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bstract

The performance of biogas-fed solid oxide fuel cell (SOFC) systems utilizing different reforming agents (steam, air and combined air/steam)
as been investigated via thermodynamic analysis to determine the most suitable feed. The boundary of carbon formation was first calculated
o specify the minimum amount of each reforming agent necessary to avoid carbon formation. The SOFC performance (electrical efficiency and
ower density) was determined at different biogas compositions and reforming agent:biogas ratios. The SOFC performance is better when the
ethane content in the biogas is higher. Steam is considered to be the most suitable reforming agent in this study as the steam-fed SOFC offers
uch higher power density than the air-fed SOFC although its electrical efficiency is slightly lower. When steam is added in the air-fed SOFC

s in the case of the co-fed SOFC, the power density can be improved but the electrical efficiency becomes lower compared with the case of the

ir-fed SOFC. Finally, in order to improve the electrical efficiency of the steam-fed SOFC, the biogas split option was proposed. It was found that
higher electrical efficiency can be achieved. In addition, although the power density is lowered by this operation, the value is still higher than the
ase of the air-fed SOFC.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The demand for fossil fuel in electrical power genera-
ion has significantly increased in the past decade due to the
apid changes in global economic activities. This upsurge in
ossil fuel consumption poses serious fuel supply insecurity
nd increases the amount of greenhouse gases accumulat-
ng in the environment. To alleviate these problems, several
nvironmental-friendly fuels have been proposed alternatives
o conventional fossil fuels. Biogas is an attractive fuel as
t is derived renewably from biomass and it contains only
race amount of non-methane hydrocarbons. A common prob-
em for biogas utilization is that most biogas is derived from

mall-scale sources, e.g. farm and municipal wastes. Hence, the
se of biogas is applicable to a small-size power generation
5–100 kW) [1]. Moreover, the biogas composition fluctuates
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arkedly, depending on its source [2]. Generally, biogas con-
ains methane (40–65%), carbon dioxide (30–40%) and trace of
itrogen.

A solid oxide fuel cell (SOFC) is an appropriate technology
or generating electricity from biogas due to its high effi-
iency (30–40%) for small-size power generations (<20 kW)
1]. Recently, a 100 kW class SOFC system fed by biogas has
een proposed, and the electrical efficiency of almost 48.7%
3] was reported compared to 41.5% of a conventional system
4]. Additionally, its performance is still remarkable even at
ow methane contents in biogas. In laboratory test, the perfor-

ance of SOFC drops only 5% when the biogas composition
CH4:CO2) is reduced from 70:30 to 30:70 [5].

An SOFC system can be divided into three main parts:
1) a fuel processor to reform the raw fuel into hydrogen gas,
2) SOFC stacks which subsequently generate electricity and

seful heat from the reformed gas and (3) an afterburner where
he residual fuel is combusted in order to supply heat to the
reheaters and the fuel processor. Within the fuel processor,
our main chemical reactions, namely steam reforming, dry

mailto:Suttichai.A@chula.ac.th
dx.doi.org/10.1016/j.cej.2007.10.007
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Nomenclature

DA–B ordinary diffusivity of gas A versus gas B
[cm2 s−1]

DA–B(eff) ordinary diffusivity of gas A versus gas B
[cm2 s−1]

DA,k Knudsen diffusivity of gas A [cm2 s−1]
DA,k(eff) effective Knudsen diffusivity of gas A [cm2 s−1]
Di(eff) effective diffusion coefficient of species i

(i = anode, cathode) [cm2 s−1]
Dp catalyst pore diameter [�m]
E open circuit voltage [V]
Eact,a activation energy at anode [J mol−1]
Eact,c activation energy at cathode [J mol−1]
F Faraday constant (9.6495 × 104) [C mol−1]
�Gi Gibb’s free energy of reaction i [J mol−1]
i current density [A cm−2]
i0,i exchange current density (i = anode, cathode)

