a steam-rich gas-mixture at the anode exit. A fraction k of the anode ef-

flux is recirculated into the reformer through a mixing chamber where fuel is added.
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Figure 3.1. Schematic of the SOFC system

Steam reforming, which is an endothermic process, occurs as the fuel and steam mix-

ture flows through the reformer catalyst bed. We have considered a Nickel-Alumina

catalyst bed in our analysis. The energy required to sustain this endothermic pro-

cess is supplied from two sources, namely, the combustor exhaust gas that is passed

through the reformer, and the aforementioned recirculated flow. The recirculated

flow is routed through the reformer before being injected into the mixing chamber, as

shown in Fig.3.1. In addition to oxidizing the unused fuel, the combustor also serves

to preheat the incoming air flow. The tubular construction of individual cells causes

the preheated air to first enter the cell through the air supply tube and then reverse

its direction to enter the cathode chamber. The cathode air serves as the source of

oxygen for the fuel cell.

3.2

Fundamental Models

The thermal characteristics of the system is modeled using solid volume and gas

control volume models described below.




3.2.1 Solid Volume Model

The rate of change of temperature of a solid volume is dependant on the net rate
of heat transfer into the volume through the following fundamental energy balance

equation:
MCsTs =Y Qs (3.1)

The conductive and the convective heat transfers into a solid volume is explained

through the following schematic diagram. The conductive heat transfer between

m-1 m m+1 m+2

N
: Tg,m : : Tg,m+]:
1 (B 1} g |
1 (B 1} 1
L e e e o - - - L o e e e o e - - I

Ts,m Ts.m+1

|« >

Lcond

! . Gas control volume

| Solid volume
" Figure 3.2. Heat transfer into solid volume

individual solid volumes is modeled using the Fourier’s law of conduction. In Fig.3.2,
the conductive heat transfer from the (m + 1)t* element into the mth element is

Acond ks (Ts,m—l-l - Ts,m)
Lcond

Qcond = (3-2)

where, A.y,q and L., are the cross-sectional area and length respectively for con-
ductive heat transfer. Newton’s law of cooling is used for modeling convective heat
transfer between solid and gaseous control volumes. In Fig.3.2, the convective heat
transfer within the m!" element from the gas control volume into the solid volume

can be expressed as

Qc‘mw = AconvH (Tg,m - Ts,m) (3-3)

10



where Aconp is the area of convective heat transfer.

3.2.2 Gas Control Volume Model

The gas control volume model consists of energy and mass balance equations. Ad-
ditionally, it captures the reaction kinetics arising from reforming of fuel and elec-
trochemical reactions. The energy balance equation for a gaseous control volume
is

NgCuTg = Ninhin = Nexhex + Z Qg - ";Vnet (3.4)
The mass balance equation for individual species is constructed as follows,

A’Vng.g = ﬁi?lXj.iIl - f)ezxj,g + Rj,gs Jj=12..-,7 (3'5)

where specific values of subscripts j, 7 =1,2,---,7, correspond to the species CHy,
CO, COq, Hy, H9O, N9, and Oy respectively, as described in the nomenclature.

From Eq.(3.5), we additionally have
7

7 7 7
ij.in = Z"Yj.g =1= Z"Yj.g =0 = Nex =i + ZRj,g (3-6)
J=1 Jj=1 j=1 j=1

From Egs.(3.4) and (3.5) it is evident that, in our formulation, the states of the
gaseous control volume are Ty and X4, j = 1,2,---,7. Flow is assumed to be
governed by a nominal pressure drop across each module, [16], and hence pressure is
not treated as a state variable. The gas mixture is assumed to satisfy ideal gas laws
and hence Ny in Egs.(3.4) and (3.5) is related to Py and Ty through the equation
Ny = PyVy/RuTy. In Eq.(3.4), Cy, hin, and hey are related to the state variables

through the following general equations:

7
CU(T) = Z Xij,j(T) - Ry,
Jj=1

Cpj(T)/Ru = aj+bT+¢;T? +d;T? + e;T, (3.7)
7 T
h = W)=Y xj( Cpj (T)dT + Ah(}‘.zgs)
Jj=1 298

11



where the coefficients a T bj, Cjs d js €, are given in [18]. The inlet and exite enthalpies,
hin and her, are computed as hj, = h(T;,) and her = h(Tez).In the following two

sections, details of the reformer and the fuel cell model are presented.

3.3 Reformer Model

In this section, we describe the model of a tubular steain reformer. The integrated
steam reformer provides a hydrogen-rich gas-mixture to the fuel cell anode. A
schematic diagram of the tubular steam reformer is shown in Fig.3.3. In sections
3.3.1 and 3.3.2, we present the details of a lumped steam reformer model. In section

3.3.3, we present an axially discretized version of this model.

3.3.1 Reformer Heat Transfer Model

=
-

...........................................

' Gaseous : |
. Gaseous control volume A

D Solid volume (Catalyst bed) :

Figure 3.3. Schematic of a tubular steam reformer

The steam reformer is modeled using three gas control volumes and one solid volume.

12



The exhaust, steam and reformate flows are modeled using gas control volumes and
the catalyst bed is modeled as a solid volume. Three convective heat transfer phenom-
ena, Qeonvl, Qeonv2s Qeonu3. are captured in the model as shown in Fig.3.4. Qeonel
is the convective heat transfer between exhaust gases and the catalyst bed.Similarly,
Qcom,g is the convective heat transfer between the recirculated flow section and the
catalyst bed and Qcmwg is the convective heat transfer between the reformate and

the catalyst bed.

