JOURNAL OF

www.elsevier.com /locate /jpowsour

Journal of Power Sources 92 (2001) 26-34

Thermodynamic model and parametric analysis
of a tubular SOFC module

Stefano Campanari Ph.D.
Department of Energetics, Polytechnic of Milan, Piazza Leonardo da Vinci 32, 20133 Milan, Italy
Received 15 February 2000; received in revised form 26 April 2000; accepted 2 May 2000

Abstract

Solid oxide fuel cells (SOFCs) have been considered in the last years as one of the most promising technologies for very high-efficiency
electric energy generation from natural gas, both with simple fuel cell plants and with integrated gas turbine-fuel cell systems. Among the
SOFC technologies, tubular SOFC stacks with internal reforming have emerged as one of the most mature technology, with a serious
potential for a future commercialization. In this paper, a thermodynamic model of a tubular SOFC stack, with natural gas feeding, internal
reforming of hydrocarbons and internal air preheating is proposed. In the first section of the paper, the model is discussed in detail,
analyzing its calculating equations and tracing its logical steps; the model is then calibrated on the available data for a recently
demonstrated tubular SOFC prototype plant. In the second section of the paper, it is carried out a detailed parametric analysis of the stack
working conditions, as a function of the main operating parameters. The discussion of the results of the thermodynamic and parametric
analysis yields interesting considerations about partial load SOFC operation and load regulation, and about system design and integration

with gas turbine cycles. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The quest for higher efficiencies in electric power gen-
eration from fossil fuels has always pushed the research on
fuel cells, and many new technologies have been tested in
the last years in the field of high temperature fuel cells. Solid
oxide fuel cells (SOFCs) are particularly promising for their
high operating temperature that makes them suitable for
integration with gas turbine cycles and cogeneration [1-3].
The tubular SOFC technology, mainly developed by Sie-
mens—Westinghouse [4], has led to the most advanced SOFC
demonstration plant, installed in The Netherlands with a
100 kW capacity, and to various demonstration projects in
the size 300 kW-2 MW to be started within the current year.
Other SOFC technologies (planar, monolithic) frequently
analyzed in literature have been developed up to a smaller
scale, and are still in a much earlier development stage. This
paper focuses on a thermodynamic model of a tubular SOFC
stack, dealing with the analysis of the effects of a variation in
the operating conditions on the stack performances.
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2. The SOFC model

The model applies to a tubular SOFC stack fed with
natural gas with internal reforming, schematically shown
in Fig. 2. The model calculates:

1. The thermodynamic properties and chemical composi-
tion of anode and cathode outlet and stack exhaust
gases.

2. The SOFC thermal balance (efficiency, heat generated).

3. The SOFC second law analysis (entropy losses), as a
function of Uy, U, (fuel and air utilization), of the inlet
compositions and average working temperature.

The model also calculates a number of data concerning
stack internal flow compositions and thermodynamic con-
ditions (prereformed and reformed fuel, depleted fuel and air
flow) and SOFC operating parameters. Calculation is
divided in a step sequence and discussed as following.

2.1. Calculation of the requested fuel flow
The model first calculates the number of moles of hydro-

gen (generated by the fuel gas) consumed in a single passage
inside the fuel cell, without fuel recirculations. It is then
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Nomenclature

A. cell active area (cm?)

Ccharge  €lectron charge 1.602x 107" ¢

F Faraday’s constant (96439 C/mol, Eq. (9))

i cell current density (A/cmz)

Keq CO-shift-reaction equilibrium constant

my mass flow of the chemical specie X (mol/s)

Nay Avogadro’s number (6.022 % 10%%)

p pressure (bar)

S/C steam-to-carbon ratio

T temperature (K or °C)

U, air utilization factor (Eq. (12))

Uy fuel utilization factor (Eq. (11))

V. cell voltage (Eq. (8))

Wiev reversible work (J/kg)

Wet electric work (J/kg)