[A cm−2]
Keq,dry equilibrium constant of dry reforming reaction

[Pa2]
Keq,pox equilibrium constant of partial oxidation reaction

[Pa3/2]
Keq,RWGS equilibrium constant of reverse water gas shift

reaction (RWGS)
Keq,steam equilibrium constant of steam reforming reaction

[Pa2]
la thickness of anode [�m]
lc thickness of cathode [�m]
L thickness of electrolyte [�m]
MA molecular weight of gas A [g]
n electrode porosity
pI

i inlet pressure of species i [Pa]
P operating pressure [Pa]
Pi partial pressure of species i [Pa]
r average radius of the catalyst pore [�m]
R gas constant (8.3145) [J mol−1 K−1]
T operating temperature [K]
V cell voltage [V]

Greek letter
αc carbon activity
εAB Lennard-Jones energy interaction parameter

scaled with respect to the Boltzman constant
γa pre-exponential factor for anode exchange current

density [A m−2]
γc pre-exponential factor for cathode exchange cur-

rent density [A m−2]
ηact,a activation overpotential at anode [V]
ηact,c activation overpotential at cathode [V]
ηConc,a concentration overpotential at anode [V]
ηConc,c concentration overpotential at cathode [V]
ηohmic ohmic overpotential [V]
σAB collision diameter [Å]
ΩD collision integral
ξ electrode tortuosity
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eforming, partial oxidation and autothermal reforming are
ossible [6]. Dry reforming is perhaps the most interesting
ption for the conversion of biogas since the major constituents
f the biogas are carbon dioxide and methane. However, it gives
ess hydrogen yields compared with steam reforming reaction.
or steam and dry reforming, an external heat source is required

o supply the endothermic fuel processor and to preheat the
eforming agent (steam and CO2) and this reduces the overall
fficiency of the fuel processor. This problem can be overcome
y applying an exothermic partial oxidation reaction which
tilizes air as the reforming agent. However, it is accompanied
y a lower hydrogen yield. Moreover, the hydrogen partial
ressure of the gas product obtained from the partial oxidation is
ow due to the dilution effect of nitrogen present in air. In order
o circumvent this drawback, the partial oxidation can operate
imultaneously with steam reforming to improve hydrogen
ield in a route referred to as autothermal reforming. If methane
s the fuel, autothermal reforming leads to a higher efficiency
93.9%) – defined as the lower heating value (LHV) of hydrogen
enerated divided by the LHV of the methane fuel – than that
f the steam reforming (91.3%) even though the latter gives a
igher hydrogen yield. This is because higher heating power is
equired to generate steam in the case of the steam reforming.
n addition, steam reforming is more prone to carbon formation
ompared to the partial oxidation and autothermal reforming [7].

When biogas is considered as a feedstock for the reformer,
ry reforming may become a co-reaction due to the large amount
f CO2 present in biogas. However, the quantity of carbon diox-
de available is not sufficient to convert all methane in biogas
nto hydrogen. Air and steam are the common reforming agents
o combine with CO2 in the fuel processor. The combination
f the dry reforming with partial oxidation helps reduce the
eformer size and softens the operating conditions. Furthermore,
he desired H2/CO ratio can be achieved by tuning the com-
osition of the reforming agent [8–10]. Combined steam and
ry reforming gives a higher H2:CO ratio compared to sole dry
eforming, however, large amount of heat must be supplied to
he fuel processor [11,12].

Although the advantages and disadvantages of the use of
ach reforming agent in the fuel processor have been widely
eported [11,12], the determination of a suitable reforming agent
hen the fuel processor is integrated with an SOFC system is

till a matter for further investigation. The performance analysis
f integrated biogas-fed SOFC systems should provide better
nsights into proper selection guidelines and hence, the ratio-
ale for this study. Thermodynamic analysis was performed
o compare the relevant performance indices (overall electri-
al efficiency and the power density) of the SOFC systems with
ifferent reforming agents.