—— Exhaust flow

—— Reformate flow
Catalyst
bed

[ anvz ? <«—+— Recirculated flow

— — —_ —_— — — —_— — — — -— —_ —L —_—

1 @ || Heat transfer into a gas control volume

@ || Heat transfer into a solid volume

Figure 3.4. Convective heat transfer in a reformer model

The convective heat transfers between the annular catalyst bed and the exhaust
flow and the recirculated flow are modeled using Eq.(3.3). Here, the convection

coefficients H are calculated using

Nup k
H =P

D (3.8)

From [9] and Fig.3.4, the covective heat tranfer area Acoy, and the hydraulic diamter

Dy for the catalyst bed to exhaust heat transfer are derived as
Aconv = 2mrp9Ly, Dy =2(rr3 — 1r2) (3.9)

13



and those for the heat transfer between the catalyst bed and the recirculated flow are
Aconv = 27rr1 Ly, Dy =2ry (3.10)

where r,1 and r,9 are the inner and outer diameters respectively of the catalyst bed,
rr3 is the diameter of the cylindrical exhaust can and L, is the reformer length.
The catalyst bed to reformate convective heat transfer is modeled using Eq.(3.3).
The corresponding convection coefficent is calculated using the following formula to
account for geometric contour variations in the porous catalytic bed:

_ 2.06Rey, Re,"" ky

L Pr-1/3 (3.11)

The Reynold’s number Rep) is defined with respect to the catalyst ring equivalent

diameter d,, and is given by
Vd,

Rep = — (3.12)
14

Rej is defined with respect to the length of the catalyst ring L4, and is given by

Rey = ——¢t (3.13)

In Egs.(3.12) and (3.13), the empty channel velocity V is computed as

NOVT _ NOLT‘

V= (3.14)
N,n7r(r72_2 - 7‘31) Nr
In Egs.(3.12) and (3.13), the kinematic viscosity v is computed as
7
v="> Xjv(Ty (3.15)
J=1

Similarly, the heat conduction cocfficient k¢ in Eqs.(3.11) and (3.8) is computed using

7

kp=YXjks;(Ty) (3.16)
=1

The prandtl number Pr is assumed to be a constant with an approximate value of

0.7.

14



3.3.2 Reformer Mass Transfer and Chemical Kinetics

In this section, we derive the mass transfer equations for the reformate control vol-
ume. The three main reactions that simultancously occur during steam reforming of

methane are, [10]. [20]:

(1) CHy+ H,O —~ CO+ 3H,
(II) CO+Hy0 — CO3+ Hy (3.17)
(III) CH4+2H90 — CO9+4Hy

From Fig.3.1, the mass balance equations for CHy, CO, CO2, Hy and H0 can be

written using Eq.(3.5) as follows:

N Xy, = kNoXig - NinXir+ R+ Ny

NeXy, = kNoXyq — Nipdor+ Rar

NeX3, = kNoX3q— NijpXs,+ Ry, (3.18)
NyXy,; = kNoXpq— NinXsr+ R,

NeXs, = kNoXsq— NinXsr+ Rs,

where N = P.V;./RyTr. Note that the reformer inlet and exit flows shown in Fig.3.1

do not contain Oz and Np. Hence X5, = A7 = 0. From Eq.(3.17), we express R; ,,

j=1,2,--- 5, in terms of the reaction rates r, ry; and ryy; as follows
[ Ry, | [ 1 0 -1]
Ror rr 1 -1 0
Rr=Gr,Rr=|Rg, [, r=| ry |, G=| 0 1 1 (3.19)
Rar TIII 3 1 4
| Rs.r | | -1 -1 -2 ]

Since G has a rank of 2, therefore there are only two independent reaction rates

among R, j = 1,2,---,5. Considering the rate of formation of CH4 and CO in



the reformer to be independent variables, we can write

Ryr = —4R1;—Rar (3.20)

and rewrite Eq.(3.18) as follows:

Ne Xy, = kNoXiq — NipXi,+ Riy + Ny

NeXyr = kNoXog — NinXar + Ra,

Ny X3, = kNoX3q— NipXsr — Ry — R, (3.21)
NeXyr = kNoXyq— NinXyr — 4Ry, — Ro,y

NeXs, = kNoXsg — NipXs,+ 2Ry, + Ra,

From Eqgs.(3.6) and (3.21) we deduce

7
Nin = k‘No + Nf + ZRJ"T = ./Vm = ko + IVf - 2R1,r (3.22)
j=1

The mathematical functions representing the reaction rates r;, r;; and ry;; are
provided in the Appendix. For the steam and exhaust control volumes which are
non-reactive, the corresponding equations can be derived using Eq.(3.5) by setting

Rjg=0j=12---,T.

3.3.3 One Dimensional Discretized Reformer Model

The reformer model presented in sections 3.3.1 and 3.3.2 can be extended to develop
a one dimensional discretized model. Since our objective is system characterization
leading to control development, we refrain from modeling spatial dependence of the
various physical phenomena. Instead, we limit our focus to axial variations only. A
schematic diagram of a discretized reformer model is shown in Fig.3.5. The gas control

volume energy balance equations can be derived using the basic structure given in

16



__ Exhaust

— —— Reformate

Heat transfer into a gas control volume

Heat transfer into a solid volume

Figure 3.5. Schematic of a one dimensional discretized reformer model

Eq.(3.4) and hence are not repeated here. The corresponding convective heat transfer
coefficients can be derived using Egs.(3.8) through (3.16). The corresponding areas

of convective heat transfer are modified to Egs.(3.9), (3.10) and (3.11).

(3.23)

to account for the model discretization. The mass balance equations for each gaseous
control volume can be derived from Eq.(3.5). For the reformate control volume, the
reaction rates can be modeled using the development in section 3.3.2 and Appendix A.
In the discretized model, the heat conduction in the catalytic bed between neighboring

h

elements must be modeled. The overall heat transfer equation for the mt” catalytic

17



bed element is derived from Eqgs.(3.1), (3.2) and (3.3) and Fig.3.5 as follows:

A’[s,mCs,st,m = Z Qg}z)v + Z Qcond

ZQ'(m) n AcmldkS(Ts,m-f-l — Ts.m) i Acond®s(Tsm-1— Tsmn)
conv Lo/ L /ur

where, ZQEZ:L)U = Q("L),U’1 + Q(m) + Qim) and Agynq is derived from Fig.(3.3)

con conv,2 onv,3

as Acond = 7r('r,,2.2 - r;?l). The conductive heat transfer coefficient kg is computed as
follows [7]:
kS = keo + kcv + kT‘(L(l (324)

In Eq.(3.24), keo is the stagnant bed conductivity given by

2
_ keat keat keat — kf

where k.4t is the catalyst bed conduction coefficient assumed to be a constant and k i

is the fluid conduction coefficient computed as in Eq.(3.16). The convection coefficient
key is given by

key =0.75ks Pr Rep (3.26)
where the prandtl number Pr is assumed to be a constant and k; and Rep are

computed using the formulaes in Egs.(3.16) and (3.12). and k,,q is the radiation

coefficient given by

l1-a 0.229 Ea d, T3
Krad = - [ + akro kro = 106 P _cal (3.27)
I'cat kro

The definition of each term in Eq.(3.27) is given in the nomenclature.

