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State of scientific knowledge
Literature of thermodynamic analyses of SOFC systems

I T £

H. Zhu et al. Thermodynamics of SOFC efficiency and fuel utilization 2006 H,, CH,, compositions of
as functions of fuel mixtures and operating conditions H5, CH,, €O, CO,

S. Douvartzides Fuel Options for Solid Oxide Fuel Cells: 2003 methane, ethanol,

et al. A Thermodynamic Analysis ethanol, i

G.S. Samuelsen  Fuel flexibility study of an integrated 25kW SOFC 2005 natural gas, diesel

et al. reformer system reformate, biogas, syngas
J. V. Herle et al. Energy balance model of a SOFC cogenerator operated 2003  biogas
with biogas
W. Jiang et al. Parameter setting and analysis of a dynamic tubular 2006  ethanol
SOFC model
S.H. Chan et al. Simulation of a solid oxide fuel cell power system fed 2005 methane
by methane
A.V. Akkaya Thermodynamic model for exergetic performance ofa 2009 methane
et al. tubular SOFC module

M Analyses either encompass only few fuels

W ... or solely single reforming concepts

® ... or reforming concepts but no efficiency examinations

B ... and never correlate this directly to system operation data.
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State of scientific knowledge
Literature of single aspect thermodynamic analyses of SOFCs

Topic |Author [Tl vear

Biogas S. Assabumrungrat Selection of appropriate fuel processor for biogas-fuelled SOFC 2008
fueled SOFC et al. system

A. Lanzini et al. Experimental investigation of direct internal reforming of biogas
in solid oxide fuel cells

C. Bang-Mgller Thermodynamic performance study of biomass gasification, solid
et al. oxide fuel cell and micro gas turbine hybrid systems

Gasturbine- M. Sucipta Performance analysis of the SOFC-MGT hybrid system with
SOFC gasified biomass fuel
combination

C. Wachter Modellierung, Regelung und Simulation des Betriebsverhaltens
eines SOFC/GT-Hybridkraftwerks

M. Santarelli et al. Computer experimental analysis of the CHP performance of a
100kWe SOFC Field Unit by a factorial design

SOFC CHP P. lvanov Thermodynamic modeling of the power plant based on the SOFC 2007
with internal steam reforming of methane
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Research targets

Theoretical investigations

B Analysis and evaluation of the different SOFC system concepts
using a thermodynamic model

(incl. possible reforming steps, available fuels)

to provide an information basis for process development and
system designing

to understand the influence of the adjustable operating parameters
for system operators and controller developers

Experimental investigations
B Use of the model

to guide and support the system development process
- Biogas POx (partial oxidation)

to analyze operating points and periods
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B Fundamentals
Process steps for SOFC systems
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Fundamentals
Process steps for SOFC systems

electric power
— >

internal heat utilization heat
A A
\ 4 \ 4 \ 4
fuel reformate reformate exhaust
> : X » | electrochem. . » | anode offgas | ——
. reforming | . : | . . |
air, water | air conversion . off-air_ oxidation
: 1 ' '
N R Y o o

Necessary process steps:

reforming, electrochemical conversion, anode offgas oxidation

Regardless of geometrical arrangement

Process steps may be split up between components, but need not be
Recirculation of any process flow is possibie

Reforming may be steam reforming (SR), partial oxidation (POx)

or oxidative steam reforming (OSR)
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B Thermodynamic analysis of SOFC systems
Method, thermodynamic model, results
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Thermodynamic Analysis of SOFC systems

Procedure for the thermodynamic analysis

B Thermodynamic equilibria of fuel specific reformates
Fuels to be analyzed
B Carbon formation boundaries Vo = f(br,A\res, S/C, R)
B Reformate concentrations Wi =L, = f(br,0, A, S/C, R)

B |deal electric efficiency Netid = J(br, 9, Upe, Apef, S/C, R)

M Process technological investigation of reformer operation
Chemical energy flows
M Balance of thermal energies 0 =Q/P, = f(br,9, \re, S/C, R)

B Influence of the adjustable operating parameters on efficiency
B Temperature, air-to-fuel and steam-to-carbon ratios at reformer