Xcn, methane contribute to hydrogen formation

Xco carbon monoxide contribute to hydrogen
formation

AS entropy loss (J/kg K)

AT, operating/exhaust temperature difference at

cell outlet
AV voltage difference (Eqgs. (4)—(7))
el electrical efficiency (Eq. (9))
I'y, fuel equivalent hydrogen content (Eq. (10))

Subscripts

amb ambient

op operation

f fuel

ref reference conditions
cons consumed
Acronyms

AES air electrode supported
LHV fuel lower heating value (J/mol)
SOFC  solid oxide fuel cell

calculated the pseudo-stoichiometric air/fuel ratio (Ry),
which is equal to the number of moles of air requested to
oxidize 1 mol of fuel with the given U and U, ratios.

The fresh air flow is known as an input data, and the
requested fuel flow is then calculated by

Mair inlet
. 1
L (M)

Mfyel requested =

2.2. Calculation of internal reforming

The hydrocarbons are converted into a H,—CO-CO,—H,0
mixture by steam reforming, exploiting steam contained in
the partially recirculated anode exhaust gases. The recircu-
lated fraction is calculated to obtain a given steam/carbon

(S/C) ratio, defined as the ratio between the number of the
H,O molecules and the number of the C-atoms of combus-
tible components [5].

Two separated steps calculate mixing and prereforming
on the fuel side:

1. Calculation of the mixing of inlet fuel (at a given
temperature) with a recirculated fraction of the anode
exhausts with an enthalpy balance. The anode and
cathode exhaust temperatures are set to To,—AT,,
where AT,, is assigned as input value (Table 1).

2. Calculation of the prereforming of mixed fuel as an
adiabatic (constant enthalpy) process, reaching thermo-
dynamic equilibrium. The program calculates the
prereformed fraction of hydrocarbons (HC) as the ratio
HCmoles,reformed/HCmo]es,inlet-

Fuel recirculation is sustained by fresh-fuel-driven ejec-
tors; the model calculates the requested inlet fuel pressure
based on momentum and mass balances with a nozzle
isentropic efficiency of 0.92.

Fuel is then completely reformed inside the fuel cell,
according to the steam-reforming and CO-shift reactions

C.H, + ({m — 1)H,0 — (m — 1)H, + nCO (2a)
CO + H,0 — H, + CO, (2b)

where it is considered that the reforming reactions are
completely developed, thanks to the very high temperature
conditions and to the catalytic effect of the anode materials.
The CO-shift reaction is considered to reach thermodynamic
equilibrium, with an equilibrium constant given by

[Hz] X [COQ]

Kea = 1007 % [1,0]

3)
(molar concentrations in square columns) calculated for the
selected cell outlet temperature.'

The outlet fuel composition is calculated iteratively to
satisfy the requested Uy and the calculated K.4. The calcula-
tion is performed by applying the conservation equations for
the carbon and hydrogen moles number; it is supposed for
simplicity that CO is not oxidized directly but only by the
shift reaction. The model finally calculates two global values
of U, and Uy, accounting for the fuel recirculation effects.

2.3. Cell voltage and efficiency

Calculation of cell voltage is performed as a function of
the current density, of the operating temperature, of the
operating pressure (simple average value of inlet and outlet
pressures) and of the reactant and products composition.

The primary influence of current density (i.) on the SOFC
performance (by ohmic, activation and concentration losses)
is expressed by the reference correlation for V(i) shown in

"The value of K.q is not influenced by pressure because the moles
number is constant across the shift reaction.
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Table 1