3.4 SOFC Model

In sections 3.4.1 to 3.4.3, we present a lumped model of a unit tubular solid oxide

fuel cell. The fuel cell system consists of a number of such fuel cell units connected
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electrically in series. In section 3.4.4, we present a discretized version of this model.
A schematic diagram of a unit tubular fuel cell is shown in Fig.3.6. The hydrogen-rich
reformate gas-mixture enters the anode control volume from left. It is separated from
the cathode control volume by the electrolyte which serves as a conductor of 02~
ions at temperatures above 800°C. Air is supplied to the cathode control volume via
the air feed tube (air supply pipe) as shown in Fig.3.6. The extended travel path of
air in the fuel cell is utilized to remove heat generated by the fuel cell from electro

chemical conversion of hydrogen to steam.

Anode control volume  Cathode control volume

Reformate
Ll
flow \

/
Electrolyte Air feed
tube

Figure 3.6. Schematic diagram of tubular SOFC unit

3.4.1 SOFC Heat Transfer Model

A tubular unit is shown in Fig.3.6. The anode, cathode and air flows are modeled
as gas control volumes and the air feed tube and electrolyte are modeled as solid
volumes. Four convective heat transfer phenomena Quony1 through Qonps and one
radiative heat transfer Q,,q are captured in the model, as shown in Fig.3.7. The

following list gives a description of the different modes of heat transfer mentioned



above:

e Qconv1: Convective heat transfer between anode and electrolyte
o Qconva: Convective heat transfer between cathode and electrolyte
e Q.onv3: Convective heat transfer between cathode and air supply tube
e Qonva: Convective heat transfer between air flow and air supply tube
e Q,qq: Radiative heat transfer between air supply tube and electrolyte
Anode control
Elc;txol)'te /\'olume
______ — _ _ _ — _ _ _ _ _ N Y
Anode || f ' Cathode
flow flow
N S
T rh.?
r.
Cathode control l — fe2d et
volume Mol
ﬂ fela _l_

Air control
volume

Air supply pipe

Heat transfer into a gas control volume

@ | Heat transfer into a sohid volume

Figure 3.7. Convective and radiative heat transfers in a unit SOFC model

The convective heat transfers Qeony1 through Qeonva are modeled using Eq.(3.3). For

each case. the heat transfer coefficient H is assumed to be constant. The exposed
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area for convective heat transfers are computed as follows:-

Qcmwl3 Aconvl = 27 Tfc2,0 Lfc
C.Q(,mwg: Aconve =210 Lge (3.28)
Qeonvd:  Aconvs = 21 Tfel,o Lfc
Q('om%z Aconva = 21 Tfel,i Lf(:

The radiative heat transfer Q,,q and the corresponding exposed area for heat transfer

is computed as follows [9]:

. 1 1—FEgec [ Tfe1,
Crad = o Araalge (T(?Sp - le"‘") / (Easp * Eeleezcc (rﬁ;)) © A= T}CI’O
' (3.29)

3.4.2 Cell Voltage Model

The cell voltage is modeled by subtracting the activation, ohmic, and concentration
potential from the open circuit voltage, i.e. Nernst potential. The effective cell voltage

can therefore be expressed as:

Vcell = VNernst - VAct - VConc - VOhm (3-30)

The Nernst potential is computed as

S 1/2

VNernst = 3.31
Nernst nF a pHQO ( )

Where AG7 is the Gibb’s free energy for the reaction
Hy + %Og — H0 (3.32)

computed at the anode temperature T, using Egs.(8) and (9)given in appendix A.
Noting that PHy = PaXy q, POy = P.X7 . and PH,0 = Py X5 4, the Nernst potential

in Eq.(3.31) can be expressed as

1
AGY  RTy, |Xe¥X7e 12
VNernst = nFT + :Faln Xs a,c Pc/ (3‘33)




The activation polarization loss V4. is given by [16]

R, T, In (i/Acell

VAct = F io(Tc) ) , Acell = 27”“f(:2,0Lfc (3.34)

Where i) is the exchange current density assumed to be a constant. The concentration

potential Vo, is computed using

T 1/ Ace
Voone = _R:Fa In (1 - Z/_(‘(”") (3.35)

Uim
where i, is the fuel cell limiting current density. The ohmic voltage loss Vpp,, is
given by
Vohm = tRint Acell (3.36)

where R;,;; is the internal resistance of each cell and is assumed to be a constant [16].
The heat generated from the electrochemical combination of hydrogen and oxygen is
expressed as the difference between the enthalpy of formation of water and the power
generated. The model assumes this heat to be generated in the electrolyte solid and

is given by the expression

Qelec = — (hf(Telec)ﬁ - 7‘v(:ell) (3.37)

where h(Tye.) = Ah? 998 + P(Tetec) — h(298), presents the heat of formation of

steam at the temperature of the electrolyte solid.

3.4.3 Fuel Cell Mass Transfer and Chemical Kinetics

In this section, we derive the mass transfer equations for the anode and cathode
control volumes. For the air control volume, the corresponding equations can be
derived using Eq.(3.5) by setting Rj, = 0,j = 1,2,---,7.The three main reac-
tions that simultaneously occur during steam reforming of methane are, [10], [20]:

Anode control volume: The following chemical and electro-chemical reactions occur
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simultaneously in the anode control volume:
() CH4+ HO < CO+3H;
(I1) CO+ H)O < COy2+ Hy
(III) CH4+2H0 «— CO9+ 4H,
(IV) Hy+ 0% — Hy0+ 2

(3.38)

Steam reforming, represented by reactions I, II and III, occur in the anode due to high
temperatures and the presence of nickel catalyst. The primary electrochemical process
is steam generation from Hg, described by reaction IV. Simultaneous electrochemical
conversion of CO to C'Oy in the anode is also possible. However, this electro-chemical
reaction is ignored since its reaction rate is much slower in presence of reactions II
and IV, as indicated in [4] and references therein. From Fig.3.1 and Eq.(3.5), the

mass balance equations for CHy, CO, CO9, Hy and H20 can be written as

NeXig = —NoXig+ NipXir+Rig

NoXpo = —NoXpq+ NipXo,+ Raq

NoX3q = —NoX3q+ NipX3, + R, (3.39)
NoXsya = —NoXyq+ NinXyr+Raq —re

NoXsq = —NoXsq+ Nip&s, + Rsq +Te

where N, = P,V,/R,T, and re is the rate of electrochemical reaction given by

) cell
- =t 3.40
Te F ( )