M recirculation number,
fuel utilization

— Wi N W Ry

and overall influence of internal heat management
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Thermodynamic Analysis of SOFC systems

Thermodynamic model (excerpt)

W |deal electric efficiency

" ' = ) — 3! _ Fuel Total
Tetjia = Pel,id/Pch I=U,F e s Ui F iz (1 lre‘t) formula
Gasoline GH,;5 41
_[El! 1 0 X o
Metig = LRV, 1, Ei =ToF A, Gy, o T RTIN < x Diesel CisaHass 79,9
LPG CyosHg: 20,3
Ethanol C,H,O 12
U]c T (1—ﬂref) 0 X Natural gas CH, 8
Netjg =~ ArgHZ—Ox +RT In = X (Uy) Biogas CH,O ¢ 4
2 LHV, Xy %, Hydrogen H, 2
Carbon monoxide CO 2
Adjustable operating parameters:
}\‘ref' S/C, Uf(=|/|max)' T
B Balance of thermal energy of the reforming step
H; Hﬁ
T" ref,ch ref,ch
) D “. C,; dT _Arhiow_l_y-n;ef A : £ :
g \(rff I G | ) ] '] i Hl re H i,
P, LHV, n;
TCgrqf
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Thermodynamic analysis of SOFC systems
Results |

Y in °C

T in°C

B Carbon formation

boundaries s

200
300
400
500
600
700
800
900
1000

Conditions Results
Thermodyn. equ. T (fuelr ,S/C)

Calculating the thermodyn. equilibrium concentrations:
B T, X FactSage (Database Fact53)
B AX(UgX; et Kiygs(T)): Implemented in the model (Database Fact53)
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Thermodynamic analysis of SOFC systems

Results |
B Carbon formation ‘
boundaries

® Cumulated H, and CO
Xy + Xcor T=800 °C

08 12 ; G ; . 08

Conditions Results Carbon formation
Thermodyn. equ.; T=800 °C; X X (fuelr ,S/C) R=0
._=3; R=0 ' : —_—

Calculating the thermodyn. equilibrium concentrations:
B T, X FactSage (Database Fact53)
B AX(UgX; et Kiygs(T)): Implemented in the model (Database Fact53)
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Thermodynamic analysis of SOFC systems

Results |
Nel id
B Carbon formation ' ‘ ‘
boundaries

® Cumulated H, and CO
Xy + Xcor T=800 °C
W Electric efficiency
at U=0,8
% Influence
At Strong; S/C weak

Conditions Results Carbon formation
Thermodyn. equ.; T=800 °C; n,, ,(fuelz. _ SIC) R=0 R=1
»._=3; U, =0,8; R=0...1 : — 1

Calculating the thermodyn. equilibrium concentrations:
B T, X FactSage (Database Fact53)
B AX(UgX; et Kiygs(T)): Implemented in the model (Database Fact53)
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Thermodynamic analysis of SOFC systems

Results |
— ’
RS Q"'ef/Pch
B Carbon formation ‘ 0 oS 0=Q, /P,
boundaries ' 04 o4 020
0,34 0,3 -0,10
® Cumulated H, and CO 56
)(F“Z-+.)(C()’ 1-==23()() O(: 0,10
0,20
W Electric efficiency - o | 030
at U,=0,8 004 Dm 12 %8 o G4 08 4 08 12 8 0.40
Influence | -
At Strong; S/C weak 070
B Balance of thermal energy |
of the reforming step E
high efficiency sic

- endothermal operation G0 B4 D8 A2 1500 o0& 0B B 4500 W4 gE 12
Conditions Results Carbon formation
Thermodyn. equ.; T=800 °C; o(fuel,2. ,S/C) 6= Q.er P R=0 R=1
,.=3; U, =08, R=1 —

Calculating the thermodyn. equilibrium concentrations:
B T X . FactSage (Database Fact53)
B AX(UgX; rer Kiygs(T)): Implemented in the model (Database Fact53)
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Thermodynamic analysis of SOFC systems