Assumptions and operating parameters for the basic FC configuration of Fig. 2

Aplp air/fuel side 5%/2%
Aplp auxiliary combustion 3%
SOFC thermal losses (radiation, external convection) 2%
Auxiliary combustion efficiency 99.5%
dc—ac and power conditioner efficiency 92%
Fuel utilization factor, Uy at input (single passage) 69%
Fuel utilization, U (global, with recirculation) 85%
Air utilization factor, U, (global) 17.9%
Cell operating temperature, T, 1000°C
Temperature difference between T, and cell exhausts, AT, 90°C
Current density, i, 180 mA/cm?®
S/C and O/C ratio (global) 1.8/2.04
Calculated cell voltage, V. 0.69 V
Calculated ejector fresh fuel pressure ratio, prer/Peen ~3.0
Calculated hydrocarbon fraction prereformed 17%
Fuel composition: CHy 81.3%-C,Hg 2.9%—C3Hg+C4H;¢ 0.6%—-CO, 0.9%-N, 14.3%

Fig. 1. The Vy(i) curve is obtained by interpolation of 2.3.2. Operating temperature

experimental data [6,8] at standard operating conditions )

(fuel composition: 67% Hy—22% CO-11% H,0, Ur=85%, AVr(mV) = Kp(T — Tret) X ic 5)

U,=25%, T=1000°C, p=1 bar). Calculation of the actual
cell voltage value, V., is then performed by semiempirical
correlation [6,7] accounting for the differences due to the
real operating conditions.

These correlation are expressed by the logarithmic cor-
rections of Eqs. (4)—(7); they are derived by the Nernst
potential equation, and modified with the adoption of an
empirical multiplying coefficient.

2.3.1. Operating pressure effect

AV,(mV) = Cjlog (}) “)
ref

for operating pressures in the range 1-10 bar, where the

theoretical Nernst constant C; would be 59 mV per decade;

for tubular AES cells a greater value is assumed [8], equal to

76 mV per decade.

Veell,ref (V)
o
w

0_45 . . |Reference
] conditions

B foroess e & s = v
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lc (mA/cm2)

Fig. 1. Cell voltage at reference operating conditions (see text).

where the constant K7 =0.008 for temperatures in the range
900-1050°C.

2.3.3. Cathodic flow (oxidizer) composition

The use of pure oxygen instead of air as oxidizer, or the
variation of U, changes the oxygen partial pressure at
cathode and, thus, the cell reversible Nernst potential E,,
and the cell concentration polarization. The corresponding
cell voltage correction is

AV (mV) = 921og [(;‘;703} (6)
2 /ref.

where po, is the average oxygen partial pressure in the
cathode flow (within the range 0.16-0.20).

2.3.4. Anodic flow (fuel) composition

The fuel flow composition influences the cell voltage.
Higher voltage values are generated with fuels with a higher
hydrogen fraction. It is possible to evaluate the effect of a
variation in the fuel flow composition through the ratio of
hydrogen and steam partial pressures.

PH, / PH,0
AV, (mV) = 1721og (Pn /Pr0).e @)
for partial pressure ratios in the range 0.9-6.9, 7,,,=1273 K
and air as oxidizer (the theoretical Nernst variation would be
126 mV per decade).

The flow compositions in the expression of AV, and AV,
are calculated, for co-flow configurations like tubular
SOFC:s, at the fuel cell outlet. For this reason, these correc-
tions are influenced also by the Uy and U, values. The sum of
these corrections gives

Ve = Vier + AVp + AVT + AVcal + AVan ®)
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The cell electrical efficiency W /LHV i 1s then a func-
tion of the cell voltage, of the fuel utilization factor and of
the inlet fuel composition [9], according to

Wel nFE N I’lFVC X Uf X FHZ

= THV T LRV LHV

The quantity I'y, is the fuel equivalent hydrogen content,
expressed for a fuel mixture of H,~CH,—~CO-H,O by the
following equation:

I'u, = Xu, + Xcn, + Xco (10)

€))

Xcn, and Xco are the methane and carbon monoxide con-
tributes to hydrogen formation, accounting for a complete
hydrocarbon reforming and for the additional contribute of
the CO-shift reaction.