Since current i can be measured, the rate of electrochemical reaction re is known. As
with the reformate control volume, the anode inlet and exit flows do not contain O9
and Np. Therefore, Xg o = X7, = 0. From Eq.(3.38), we express R 4,7 = 1,2,---, 5,

in terms of the reaction rates ry, ryy and 7y as follows
R,=Gr+r. 000 —11]7 (3.41)

where R, = [Rl,a R2,4 R34 Raq 'R,5,a]T, and G and r are given in Eq.(3.19). Since

G has a rank of 2 and re is known, therefore there are only two independent reaction
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rates among Rj,, j = 1,2,---,5. Considering Ry, and Ry, to be independent
variables, we can write
R3.a = _Rl,a - R2,as
R4,a = —4Rl,a - R?,a — Te, (3‘42)
Ria0a = 2R1a+ Roat+re

and rewrite Eq.(3.39) as

NoXia = —NoXio+ NinXir + Rig
NoXpq = —NoXog+ NinXor+Rog
NoXsq = —NoXsq+ NipXsr —Ria—Roa (3.43)
NoXgq = —NoXyq+ NinXir —4R14— Roq —Te
aXsa = —NoXsa+ NinXsr +2R10+Roa+7e

From Egs.(3.6) and (3.43) we deduce that

7
No=Np+d Rja = No=Np—2Ry, (3.44)
j=1

The models of internal reforming reaction rates ry, 77y and ryy; are shown in Ap-

pendix A.

Cathode control volume: Ionization of O9 in the cathode control volume occurs

through the reaction

%02 +2 — 0% (3.45)

with the reaction rate as given in Eq.(3.40). Considering the mole fractions of Ny and
05 in air to be 0.79 and 0.21 respectively, the mass balance equations of the cathode

control volume can be written from Egs.(3.40) and (3.45) as follows:

Nc/?(i.c = 0~79Na1'r - (Nair - 0~57'e) Ao

NeXp, = 021Ny — (N,,,-, - 0.5re) X7 — 0.5r, (3.16)
Xje =0, j=1,2---.5
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3.4.4 One Dimensional Discretized Fuel cell Model

The lumped fuel cell model presented in sections 3.4.1 through 3.4.3 can be extended
to develop a one dimensional discretized model. As in section 3.3.3, we refrain from
modeling spatial dependence of the various physical phenomena and we limit our

focus on the axial variations only.

Anod‘e
flow

Electrolyte

Air supply

Heat transfer into a gas control volume

' ® 'Heat transfer into a solid volume

Figure 3.8. Schematic diagram of one dimensional discretized fuel cell model

A schematic diagram of a discretized fuel cell model is shown in Fig.3.8. The
gas control volume energy balance equations can be derived using the basic structure
given in Eq.(3.4) and hence are not repeated here. The areas of convective heat

transfer given in Eq.(3.28) are modified to
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1 _ Acon vl 1 AcmwQ 1 A(.‘()ILU3 A Aconva

Acon‘u] = s Acmw? = ) Aconu3 = ) convd =

Ufe Ufe Ufc Ufe
(3.47)

to account for model discretization. The mass balance equations for each gaseous
control volume can be derived from Eq.(3.5). For the anode control volume, the
reaction rates can be modeled using the development in section 3.4.3 and Appendix
A. In the discretized model, the heat conduction between the neighboring elements
of the electrolyte and the air supply tube must be modeled. For each elementary unit
of the electrolyte and air supply pipe, in addition to the convective heat transfer,
the radiative and conductive components must be accounted for. The radiative heat
transfer between the mt! solid volume elements is deduced from Eq.(3.29) and Fig.3.8

as

S(m) Lfc (4 1 1 — Eglec [ Tfelo .2
Qrad Y Ufe (Tmp m Tele( m) / (Easp + Ed:c(’(‘ " ead y Apad = TTfe1,0

(3.48)

th

The overall heat transfer equation for the m'" electrolyte element is desired from

Egs.(3.1),(3.2)and (3.48) as follows:

A’Ielec,mCelec,mT

elec,m

_ m m) m
- Z Qconv ele(‘ rad + Z Qcond elec

= Z Qcan)v elec T rrcntd) +-
) Acond,elec’”elec (Telec.1n.+1 - Telec,m)
Lfc/ufc
A(:mz(l.eleckelec (Telec,m—l - Telcc,m)
Lf(:/ufc

where, ) QEZ;Z)U elec = QEZ:L)U 1+ Qconv 9, the cross-sectional area for conductive heat
transfer in the electrolyte is given by Acong erec = m(r2 $2,0"Tf c2,i)’ and the conduc-

tive heat transfer coefficient k... is a constant. Similarly, the over all heat transfer

26



th

equation for the m'™ air supply pipe element is given as

; m m (m)
A[asp.m.Casp,mTasp,m = E anvusp_ m(l+§ Qcomlusp

= "ttty — Qg +-
. Acond.aspRasp (Tasp.m-H - Tu.s'p,m)
Lfc/ufc
A(,'oml.uspk(lﬁp (Tu.s-p.m—l - T(I.s'p.m)
Lf('/“fc

m m. "1
where, Y QCO,,U asp = Q( ) Q conp 4> the cross-sectional area for conductive heat

conv,3
transfer in the air supply pipe is given by A o, asp = ”(chl o~ rfcl ;) and the

conductive heat transfer coefficient kqgp is a constant.

3.5 Gas mixing

The recirculated anode flow kNp and the fuel flow N 7 are mixed and the mixture is
pressurized in the gas mixture, shown in Fig.(3.1). The mixing and pressurization of
the two fluid streams is achieved using an ejector or a recirculating pump [6], [11]. As
with other component models, we consider a nominal pressure differential across the
gas mixture and ignore the pressure dynarnics in our model. The following energy

conservation equation is implemented to model this component:
}VmL(‘Cv.mi;L‘TmiAz' = thf(Tf) + kIVOhva(Ta) - (i’vf + k"\"rO)}Irrzix(T;rzix) (3"‘19)

with the enthalpy h computed as shown in Eq.(3.7) and the mole fractions of the

mixture computed as

NiXfj+ kNoX,
(Nf +kNg)

Xoivj = . j=1.2..5 (3.50)

27



3.6 Combustor Model

The combustor is modeled as a lumped unit with three control volumes, namely

° A mixing and combustion chamber where the anode and cathode exhaust gases
combine followed by combustion of unused fuel. This is modeled as a gas
control volume.

° An air preheater control volume which models the preheating of cathode air
using the heat of combustion.