. Modeling

.1. Fuel processors
The main reaction in the fuel processor fed by biogas is the
ry reforming reaction (Eq. (1)) due to the high content of carbon
ioxide in biogas. When this is supplemented with steam, Eq.
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2) also takes place in the fuel processor. In a third option, air
s fed along with biogas to the system so that the exothermic
artial oxidation (Eq. (3)) occurs and provides the energy for
he endothermic dry reforming.

H4 + CO2 → 2H2 + 2CO (Dry reforming) (1)

H4 + H2O → 3H2 + CO (Steam reforming) (2)

H4 + 1
2 O2 → 2H2 + CO (Partial oxidation) (3)

It should be noted that the mildly endothermic reverse water
as shift reaction (RWGS) (Eq. (4)) always takes place in the
uel processor due to the present of CO2 in biogas feed. This
eaction inhibits the generation of hydrogen.

O2 + H2 → H2O + CO (RWGS) (4)

The thermodynamics of dry and steam reforming are similar
since both are highly endothermic) while the methane partial
xidation is exothermic. However, carbon formation during dry
eforming is more severe compared with that of steam reform-
ng due to its lower H/C ratio [13]. In order to simplify the
alculations, in this study the reformer is assumed to operate
t isothermal condition and the exit gas reaches its equilibrium
omposition. The relationships of the thermodynamic equilib-
ium for the dry reforming, steam reforming, partial oxidation
nd RWGS are shown in Eqs. (5)–(8), respectively.

eq,dry = P2
H2

P2
CO

PCH4PCO2

(5)

eq,steam = P3
H2

PCO

PCH4PH2O
(6)

eq,pox = P2
H2

PCO

PCH4P
1/2
O2

(7)

eq,RWGS = PH2OPCO

PH2PCO2

(8)

here Keq,i, the equilibrium constant of reaction i, can be cal-
ulated from this expression:

eq,i = e−�Gi/RT (9)

The possibility of carbon formation may be examined from
he estimation of the carbon activity (αc). The carbon forma-
ion is thermodynamically possible when αc ≥ 1. The details of
arbon activity calculations are described in our recent work
14]. In this study, the following carbon formation reactions are
ssumed to occur in the reformer.

CO = CO + C (10)
2

H4 = 2H2 + C (11)

O + H2 = H2O + C (12)

S

η

ering Journal 140 (2008) 341–351 343

here the carbon activities (αc) for these carbon formation reac-
ions can be calculated by Eqs. (13)–(15):

c,CO = K1P
2
CO

PCO2

(13)

c,CH4 = K2PCH4

P2
H2

(14)

c,CO–H2 = K3PCOPH2

PH2O
(15)

.2. SOFC stack model

Electrochemical reaction takes place via the reaction between
uel and oxidizing agent. At the cathode section, oxygen in air is
educed to oxygen ions (Eq. (16)) which permeate via the solid
lectrolyte to react with the hydrogen fuel at the anode section
Eq. (17)). Only hydrogen is assumed to react electrochemically
ith oxygen ions. It was observed that the H2 electro-oxidation

s much faster than the CO electro-oxidation [15] and in addition
he rate of WGS reaction is fast at high temperatures [16–18].
t is also assumed that little amount of methane remaining from
he fuel processor is consumed via the steam reforming and that
he anode compositions always reach their equilibrium along
he cell length due to the fast kinetics at high temperature. For
he SOFC stack, Ni-YSZ, YSZ and LSM-YSZ are used as the

aterials in the anode, electrolyte and cathode, respectively.

1
2 O2 + 2e− → O2− (16)

2 + 2O2− → H2O + 2e− (17)

The open circuit voltage (E) of the cell can be calculated from
he Nernst equation which is expressed as:

= E0 + RT

2F
ln

(
PH2P

1/2
O2

PH2O

)
(18)

The actual cell potential (V) is always less than the open cir-
uit voltage (E) owing to the existence of overpotentials as shown
n Eq. (19). The overpotentials can be categorized into three main
ources: ohmic overpotential (ηohmic), activation overpotential
ηact) and concentration overpotential (ηConc).