The fuel utilization factor is then defined as

TMH; consume MH; consume
U = 2.consumed _ consumed (11
my,;, my,;, + mco,, + 4 x MCH,;,

in

where 4 mol of H, (three by steam reforming, one by the
shifted CO) are generated by each CH4 mole.
Similar contributes would arise by the reforming of other
hydrocarbons.
On the oxidizer side, an air utilization factor is defined as
follows:
_ Moy = MOy MO0 consumed

Us= = (12)

mo,;, mo,;,

The air utilization factor is proportional to the oxygen
quantity extracted from the air flow to oxidize the fuel.
For a cell of assigned size and active surface area, and with
an assigned inlet air flow (coming for example, from a
compressor), any variation of U, is generated by a propor-
tional variation of the number of oxygen ions conducted by
the electrolyte. This number is then proportional to a varia-
tion of the cell current density and overall current output.

The following equation shows this relationship, where the
oxygen flow mop, is expressed in kg/s and the mole number
(no,) and ion number (n;,) are intended as units per second

32 0.032
MOzcn = 700~ MO2eom = 2% Nay X Mig s
. 0.032ic X Acell . O.OSZiCAceH
4 x Nav X e B 4F

charge

13)

This consideration is particularly important for partial-load
and transient operation of the fuel cell, where an air by-pass
system can be used to avoid excessive variations of U, in
response to fluctuations in the power demand and in the cell
current output.

2.4. Heat generation and exhaust gas temperature
The heat generated by irreversibility at the electrodes

structure is given to the fuel and air flow, and partially lost by
the stack external canister. A significant fraction of the heat

is used by the endothermic reforming reactions, thus, redu-
cing the requested cooling air flow and enhancing the fuel
heating value.

A thermal balance across the whole cell calculates the
fraction of heat (Q,;,) given to the air flow and partially lost
to the external atmosphere

Qair = Mfyelin X Hfuel.in — Mifyel,out X Hfuel,out - Wel (14)

where H is comprehensive of the enthalpy of formation and,
thus, of chemical energy. This balance includes also the fuel
mixing and reforming processes.

The SOFC stack finally generates a single outlet stream:
cathode and anode exhausts (spent air and spent fuel) react
burning in a combustion plenum. The generated exhaust gas
then preheats the inlet air flow. The requested air tempera-
ture (7y) after preheating is known from the previous
calculation of the SOFC heat generation. With another
calculation option [10], it is possible to automatically set
the SOFC operating condition (with different U, and Us
values) in order to match a given air inlet temperature.
Finally, the calculation of the exhaust pressure is done with
given values of pressure losses.

2.5. Aim of the model

The proposed SOFC model has been developed with the
aim of enabling a detailed thermodynamic and parametric
analysis of the SOFC operation, with the further perspective
of being integrated in an existing gas—steam cycle simula-
tion code for the analysis of combined gas turbine—SOFC
cycle performances [3]. Some of the model core assump-
tions, as the semiempirical cell voltage calculation, deli-
berately avoid a detailed analysis of the cell physical
structure and the consequent introduction of a number of
cell microscopic and geometrical parameters (components
thickness, porosity, ohmic resistivity, etc.). This simplified
approach makes the model particularly suitable of being
easily calibrated, following the continuous and rapid tech-
nological development in the field of SOFC materials [8]
and design [4].

3. Calibration of the SOFC model and thermodynamic
analysis

The SOFC model discussed in this paper has been cali-
brated on the performances of a 100 kW prototype plant,
which has been working at atmospheric pressure and about
48% LHV electrical efficiency, running on natural gas.
Details about these plant characteristics have been found
in recent literature [2,11,12]. Based on the available infor-
mation, the atmospheric SOFC stack basic configuration
shown in Fig. 2 has been set, with the assumptions listed in
Table 1.