° A solid volume that acts as a separator and heat conductor between the gas

mixture in the combustion chamber and the air control volume.
A schematic diagram of the combustor is given in Fig.3.9 The reactions that occur

Anode exit — 1, Mixing & Combustion
flow (1-k) Ny |, — L Exhaust gases
Cathode exit —{— Quonv1 : _0 Gas control volume
flow(N,,-05r)lbcccc-----8---------- o= . .
(N 01 e " "7 | @ | Solidvolume
Ny —— % me-‘z —+— Preheated air

Figure 3.9. Schematic diagram of combustor

in the combustion chamber are
(a) CHy+209 < CO9+2H50
() CO+ 302 < COq (3.51)
(¢) Ha+302 < Hy0

We assumne that each of the combustible species, namely C H4,CO and Hp, have the

same selectivity for combustion. From Fig.3.9 and Eq.(3.51), we have the following
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mass balance equations for the combustor control volume:-

NepXiep = (1= K)NoX1a = ferapXico + Rich
NaXpep = (1- k)Non.a = Nea,cbX2,cb + Ra.cb
NopXs ey = (1—k)NoX3a = Tiex,cbX3.cb + R ch
NepXyey = (1=K)NoXia = fercbXach + Rach (3.52)

NapXsep = (1-— k)NOXE).a - f’CIL‘,CbXS.Cb + RS,cb

(
NcbXG.cb = ([Vair - 0'5T6)X6,C - f’e.r,cbXG,(.'b + R b
NopXyep = (

Nuir — 0‘5"'8)/\/7,(' ~ Nex.cbX7.cb + R?,cb
Where, Ny = P4V, /RuT,, From reactions (a), (b), (c¢) in Eq.(3.52), it is clear that

one molecule of CHy, CO and Hg require 2, 0.5 and 0.5 molecules of Oy for com-
plete combustion respectively. With uniform selectivity for combustion, the oxygen
available will be proportionally distributed for each reaction. Since the flow rates of
CHy, CO, and Hy into the combustion chamber are (1 — k)NOXl'a, (1- k)NOXg’a
and (1 — k)NoXy 4, from Eq.(3.52) we deduce that for complete combustion, the

minimum oxygen molar flow rate is
M fogdes = 2(1 = K)NoXy o +0.5(1 = k)NoXp o +0.5(1 - k)NoXyq  (3.53)

In the combustor model, we consider two scenarios, namely, a mixture deficient in
oxygen and one with excess oxygen. For the former case, considering uniform selec-

tivity of all combustion reactions and noting that the molar flow rate of Oy at the
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inlet of the combustion chamber is (Na,i, — 0.57¢) X7 ¢, we have

(1-k)NoX1 4, « _
Rl,cb = _W “(Nair — 0-5711)X7,c
_ —RFY0O2.a e .
Roep = —m - (Nyir — 0.57¢) X7 (.
B O 4,(1 ‘v
R4,cb = _W : (‘/\/air - 0.5!‘6)/‘\/7’(,
(3.54)
R3eb = —Rieb—Row
Rseb = —2Ryich — Rach
Rech = 0
R7,cb = _(Nair _O~5r€)X7.c

with m fOQ,des < (Ngir — 0.5r¢)X7 .. When the inlet combustion mixture contains
excess oxygen, i.e.

("Vair - 0-5"'e)x7,c 2> meg,des (3-55)

then we have the following reaction rates

Riew = —(1- k)NOXLa
Racy = —(1-k)NoXa,
R3eh = —Rich— Roch
Riey = —(1-k)Nok.

4,ch (1-k)NoXy,q (356)
Rseb = —2Rich — Raeh
Reery = 0
R?,Cb = —meZ,des = —[2(1 - k)"VOXl,a‘*'

0.5(1 — k)NpXa 4 + 0.5Np Xy 4]
Further more, from Eq.(3.56), we have
. . 7

fex = (1 = k)No + (Nair — 0.57¢) + > _Rj (3.57)

J=1
The thermal behaviour of the combustion chamber is modeled using Eq.(3.42) as

follows:-

jvchvch = [(1 - k)NO + (fvair - 0~5r6)] hin,cb - ﬁelh‘em.cb + Q(‘onu,l (3~58)
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where Q.one.1 15 the convective heat transfer from the separator solid to the combus-

tion chamber, expressed as

Qconv,l = Acmw,chonv,l(Tsep - cb) (3-59)

Aconv1s Heone are the area and heat transfer coefficient respectively and T is the
temperature of the separator solid. Since the air preheater is a non-reactive control
volume, there is no net change of mole fraction or molar flow rate. Therefore, the mass
transfer equations are trivial. The thermal behaviour of the air preheater volume is
given as

]VperTpr = N(zirhin,pr - Nairh'e.'l;,pr + Q(‘(mu,? (3-60)

where, Ny = PprVir/RuTpr and Qeonv.2 = Aconv2Heonv 2(Tsep — Tpr). Finally, the
thermodynamics of the separator solid is modeled using the following energy balance
equation:-

A[sepcscpfsep = “Qcmw,l - Qconv.Z (3'61)
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CHAPTER 4

CHARACTERIZATION OF
UTILIZATION

4.1 Steady-State and Transient Characteristics

To gain understanding of the dynamics of utilization, we perform an analysis based
on the state-space models derived in previous sections. Based on the state variable

definitions in Eqs.(3.21) and (3.43), fuel utilization can be written as follows:

No (4Xl,a + XZ.(J + X4,(1)

U=1- =
Nin (4X1,r + X2,T + X4!r)

(1.1)

Eq.(4.1) is based on the internal reforming capability of the fuel cell anode where
a CH4 and a CO molecule can yield four and one molecules of Hy respectively, as
indicated by reaction (I), (II) and (I1I) in Eq.(3.38). We rewrite Eq.(1.1) with the

coordinate transformations as shown below:

U=1- Noca G = 4X1,r + X2,r + X4,r (4.2)

NinGr Ca 4X) o + X0 + X4 a
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Using Egs.(4.2), (3.21) and (3.43) the following state variable descriptions for ¢ and

(a can be obtained:

G R R L

Z=AZ+B,,Z= LA = N *\.; , B;
1 _A' 0 —[‘l‘\!‘
Ca T‘j" N(_L Tl]ixga

It is interesting to note here that Eq.(4.3) is devoid of the reaction rates Ry r, Rar,

(4.3)

I

R1,qa; and R 4. This removes the nonlinearities associated with the reaction rates as
given in Egs.(1) through (3). Nevertheless, N;,, No, Ny, N, are nonlinear functions
of the states, temperatures and pressures given by
’ ]\.'TO = i_a NT = PTVT ) }Va = Pava
5 R,T; R,T,
S X o MW,
i=1

Min

Nin = (4~4)

5

3 X MW,
From Eq.(4.3), we obtain the following expression relating U, k, i and N 7 at steady-
state

1-k
Ugg = ——— (4.5)

4nFN
-ﬁv—[i -k
iNe
Eq.(4.5) is independent of the nonlinear variables given in Eq.(4.4). Furthermore,
since k, i and N ¢ are measurable and known quantities, Eq.(4.5) can be used to
exactly predict the steady-state fuel utilization for any given set of inputs.