= E − ηact − ηohmic − ηConc (19)

.2.1. Ohmic overpotential (ηohmic)
This overpotential is the resistance to flow of electron through

he electrodes and the interconnections as well as resistance to
he flow of ions through electrolyte. This voltage drop is the vital
ne in all types of cells and is linearly proportional to current
ensity (i). Due to the higher electronic conductivity of the elec-
rodes compared to the electrolyte, only ohmic overpotential in
he electrolyte is concerned. Hence, the ohmic overpotential of

OFC can be expressed by [19]:

ohmic = 2.99 × 10−11iL exp

(
10300

T

)
(20)
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.2.2. Activation overpotential (ηact)
Activation overpotential is controlled by the kinetics at the

lectrode surface. It is directly related to the activation barrier to
e overcome by the reacting species in order to conduct the
lectrochemical reaction. The electrode reaction rate at high
emperatures is fast, leading to low activation polarization as
ormally observed in SOFC.

These activation overpotentials in electrodes can be expressed
y the Butler-Volmer equation,

= i0

[
exp

(
αzFηact

RT

)
− exp

(
− (1 − α)zFηact

RT

)]
(21)

In case of SOFC, α and z are set to 0.5 and 2 [20]. Therefore,
he activation potential at the anode and cathode can be explicitly
ritten as:

act,j = RT

F
sinh−1

(
i

2i0

)
, j = a, c (22)

The exchange current density (i0) for the cathode side
epends on partial pressure of both hydrogen and water as well
s the operating temperature [21,22]. For the anode side, i0
epends on oxygen partial pressure and operating temperature
s expressed in Eqs. (23)–(24) [23].

0,a = γa

(
PH2

Pref

)(
PH2O

Pref

)
exp

(
−Eact,a

RT

)
(23)

0,c = γc

(
PO2

Pref

)0.25

exp

(
−Eact,c

RT

)
(24)

.2.3. Concentration overpotential (ηConc)
The concentration overpotential is the electrical loss owing to

he difference between the reactant concentration on the reaction
ite and that in the bulk of the gas stream. This is due to the
ffect of the diffusion of the reactant gas into the pore of the
lectrochemical catalyst. It can be calculated by Eqs. (25) and
26):

Conc,a = RT

2F
ln

[
(1 + (RT/2F )(la/Da(eff)p

I
H2O)i)

(1 − (RT/2F )(la/Da(eff)p
I
H2

)i)

]
(25)

Conc,c = RT

4F
ln

[
pI

O2

(pc − δO2 ) − ((pc − δO2 ) − pI
O2

) exp
[
(RT/

here δO2 , Da(eff) and Dc(eff) can be expressed by:

O2 = DO2,k(eff)

DO2,k(eff) + DO2–N2(eff)
(27)

1

Dc(eff)
= ξ

n

(
1

DO2,k

+ 1

DO2–N2

)
(28)

(
pH2O

) (
pH2

)

a(eff) =

pa
DH2(eff) +

pa
DH2O(eff) (29)

1

DH2(eff)
= ξ

n

(
1

DH2,k

+ 1

DH2–H2O

)
(30)

T
i
r
h
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δO2 lc/Dc(eff)pc)i
]
]

(26)

1

DH2O(eff)
= ξ

n

(
1

DH2O,k

+ 1

DH2–H2O

)
(31)

The correlation between the effective parameter and the nor-
al parameter can be expressed by Eq. (32)

(eff) = n

ξ
D (32)

Knudsen diffusivity can be computed by the correlation
elow:

A,k = 9700r

√
T

MA
(33)

Ordinary diffusivity can be calculated by Chapman-Enskog
quation (Eq. (34)) [24]:

A–B = 1.8583×10−3

(
T 3/2((1/MA)+(1/MB))1/2

Pσ2
ABΩD

)
(34)

here σAB is the collision diameter (Å) which is equal to
σA + σB)/2. ΩD is computed from [25]:

D = A

T B
k

+ C

exp(DTk)
+ E

exp(FTk)
+ G

exp(HTk)
(35)

here Tk is equal to T/εAB and A, C, E and G are constants for
ach gas.