The inlet air temperature has been set to 630°C, and the
inlet fuel temperature to 200°C; a fuel utilization factor of
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Fresh fuel inlet

Combustion products

Air inlet

other HC - 14.3%

200 | 81.3% CH4 - 3.6% | | 1005 |16% 02 - 76%

630 | 20.7% O2 Exhaust outlet —|

N2 -2% CO2 -

773% N2 | | g30 |16% OZ - 76%
035 |he H20+Ar N2 -2% CO2 -

0.0056| N2-0.9% CO2 | |0.3556| 29, H2O+Ar

Depleted fuel

|0.3556 | 29 H20+Ar

910 12% H2 - 7% CO
25% CO2 - 5% N2
0.0206 51% H20

Recirculated fuel
910 | 12% H2-7% CO

25% CO2 - 5% N2
0.031 51% H20

Ejector

Mixed fuel
742 9.5% H2 - 6% CO
21% CO2 - 7% N2 Prerefor-
15.3% CH4 i
min;
0.0366 | 4129 H20 :

Prereformed fuel

-1 R Depleted air

_ . Combustion plenum

Preheated air
820 20.7% 02
77.3% N2
0.35 129 H20+Ar

o10 | 17.7% 02
80.3% N2
0.335 205 H20+Ar

611 | 2L7%H2-57%

- | - | - - Injector tube
@ "I * Tubular anode, electrolyte

and cathode

Flux type

CO-22.3% CO2 -
6.3% N2 - 12.3%
CH4 - 31.7% H20

0.0366

SOFC AC power =110.8 kW
SOFC AC efficiency =52% (LHV)

T (°C) |Composition
m (kg/s) | (molar %)

Fig. 2. Tubular SOFC stack; operating conditions calculated with the assumptions of Table 1.

0.69 for a single passage leads to a global Uy of 85%. The
remaining fuel is burnt with depleted air in the combustion
plenum, generating hot gases, which are used to preheat the
inlet air flow before being exhausted.

In this paper, the focus is set on the simple SOFC stack,
not considering auxiliary equipment losses (inlet air blower,
fuel desulphurizer) and external components (recuperative
air preheater).

The calculated stack LHV efficiency of 52% should,
therefore, be lowered for any external or auxiliary electric
consumption: adopting a 7 kW blower and fuel compressor
system, the total electric LHV efficiency becomes 48.5%.
Together with the calculated flow compositions and tem-
peratures, these figures show good agreement with the
available experimental result [2]. Tables 2 and 3 summarizes
the first (I) and second (II) law analysis for this stack.

In Table 3 the II law or reversible work losses of the SOFC
module in Fig. 2 are listed, defined as follows:

TambAS
Apy = 22—~ 15
I Wrev,f ( )

The very high II law efficiency (over 86%) achieved by the
SOFC system is of course its most promising feature. It is
possible to notice how this value could be improved by: (i)
lowering the dc—ac conversion losses: higher efficiencies
could probably be achieved with larger scale system; (ii)
lowering the electrochemical losses, i.e. getting higher cell
voltages and lower electric and ionic resistance with
improved cell design and material development [4]. The
operation at higher fuel utilization could further improve the
cell efficiency and reduce the auxiliary combustion losses.

The analysis of Tables 2 and 3 clearly shows that a large
enthalpy and reversible work flow is associated both with the
preheated inlet air (51.5 and 33%, respectively) and with the
hot exhaust gases (72.6 and 52.4%). It is then of particular
importance to design an efficient heat-recovery and air
preheating system around the SOFC stack. This considera-
tion would become fundamental if the SOFC stack should be
operated at higher pressure and fed with a more energy-
demanding compressed and preheated air flow, as in inte-
grated gas turbine—-SOFC hybrid cycles [3].