Results Il - Recirculation

Influence of recirculation factor - 135 <
on 1, for partial oxidation = - — -
= = = - 3,0
B Recirculation von reaction products = - = :O
reduces tendency to form carbon = = = {25 £
B Recirculation with fuel-specific R, Q = = 20‘90
(S/C=M,.+=0) leads to very similar n,, 3 s T =
due to similar x,,,+xo at stack inlet 1. =
for all different fuels Tl%
B Tendency to form carbon defines 1% ™=
the necessary degree of the = ﬁ
countermeasure (S/C, A+, R) I o
0,0
] ) Gasoline Diesel LPG Ethanol Naturalgas Biogas
nr nr
Conditions Calculated results
. P! . Ly Ly Thermodyn. equ.; T=800 °C; IeI electric efficiency  Minimal recirc. ratio
- St en =}: ref o W M, Man i, =3; 8/C=0; U,=0,8 W4 . (R=07=h )  for S/C=)_=0
TM Prpf‘i ref P”ref,i 7' IL(‘? ec mgc,i n' = 1]el.ld(R:Rmm;)’:(‘]) - Rmin
n' ref,ch ref,ch ca ce 0
ref, HoO * :
$9r R
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M Experimental results with the fuel biogas
Model employment: system development, operating point analysis
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Experimental results with the fuel biogas
Investigations with two system generations

=1 W

Biogas v2

Biogas v1
Performed investigations

B Model validation via operation with B Reactor development (improving

methane and biogas internal heat management)

® Identifying the critical process steps m Verify efficiency targets
via energy flow analyses found through model prognosis
using the model Ne = 0,50; Nges = Ney + My, > 0,85
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Experimental results with the fuel biogas
Reactor development for a low-A biogas POx system

/ electric power \
—>

air, water
—_—

internal heat utilization heat
e
fuel reformate reformate exhaust
7y > : > ——T——————>
i air . off-air_
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Experimental results with the fuel biogas

Reaching the model prognosis with Biogas v2

B Intensifying internal heat
utilization

® Higher chemical outlet flow of the
reformer

biogas

hotbox

29%

70.1%

388 %

[ fuel gas, chemical [%a]
[ fuel gas, thermal [%a]
[ loss, thermal [%]

[ exhaust, thermal [34]
312% I heatflow [%4]

B clectricpower [%]
\I:I air, thermal [%:]

electric power
513%

. thermal losses

—
( 749%
46%

147 %

CHP- haust
heat ex *na
changer

heat output
rrrrrr 40 %
Energiestrome
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Experimental results with the fuel biogas
Reaching the model prognosis with Biogas v2

B Intensifying internal heat
utilization

B Higher chemical outlet flow of the
reformer

B Model prognosis for the new
system mg 10ss = 0,47...0,53
Main influence: stack performance

B Experimental data (gross)
Nel,real = 0,47...0,55
Nges,real = 0,88...0,94

B Reason for fluctuation margin of
electric efficiency:
Fuel utilization strongly
dependant on el. output power
Efficiency directly proportional
to fuel utilization

U, in %

100 %

synthetic biogas
xC,H -1=XE,02=0' 5

T(V')=855..870°C

{ POx 1239 %

137 %

in ©
nef,bru in %

Experimental results
fuel utilization

o v,

Electric efficiency (gross)
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B Summary and outlook
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Summary
Dry biogas reforming for 50 % electric system efficiency

B Asimple thermodynamic model was presented that encompasses
fuels, reforming methods (SR, POx, OSR) and recirculation
to quickly analyze and assess SOFC system concepts

B Model was used for system development

Biogas POx (oxidative dry CO, reforming of methane)
is highly endothermic

B Model allows efficiency prognosis which was achieved
Nel,real,gross = 0,47...0,55

\

~ Fraunhofer

IKTS



Outlook

Dry biogas reforming for 50 % electric system efficiency

Theoretical investigations

B Implementing the spreadsheet-based thermodynamic model
in MATLAB

for quick multi parameter variation and optimization
development of model based, predictive control algorithms

Experimental investigations

B Examination of the entire operating map of the current system
B Steam reforming of natural gas, ethanol, diesel?
B Recirculation with biogas as fuel

B Coupling the SOFC system to a real biogas plant
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