.3. Afterburner and heat exchanger

At the exit of the SOFC stack, the anode exit gas and the
athode exit gas are mixed for post combustion. Complete
ombustion is assumed to take place in the afterburner; hence
ethane, carbon monoxide and hydrogen contents in the exhaust

as become zero. The heat exchanger is assumed to operate
ithout heat loss.

.4. Calculation procedure for determining SOFC stack
erformance

For the SOFC operation, a constant operating voltage along
he cell length is assumed as the current collector usually has

igh electrical conductivity. The operating voltage is kept at
.7 V in this study. The current density inside the stack varies
ith the distance from the stack entrance due to the changes in
as compositions in the cathode and anode sections and therefore
he open circuit voltage. Hence, the average current density and
ower density of the SOFC stack can be calculated. In this work,
he calculation takes place for each small fuel utilization region
mploying the mathematical model presented in Section 2.2.

he thermodynamic equilibrium is assumed for the anode gas

n each region because the anode material is also active for the
eactions and the operating temperature of the SOFC stack is
igh. In each region, the open circuit voltage, overpotentials,
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Fig. 1. The plant configuration and ene

quilibrium composition of anode fuel, stack area and current
ensity are computed. The stack areas calculated in each region
re added up to yield the total stack area. Finally, the current
alculated from the fuel utilized in the stack is divided by the total
tack area to obtain the average current density and hence, the
verage power density is determined. The electrical efficiency
ay be computed from Eq. (36).

OFC plant efficiency = total electricity generated

LHV of biogas feed
(36)

.5. SOFC system configurations
Three biogas-fuelled SOFC systems are considered in this
tudy, i.e. SOFC using steam as the reforming agent (steam-fed
OFC), SOFC using air as the reforming agent (air-fed SOFC)
nd SOFC using both air and steam as the reforming agents (co-

g
i
h
i

Fig. 2. The plant configuration and energy
lance for the steam-fed SOFC system.

ed SOFC). The plant configuration for the steam-fed SOFC
s illustrated in Fig. 1. Several unit operations are included in
his configuration consisting of a fuel processor, SOFC stack,
n afterburner, a mixer, a vaporizer and preheaters. Steam is
enerated via the vaporizer, preheated and then mixed with bio-
as. The mixture gas is then fed into the fuel processor. In the
uel processor, the steam reforming, dry reforming and WGS
ake place to produce H2-rich gas and the total heat consumed
n these reactions is supplied from heat generated in the after-
urner. The H2-rich gas produced in the fuel processor is fed
nto the SOFC stack where the electrical energy is generated.
he heat generated in the SOFC stack due to the irreversibility

s utilized for air and H2-rich gas preheating. The residue fuel

as released from the SOFC stack is burned up in the afterburner
n order to supply heat to the vaporizer and the fuel processor. A
igh temperature flue gas which mainly contains carbon diox-
de and steam released from the afterburner is used in preheating

balance for the air-fed SOFC system.
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subsequent studies of this work. Moreover, with inlet gas con-
taining various fuel types (CH4–CO–H2), the simulation could
also predict the experimental data [27] well as illustrated in
Fig. 5.

Table 1
Summary of model parameters [28]

Parameters Value

γa 1.344 × 1010 A m−2

γc 2.051 × 109 A m−2

Eact,a 1.0 × 105 J mol−1

Eact,c 1.2 × 105 J mol−1

n 0.48
ξ 5.4
Dp 1 �m
da 750 �m
dc 50 �m
L 50 �m
V 0.7 V
T 1073 K
Fig. 3. The plant configuration and en