Table 2
First law analysis for the SOFC module of Fig. 2
% on total Om
inlet (kW)
Enthalpy flows
Fuel inlet 48.5 214.8
Preheated and compressed inlet air flow 51.5 228
Depleted outlet fuel flow - 70.3
Internal air preheating - 76.5
Cell electrode air heating - 23.6
Heat losses
Auxiliary combustion 0.07 0.3
dc—ac and power conditioner efficiency 2.18 9.7
Thermal losses 0.11 0.5
Total losses 2.36 10.5
Enthalpy flow associated with exhaust gases 72.6 321.5
Net electric power production 25.04 110.8
Total 100 -
Electric efficiency [W./LH Ve inl 52 -




S. Campanari/Journal of Power Sources 92 (2001) 26-34 31

Table 3
Entropy losses for the SOFC module of Fig. 2°

% on total  Any

inlet (Eq. (15))

Reversible work associated with inlet flows

Inlet fuel 66.6 -

Preheated and compressed inlet air 334 -
Reversible work losses

Electrochemical process and heat exchange 2.73 4.10

at electrodes

Auxiliary combustion 4.62 6.94

dc—ac and power conditioner efficiency 2.93 4.40

Anodic recirculation and mixing 1.20 1.80

Air preheating 1.09 1.64

Pressure losses 1.03 1.55

Thermal losses 0.25 0.37

Total losses 13.85 20.80
Reversible work associated with exhaust gases 52.4 -
Net electric work 33.7 -
Total 100 -
II law efficiency [Z(Wiev,ou)/Z(Wiev,in)] 86.1 -

# Numbers in the last column are reversible work losses divided by the
inlet reversible work associated with the fuel flow only.

4. Parametric analysis

Starting from the ‘nominal’ conditions listed in Table 1
and shown in Fig. 2, it is possible to discuss the effects of a
variation of each of the most interesting SOFC operating
parameters. A variation of four operating parameters (i., Uy,
U,, S/C ratio) of the SOFC module has been considered, and
a detailed analysis of their mutual dependencies and their
effects on the cell efficiency, power output and other cell
working conditions has been carried out. The obtained
results are summarized in detail by Table 4, and qualitatively
discussed in the following.

It should be preliminarily noticed that when the cell
operating conditions become substantially different from
the nominal conditions, some parameters could trespass into
areas of practical unfeasibility (for example with too low cell
inlet temperatures or S/C ratios, too high utilization factors
or preheating temperatures).

4.1. Variation of i. and U,

With an increase of i, from 100 up to 400 mA/cm2, the
cell voltage and efficiency decreases and the cell specific
electric power (kW generated/inlet fuel flow) becomes
lower; the total power production conversely increases.
The fuel chemical energy not converted into electricity is
transformed into heat released to the reactant flows, and
mainly to the air flow; by this way the air preheating duty
decreases and the module exhaust temperature 7.y, rises.

As already shown by Eq. (13), it is possible to change i,
with constant U, only with a different air flow (obtained by a

regulation of the compressor airflow or by an air by-pass
system) or with a different cell active area.” The combined
variation of i, and U,, together with the consequent variation
of the inlet fuel mass flow, is the main way to regulate the
stack electric power production.

The first four rows in Table 3 are calculated with the
SOFC stack operating at constant air flow (0.35 kg/s), and
with the air utilization factor changed proportionally to the
requested cell current density (case labeled A). The second
four rows are calculated with the SOFC stack operating at
constant air utilization factor U,, and with the air flow
adjusted proportionally to the requested current density
(case labeled B).

By increasing the cell current density, the oxidized fuel
flow increases. A consequently larger exhaust fuel flow is
burned in case A with the same air flow, and in case B with a
proportionally larger air flow, thus, giving respectively an
increased or constant combustion temperature, 7comp.

Case A shows a sharper decrease of the cell voltage, due to
the combined effects of a higher current and a lower oxygen
concentration. The consequent lower cell efficiency and
larger heat generation increases the internal air flow tem-
perature rise. Thus, the air preheating duty decreases rapidly,
and by the combined effect of a higher combustion tem-
perature (T.omp) the stack generates much hotter exhaust
gases. In case B the cell voltage decay is smoother, and the
air preheating duty shows a more limited decrease. As the
combustion temperature is almost constant, the stack
exhaust temperature increases slowly.