From Eqgs.(4.2) and (4.3) we note that the transient behavior of U can be predicted
from the transient response of ¢, (a, N, and Nin- We specifically consider the
transient response of U due to step changes in i, when k and N ¢ are constant. In
predicting the transient characteristics we assume that, in the process of a step change
in 7, the variables Nm and N, can be treated as constants without significant loss of
accuracy. With this assumption, Eq.(4.3) reduces to a Linear Time Invariant (LTT)

system with eigenvalues of A as:
M2 = 05[ (chﬂvg):t( ~ R
X v 2 N R 1/2
1 Ji
a = {( Nﬁ) + ¢ ’lk - ~NER? -

(1.6)




Since k € (0,1), the eigenvalues of A are real and negative. The time constant for
(r, Ca, and hence that for U due to a step change in 7 will be determined by the

maximum eigenvalue of Aj. From Eq.(4.6),

N; N N

j&“,l,l‘ < 'Ns - Amaz = _]il.l‘ + 0.5a

N;. V, N
—m Y0 — _4iY0 )
N > Ne Amaz = Na + 0.5

4.2 Simulations

In this section we provide simulation results in support of our analysis in the previous
section. We run multiple simulations of the SOFC system with step changes in current

applied at t = 50s, as shown in Fig.4.1. The step changes in current are from 25A

50 80
45! =48 =48
& 40 i=43 & %0 i =43
o : c
% 35 =38 2 40 //- i =38
5 “Y| 1 ---- Estimated Utilization
25 0 ' —— Actual Utilization
20 - 4
40 60 80 100 120 40 60 80 100 120
(a) (b)

time (s)

Figure 4.1. Transient and steady-state utilization

to 33, 38, 43 and 48A as shown in Fig.4.1(a). For all four simulations, the following

settings were used

Ny = 0.0068 moles/s, Ny = 0.0692moles/s, k = 70%.

In Fig.4.1(b) the transient response of utilization is plotted for the four simulations.
The estimated utilization are obtained by simulating Egs.(4.2) and (4.3) as an LTI

system with Aj evaluated at the instant ¢t = 50s. The following values were observed
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at t = 50s

N;n = 0.0624 moles/s

N, = 0.0681 moles/s A\ o= —2.8347

Ny = 0.0263 mole 7 Ao = —0.1543

Ny = 0.1105mole
Both the transient response as well as the steady-state value of estimated utiliza-
tion match very closely with the non-linear model based calculation, as shown in

Fig.4.1(b). The settling time computed based on 2% error is Ty = 4/ |A2| = 25.9235s

which matches well with the simulations.
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CHAPTER 5

CHARACTERIZATION OF
STEAM-TO-CARBON BALANCE

5.1 Steady-State and Transient Characteristics

The Steam-To-Carbon-Ratio (STCR) is defined for the inlet flow of the steam re-

former and can be mathematically expressed using Fig.3.1 as

kNoXE)’a

STCR = = - .
Nf + kNolea + kNOX2’a

(5.1)

As the name suggests and is indicated by Eq.(5.1), STCR is the ratio of the concen-
tration of steam molecules to that of carbon atoms at the inlet of the reformer. The
reactions (b) and (c) of Eq.(3.17) indicate that the stoichiometric quantity of steam
required for reforming is two moles and one mole of steam for each mole of CHy
and CO respectively. With this understanding, we define a new variable, namely the

Steam-To-Carbon-Balance (STCB), which is mathematically expressed as

STCB = kN,X5q — (2Nf +2kN, Xy o + kNOXQ‘a) 652)
= kNO (XS.a —2X 4 — X2)a) - 2Nf
A positive value of STCB is an indication of sufficient steam at the reformer inlet

for steam reforming and hence it is an indication of a favorable STCR. We rewrite
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Eq.(5.2) with the coordinate transformations as shown below:

&= X5,7' - 2A}l,r - X2.r

STCB = kN,&, — 2Ny, (5.3)

o = XS,a - 2-’Yl,a - X2,a
Using Eqgs.(5.3), (3.21) and (3.43) the state variable descriptions for & and &, can be

written as

N; N -2N
S$=AyS+By, S= & , Ag = _:f'ﬂ %;Q , By = Ti (5.4)
Note that, as in Eq.(4.3), the variables & and &, in Eq.(5.4) are independent of
Rir Ror, Rig, and Ro . Nip, No, Ny, N are nonlinear functions of the states,
temperatures and pressures given by Eq.(4.4). From Eq.(5.4), the following steady-

state expression for STCB is obtained

1 . KkiN,
STCBss = +—3 (2!\/f — nF‘) (5.5)

Note, from Egs.(4.3) and (5.4), that Ag = A;. Hence, the time constant in the tran-
sient response of STCB due to step changes in the current demand can be estimated
using the eigenvalues A 2 of Ay given in Eq.(4.6). The discussion around Egs.(4.6)

and (4.7) is also applicable for transient response of STCB.

5.2 Simulations

The simulation results provided here are continuation of those provided above for step
response of utilization in Figs.4.1(a) and (b). In Figs.5.1(a) and (b), STCR and STCB
are plotted for the four simulations described in Fig.4.1(a). In Fig.5.1(b) the transient
response of STCB are plotted. The estimated STCB are computed by considering
the system given in Eqs.(5.3) and (5.4) as an LTI system with Ag evaluated at the
instant ¢t = 50s. Both the transient response as well as the steady-state value of
estimated STCB match very closely with the non-linear model based calculation, as

shown in Fig.5.1(b).
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Figure 5.1. Transient and steady-state STCR and STCB
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CHAPTER 6

STEADY-STATE FUEL
OPTIMIZATION

6.1 Problem Statement

Using the above derived results, we address a steady-state constrained fuel optimiza-
tion problem which is stated as follows: Given that utilization and anode recircula-
tion must be constrained within ranges Uss € [Uss1, Ugs2], 0 < Usgg1, Ussa < 1 and

k € [ka.kp), 0 < kq.ky, < 1 respectively, and given a current %

1. Determine condition(s) under which there exists a range of solutions for N f

that satisfies the constraints above and maintains STCB > 0.