iogas, steam and oxidizing agent (air) before being discharged
o the environment at low temperature. For the calculation, the
ue gas temperature released from the system is kept at 473 K.
he total heating power used in preheating is computed and the
fterburner outlet gas temperature and the quantity of the fuel
ombusted in the afterburner to achieve the required outlet gas
emperature are then calculated. To achieve a desired tempera-
ure of the SOFC stack, an oxidizing agent (air) temperature is
uned up employing the energy balance in the SOFC stack. A
rial-and-error is performed by tuning the fuel utilization until
he total energy flowing into the afterburner is equal to the total
nergy flowing out of the afterburner. For the air-fed SOFC, its
alculation procedure is similar to that of the steam-fed SOFC.
owever, the heating power used in preheating and the quantity
f the fuel used in the afterburner of the former is extremely less
han the latter. Therefore, almost all hydrogen in the anode gas
an be utilized in the SOFC stack for the air-fed SOFC and the
ower density also reduces following to the increase in the fuel
tilization. To achieve a reasonable power density, the hydrogen
ole fraction of the SOFC anode output stream is controlled

o be higher than 1.5 mol%. In this case, the heat residue from
he afterburner is fed into the steam turbine to generate more
lectricity as illustrated in Fig. 2. The electrical efficiency of
team turbine is assumed to be 30%. The heat generated from
he exothermic partial oxidation in the fuel processor is utilized
n preheating the oxidizing agent.

According to the plant configuration of the co-fed SOFC,
ost of the configurations are identical to that of the air-fed
OFC as illustrated in Fig. 3; nevertheless, more heat is gener-
ted in the afterburner in order to generate steam. It should be
oted that, in all cases, the quantities of air fed as the oxidant

nto the SOFC cathode are 5 times of theoretical air required to
ombust the biogas fuel. The excessive amount of air is required
n order to avoid the overheating of the stack which would cause
ell damages.

O
O
T
T

balance for the co-fed SOFC system.

. Results and discussion

The models of the SOFC systems are programmed in Visual
asic. The values of all parameters used in the calculations
re summarized in Table 1. For model validation, the com-
uted results are compared with the experimental results of
hao and Virkar [26] and Tao et al. [27]. The feed composi-

ions and the SOFC stack dimensions used in model validation
re summarized in Table 2. As shown in Fig. 4, the simula-
ion shows good agreement with the experimental data using
ure hydrogen fuel [26] for all temperature levels particularly
t the operating temperature of 1073 K which is used in the
SOFC

perating pressure (SOFC) 1 bar
perating pressure (H2 processor) 1 bar

Fuel processor (steam as reforming agent) 873 K

Fuel processor (air as reforming agent) 1073 K
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Table 2
Feed compositions and SOFC stack dimensions used in model validation

Parameters Zhao and
Virkar [26]

Tao et al. [27]

Fuel compositions (mole fraction)
CH4 – 0.21
H2 0.97 0.4
CO – 0.2
CO2 – 0.18
N2 – 0.01
H2O 0.03 –

Stack dimensions
Type of cell Button cell Planar SOFC with 100 cm2

active surface area
n 0.48 0.48
ξ 5.4 5.4
Dp 1 �m 1 �m
da 1000 �m 500 �m
dc 20 �m 50 �m
L 8 �m 10 �m
Stack average temperature 873–1073 K 1073 K

a
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f
a

F

F
d

s
o
l
w
s
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S

Fig. 4. Verification of the SOFC model.

The boundaries of carbon formation indicating the minimum
mount of a reforming agent required to avoid the carbon for-
ation for the biogas steam reforming and partial oxidation are

llustrated in Fig. 6a and b, respectively. It is obvious that less

eforming agent (steam or air) is required in order to inhibit the
arbon formation when the reforming temperature increases. In
act, the moles of reforming agent per biogas required decreased
lmost hyperbolically with temperature attaining nearly con-

ig. 5. Verification of SOFC model for the feed with CH4, CO and H2 mixtures.

e
t
C
6
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f
b
s
t
t
p
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C
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c
h
t
t

ig. 6. Boundary of carbon formation for the biogas-fed fuel processors with
ifferent reforming agents: (a) steam and (b) air.

tant value beyond about 1173 K. Biogas with a higher content
f methane is more prone to carbon formation than that with a
ower amount of methane. These trends are corresponding well
ith previous literatures [13,14,29]. Note that in the following

tudies the SOFC systems are always operated using a sufficient
mount of the reforming agent to avoid the carbon formation.