The electric power generated in the two cases is almost
identical, except for small differences due to limited varia-
tions of the cell voltage, because the amount of consumed
oxygen (my;,x U,) is practically constant.

The overall SOFC module behavior is expressed by Fig. 3.
The effective regulation of the cell load can be obtained for
any requested cell current by changing both the air utiliza-
tion factor and the air mass flow, moving between the
couples of lines shown in Fig. 3.

The operation at low cell current density yields a high
electrical efficiency but decreases the stack power produc-
tion and the stack exhaust temperature. These two effects are
both undesirables for a practical power plant application,
where the lowest capital costs are required and the SOFC is
likely to be integrated with gas turbine cycles.

As shown by case A, an increase of the cell air utilization
factor leads to a higher power generation (higher electric
power production per kg/s of inlet air) and to a large increase
of the SOFC stack exhaust temperature. The combination of
these two effects is beneficial for power plant applications
where an increase of the plant specific work is requested.

2 This possibility involves a preliminary project choice dedicated to the
individuation of the appropriate cell number, or the adoption of an apposite
regulation system capable of bypassing some cells and making them
inactive in hot-stand-by conditions.



Table 4
Parametric analysis of the SOFC module operating conditions and efficiency with a variation of i, (mA/cm?), U,, U; and S/C ratio®
Changed parameters  Teoms (°C)  S/C Myee (Kgls) Uy (%) Ut giobar (%) Ve (V) ATy (°C) Toxn °C) %m0l 02 Qv uetin kW) Wor kW) 57a%
ic Mir
Variation of i (A) 100 0.35 963.8 1.8 0.049 9.92 85 732 239.4 734 19.1 120.2 65 55.1
(my;; constant) 200 1014.5 0.098 19.8 683 176.0 852.8 17.3 2334 121.3 51.5
300 1062 0.146 29.7 639 92.7 980.5 15.5 353.7 169.9 48.1
400° 1107 0.195 39.7 594 15.0° 1094 13.6 474 2109 44.7
Variation of i. (B) 100 0.19 1004.7 1.8 0.088 17.9 85 729 205.5 813.8 17.7 120.2 64.6 54.9
(my;; constant) 200 0.39 684 186.8 831.7 2334 121.6 51.5
300 0.58 644 170 847.5 353.7 171.6 48.5
400 0.78 604 1533 863.3 474 214.8 45.5
Variation of Uy single 0.6 1043.1 1.62 0.097 17.9 80 720 2135 846.1 17.7 226.4 115.4 51.1
passage (ic, U,, 0.7 1000.7 1.82 0.087 85.5 689 188.1 826.3 211.0 110.2 523
MMy,;, constant) 0.75 982.5 1.93 0.083 88.1 671 175 820 205.1 107.4 525
0.8 965.7 2.03 0.080 90.6 651 161 816 198.1 104.4 523
0.85 950.0 2.13 0.076 93.1 625 146.1 814 191.0 100.0 51.6
0.9 935.6 2.24 0.073 95.4 591 127.5 816.8 183.9 94.6 50.1
Variation of S/C (ic, U,, 1.4 1011.8 as input  0.066 17.9 84.0 698 195.0 831.2 17.7 214.9 111.9 52.1
My, constant) 1.6 1008.2 0.076 84.5 696 192.7 829.6 213.7 1114 52.1
1.8 1004.7 0.088 85.0 693 190.5 828.1 2122 110.8 522
2.0 999.1 0.097 85.8 688 186.4 826.2 210.9 110.3 523
22 996.5 0.109 86.1 685 185.1 824.8 209.7 109.7 523
2.5 994.1 0.129 86.4 683 183.8 8234 208.2 109 52.4

# Unchanged parameters have the nominal values listed in Table 1. Inlet fuel and air temperature are kept constant (200 and 630°C, respectively).
® In this case the inlet air temperature is T,;, = 600°C.