2. If a range of solutions exists, determine the minimum fuel operating conditions.

6.2 Optimum Fuel Operation

From Eq.(5.5), we note that for ensuring a steam rich inlet flow into the reformer, we

must have

STCBys > 0 — Ny <k <;n},) (6.1)

39



A
IN/(4nFUg 1)

T iNo/(2nF)

I iNg/(4nFUg0) lu, ~N .

-Z ) !
' iN¢/(4nF)

Y

Pt = e e m e e e K e - - - o

Figure 6.1. Steady-state fuel optimization

From Eq.(4.5) we have

Uss >0 — Ny > k (;Z‘D) (6.2)

and the constraints 0 < Ugg1 < Ugs < Ugga < 1 are expressed as

tNe¢

Ny (%2)+(1—U332)k > 1 (6.4)
1N,

Ny (%>+(1—Ussl)k < 1 (6.3)

Eqgs.(6.1), (6.2), (6.3) and (6.4) are all linear in Nf and k and are denoted in Fig.6.1
by lry, lrg, luy and lug respectively, along with the lines k = k, and k = k. Steady-
state constrained fuel optimization for the steam reformer based SOFC system has
thus been transformed to a problem in linear programming. From Fig.6.1 and from
Egs.(6.1) through (6.4), we can easily deduce that a solution region exists if k; > k*,
where k* is the value of k at the intersection between the lines ] and luy. Hence,

from Eqs.(6.1) and (6.4) we have:

* ! ky > _r
— —
1 + Uss? b= 1 + U$S2
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From Fig.6.1 it is also evident that if Eq.(6.5) is satisfied. then the steady-state
minimum fuel operating point is at the intersection of luy and k = ky, given by

iNe

k= kbs U = U2, A.rfv"“"" = m

[1 - (1 - Uss?) kb] (6-6)

6.3 Simulations

Steady-state minimum fuel operation is demonstrated using the following simulation
results. We consider a system with 100 cells in series and ¢ = 50A. It is desired to
attain the steady state minimum fuel operating point under the constraints, Ugs =
0.6, Ugso = 0.85, kg = 0.6, kp = 0.8 and STCBgs > 0. We choose the initial operating
conditions k = 0.65 and Nf = 0.01moles/s, and set the air flow rate at N, = IONf for

the entire simulation. The simulation results are shown below in Fig.6.2. In Fig.6.2(a),

x 103 (a) | (b)
| !
12! / i
f"-»\ lil] A //,/ 0.8 1
gl luy T % : 0.6 ]
N. f‘"'*_\‘/ jH\"E:j__, U 0.4 ---- Target utilization l
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4 | Iry - — ‘ 0.2 i
I R i T T l
e Iry X X ol s
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Figure 6.2. Fuel optimization simulation

the lines lry, lrg, lu; and lug, representing Egs.(6.1), (6.2), (6.3) and (6.4), are plotted

and the trajectory of the operating point in (N 7 vs. k) space is superimposed. The
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initial conditon corresponds to point A in Fig.6.2(a). At this operating point, the
model is first simulated in open loop mode upto t; = 40s. Note that at A, the
conditions Uggy < Uss < Uggn and STCBgg > 0 are not satisfied. Specifically, at A,
Uss = 0.4 and STCBgg = —0.01moles/s, as shown in Figs.6.2(b) and (e¢) respectively.
At t;, a proportional-integral control is invoked to control utilization by varying N iz
Simultaneously, the target utilization is ramped from 0.45 at ¢t to 0.85 at t3 = 240s,
as shown in Fig.6.2(b). This leads to reduction of Nf, depicted in Fig.6.2(c), from
0.01moles/s to 6.878 x 10~ 3moles/s. During this interval k is maintained at 0.65,
as shown in Fig.6.2(d), and the operating point in Fig.6.2(a) shifts from point A
to B. Also note from Fig.6.2(e), that STCB > 0 for t > t5. At t4 = 300s, k is
ramped from 0.65 to ky = 0.8 at t5 = 450s. This leads to further reduction of Nf to
6.705 x 10~ 3moles/s, as shown in Fig.6.2(c). The corresponding shift in the operating
point from B to C is shown in Fig.6.2(a). The minimum fuel operating point as
computed using Eq.(6.6) is 6.706 x 10~3moles/s which matches very closely with that
obtained through simulation. It must be noted that the proportional-integral control
implemented here is not a proposed control strategy. It is used to automatically arrive

at the minimum fuel operating point and thus it serves to validate Eq.(6.6).
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CHAPTER 7

CONCLUSION

In this thesis we have presented an analytical study of steady-state and transient
behaviors of an SOFC system due to changes in current demand. For the analysis
we considered a steam-reformer based tubular SOFC system with anode recirculation
and with methane as fuel. We developed a detailed control-oriented model for the
SOFC system and expressed the mass transfer and chemical kinetics phenomena of
the reformer and anode control volumes in state-space form. We derived closed-form
expressions that characterizes the steady-state and transient behaviors of utilization
(U) and steam-to-carbon balance (STCB). Our analysis was facilitated by key coor-
dinate transformations that led to elimination of non-linear reaction rate terms from
the coupled dynamic equations of the reformer and anode volumes. For predicting
the transient response we treated the molar flow rates Nj, and Ny, and the mo-
lar contents N, and Ng, as constants. This step was effective as it simplified the
nonlinear state-space system to a Linear-Time-Invariant form with minimal loss of
accuracy. The estimates of time constants and the steady-state values of U and STCB
matched very closely with those generated by the plant model. The results were ap-
plied to address a steady-state fuel optimization problem for the SOFC system using
the linear-prograinming approach. The constrained optimization problem yielded a

minimum fuel operating point. The analytical results were confirmed through simu-
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APPENDIX A