[43
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Fig. 3. Effects of a variation of the cell current density on the stack exhaust temperature (7.xp), cell voltage (V,), air preheater duty (AT}.p) and stack electric

power (Py)).

4.2. Variation of Uy

A variation of U from 0.6 to 0.9 on a single passage leads
to a corresponding increase of Uy global, including recircu-
lation effects, from 0.80 up to 0.95. This variation can be
operatively obtained by limiting the cell fuel input, as the
fuel flow requested to exploit the available oxygen (with
constant air flow, i, and U,) diminishes at increased Us.

Even holding the anode recirculation ratio unchanged the
global S/C ratio increases, because the recirculated gases are
richer in steam and poorer in CO (transformed into CO, by
the shift reaction). The recirculated fuel flow decreases more
than proportionally to the inlet fuel flow, thanks to its higher
steam fraction. The requested fuel pressure at the ejector
decreases.

A higher Uy also leads to a lower depleted fuel heating
value and, thus, to a lower auxiliary combustion temperature
(Teompb)- The cell voltage decreases, due to the reduced fuel
minimum hydrogen content and higher anode polarization
losses. The cell generates more heat, released to the reactant
flows, and the air preheating duty decreases. The lower
combustion temperature leads anyway to a decrease of
the stack exhaust gas temperature.

The electric efficiency, which is proportional to V.x Uy,
rises with Uy in spite of the slightly lower cell voltage,
reaching a maximum for a value of Us close to 0.88. Only
for higher fuel utilization the efficiency decreases due to the
growing effects of the voltage decay for concentration
losses. These results are shown in Fig. 4. It is possible to
notice also that the electric power output decreases, even if
supported by the higher electric efficiency, because a lower
fuel flow (with lower thermal power input) is progressively
used.

4.3. Variation of the S/C ratio

If the steam-to-carbon ratio is increased from S/C=1.4 up
to 2.5 (with constant U,, i., air and fuel flow) the corre-
sponding global fuel utilization factor Uy, giobar increases due
to the higher mass flow of fuel recirculated and consumed.
As the air flow (m,;,) and the air utilization factor (U,) are
constant, then the amount of consumed oxygen is also
constant. Thus, the fuel mass flow shall be slightly decreased
to accommodate the larger Uy.

The cell voltage decreases together with the electric
power production (Fig. 5), while the module efficiency
Eq. (9) slightly increases.

The auxiliary combustion temperature decreases due to
the lower depleted fuel heating value, while the increased
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Fig. 4. Effects of a variation of Uy on a single passage over the global Uy
and the cell voltage and efficiency (m,;, constant, mg,. decreased).
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Fig. 5. Effects of a variation of the S/C ratio over the global Uy and the cell
voltage and efficiency (m,; constant, mg,.; decreased).

cell heat generation reduces the air preheating duty; the
combination of the two effects leads to almost constant
SOFC stack exhaust temperatures.

The increase of S/C yields also an increase of the mass
flow ratio between fresh fuel and recirculated fuel, leading to
the requirement of a higher fresh fuel pressure to sustain the
ejector recirculation. It would be generally desirable to
operate with the lowest S/C ratio, compatibly with the
problem of carbon deposition, to have the possibility of
reducing the fresh fuel pressure.

5. Conclusions

A thermodynamic model for a tubular SOFC stack fed
with natural gas with internal reforming, exhaust gas resi-
dual combustion and internal air preheating has been devel-
oped. The model has been calibrated over the performances
of a recent prototype plant, showing the capacity of pre-
dicting accurately the SOFC operating conditions. A ther-
modynamic analysis of the SOFC stack losses has been
carried out according to the first and second law, showing the

importance of an efficient design of the heat-recovery and air
preheating systems around the SOFC stack. The parametric
analysis of the stack behavior, based on a variation of the cell
operating parameters, yields a detailed insight on the influ-
ence of each variable on the cell efficiency and electric
power output and on load regulation techniques.
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