Formulaes to Compute Reaction Rates

We use the following reaction rate expressions, given in [20], to model the kinetics of
steamn reforming reactions in Egs.(3.17) and (3.38). The equations below are written
for a generic gas control volume. For the SOFC system, these equations apply for

the reforming reactions in the reformate control volume as well as the anode control

volume.
M P} PCo
TeatKp ' 2
1= —g5 |PCHPHY0 — —§— /0 (1)
pH2 1
Meatkrr PHoPCO, 2
rir =~ \PCOPH0 — — ) /9 (2)
pH2 II
4
Meatkrrr 2 PHyPCO, / 2
riir = —3z— |PCHPH, 0O —— | /O (3)
Pl M0 K
where
0 = 1+ K:COPCO + KH2pH2 + KCH4PCH4 + KHzOpH2Op]12= (4)

pj = XjPg, j=12,---,5

In Egs.(1), (2) and (3), the rate coefficients x, sy, and kyjy are given by

E, (1 1
_E (L . b=1I,II1II, (5)
Ry (Tg Tref,b)]

and the adsorption constants Koo, Kpy, Keys Kayo are given as follows

Kb = Kb,T,, ; €XP

AH, (1 1
’Cq = KQ’TI‘(’f exp [_ R, (Fg - Tref,q)] y 4= CO, H23CH47H2O (6)

where the values of Ep, Ty p, Kb, Ty p with b = I, 11,111, and AHg, Tyef g, ’quTref’
with ¢ = CO, Hy, CHy, H90, are given in [20]. The equilibrium constants K, K
and Ky in Egs.(1),(2)and (3) are given by
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0
. AGT,
b:exp - RuT 3 b:I,II,III (7)

In Eq.(7), AG% represents the net Gibb's free energy ([18]) of a reaction given by

AGT =" Zu(AhG 995 +h(T)=h(298) =T SP)w— Y Zu(AhG 995 +h(T)—h(298)~T 57w

prod reac
(8)
where S% is computed using the following equation:
: T
cwT?  dT3  eT?
S% = Ry |awln(T) + by T+ —4— + e 2 + Sos (9)
2 3 4 Joos
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APPENDIX B

Data

Gas properties:

Refer to [18], [9]

Reformer specific constants for heat transfer calculations:

Refer to [7], [16]

Parameters for computing the rates of reforming reactions:

Refer to [20]

Tubular stack parameters:

Refer to (7], [16]

Combustor parameters:
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50



BIBLIOGRAPHY

51



BIBLIOGRAPHY

[1] E. Achenbach. Response of a solid oxide fuel cell to load change. Journal of
Power Sources, 57:105-109, 1995.

[2] E. Achenbach and E. Riensche. Methane/steam reforming kinctics for solid oxide
fuel cells. Journal of Power Sources, 52:283-288, 1994.

[3] P. Aguiar, C. S. Adjiman, and N. P. Brandon. Anode supported intermediate-
temperature direct internal reforming solid oxide fuel cell, ii. model-based dy-
namic performance and control. Journal of Power Sources, 147:136-147, 2005.

[4] R. Bove, P Lunghi, and N. M. Sammes. Sofc mathematic model for systems
simulations - part 2: Definition of an analytical model. International Journal of
Hydrogen Energy, 30:189-200, 2005.

[5] S. Campanari and P. Iora. Comparison of finite volume sofc models for the
simulation of a planar ccll geometry. Fuel Cells, 1:34-51, 2005.

[6] M. L. Ferrari, A. Traverso, L. Magistri, and A. F. Massardo. Influence of anodic
recirculation transient behavior on the sofc hybrid system performance. Journal
of Power Sources, 149:22--32, 2005.

[7] J. D. Gabor and J. S. M. Botterill. Handbook of Heat Transfer Applications:
Heat Transfer in Fluidized and Packed Beds. McGraw-Hill, Inc.. New York, NY,
second edition, 1985.

[8] D. J. Hall and R. G. Colclaser. Transient modeling and simulation of a tubular
solid oxide fuel cell. IEEE Transactions on Energy Conversion, 14(3):749--753,
1999.

[9] F. P. Incropera and D. P. DeWitt. Fundamentals of Heat and Mass Transfer.
John Wiley & Sons, Inc., fifth edition, 2002.

[10] R. Kandepu, L. Imsland, B. A. Foss, C. Stiller, B. Thorud, and O. Bolland.
Modeling and control of a sofc-gt-based autonomous power system. Energy,
32:106-417, 2007.

52



[11]

[12]

13

14)

[16]

[17]

[18]

[19]

[20]

[21]

A. Y. Karnik and J. Sun. Modeling and control of an ejector based anode
recirculation system for fuel cells. Proceedings of ASME Fuel Cell 2005, pages
721-731, 2005.

A. Lazzaretto, A. Toffolo, and F. Zanon. Parameter setting for a tubular sofc
simulation model. ASME Journal of Energy Resources Technology, 126:40--46,
2004.

P. Li and M. K. Chyu. Simulation of the chemical/electrochemical reactions
and heat/mass transfer for a tubular sofc in a stack. Journal of Power Sources,
124:487-498, 2003.

N. Lu, Q. Li, X. Sun, and M. A. Khalecel. The modeling of a standalone solid-
oxide fuel cell auxilliary power unit. Journal of Power Sources, 161:938 948,
2006.

S. K. Mazumder, S. K. Pradhan, K. Acharya, J. Hartvigsen, M. R. von
Spakovsky, and C. Haynes. Load transient mitigation techniques for solid-oxide
fuel cell (sofc) power-conditioning system. INTELEC 2004; 26th Annual Inter-
national Telecommunications Energy Conference, pages 174-181, 2004.

F. Mueller, J. Brouwer, F. Jabbari, and S. Samuelsen. Dynamic simulation of an
integrated solid oxide fuel cell system including current-based fuel flow control.
ASME Journal of Fuel Cell Science and Technology, 3:144-154, 2006.

K. Sedghisigarchi and A. Feliachi. Dynamic and transient analysis of power
distribution systems with fuel cells - part 1: Fuel-cell dynamic model. IEEE
Transactions on Energy Conversion, 19(2):423-428, 2004.

K. Wark. Thermodynamics. McGraw-Hill, Inc., New York, NY, fifth cdition,
1988.

H. Xi, J. Sun, and V. Tsourapas. A control oriented low order dynamic model for
planar sofc using minimum gibbs free energy method. Journal of Power Sources,
165:253-266, 2007.

J. Xu and G. F. Froment. Methane steam reforming, methanation and water-gas
shift: 1. intrinsic kinetics. AIChE Journal, 35(1):88-96, 1989.

X. Xue, J. Tang, N. Sammes, and Y. Du. Dynamic modeling of single tubular
sofc combining heat/mass transfer and electrochemical reaction cffects. Journal
of Power Sources, 142:211-222, 2005.

53



Hi

(R
3 1293 02956 5235