The electrical efficiency and power density of the steam-fed
OFC were first investigated. Energy value (lower number on
ach stream) and temperature (upper number) for different sec-
ions of the plant are shown in Fig. 1. The values of H2O:biogas,
H4:CO2 in biogas and fuel processing temperature are 1.2,
0:40 and 873 K, respectively. It may be noted that the energy
s given as a percentage of lower heating value of the biogas
uel. As seen in Fig. 1, large amounts of heat generated in after-
urner, about 11.06 and 17.91% of biogas LHV, respectively, are
upplied to the vaporizer and the fuel processor. An overall elec-
rical efficiency of about 55% of biogas LHV was obtained for
his SOFC system. Fig. 7 shows the plant electrical efficiency and
ower density of the steam-fed SOFC at various steam contents
nd CH4:CO2 ratios. As shown in Fig. 7, biogas with a higher
H4:CO2 ratio gives higher efficiency than that with a lower one.
s the methane content in the biogas increases, the reformed gas

ontains hydrogen at a higher concentration and, therefore, a

igher power density is achieved. The smaller content of CO2 in
he biogas reduces the energy loss by the exhaust gas of the sys-
em. Consequently, the electrical efficiency is improved. Inter-
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ig. 7. Performance of the steam-fed SOFC at different H2O:biogas and
H4:CO2 ratios (fuel processing temperature = 873 K).

stingly, as the H2O:biogas ratio increases, the plant electrical
fficiency decreases. This is particularly pronounced when the
2O:biogas ratio is higher than 1.6. Although excessive addition
f steam in the system can increase the hydrogen yield from the
eformer, significant amount of heat load is required to generate
nd preheat the excessive steam. Consequently, the SOFC cannot
e operated at high fuel utilization, resulting in lower electrical
fficiency. It is also observed that the power density increases ini-
ially, levels off and then slightly decreases. This behavior is most
ikely due to the fact that although steam is essential for promot-
ng the production of hydrogen, it also acts as a diluent, leading
o the decrease of hydrogen concentration and power density.

In the case of the air-fed SOFC, the plant configuration and its
nergy balance are illustrated in Fig. 2, the values of air:biogas,
H4:CO2 in biogas and fuel processing temperature are 1.6,
0:40 and 1073 K, respectively. Unlike the steam-fed SOFC,
eating energy is not required for the steam generator and the
uel processor. However, hydrogen fuel cannot be used entirely
n the SOFC stack, as some fuel must remain in the SOFC out-
et stream in order to maintain a high power density for the
OFC. The residue gas combusted as well as the energy gen-
rated (28.52% of biogas LHV) is utilized in the steam turbine
assuming an electrical efficiency of 30%) to generate more elec-
ricity as shown in Fig. 2. Heat loss generated in the steam turbine
19.97% of biogas LHV) is released to the environment. The
lant efficiency and power density for the air-fed SOFC with
arious air:biogas and CH4:CO2 ratios are illustrated in Fig. 8.
ompared with the case of the steam-fed SOFC, the power den-

ity is much lower. This is due to the fact that the partial oxidation
eaction (Eq. (2)) can produce only 2 moles of hydrogen per
ole of methane compared with 3 moles of hydrogen per mole

f methane in the case of the steam reforming reaction (Eq. (3)).
n addition, the high proportion of nitrogen present in air also
educes the hydrogen concentration in the reformed gas. Conse-
uently, the hydrogen partial pressure of the product gas derived
rom the partial oxidation is lower than that derived from the
team reforming, leading to a lower SOFC power density. How-

ver, the air-fed SOFC offers slightly higher electrical efficiency
han the steam-fed system. This is due to the exothermicity of
he partial oxidation route. Therefore, heat energy from the after-

p

o

ig. 8. Performance and current density of air-fed SOFC at different air:biogas
nd CH4:CO2 ratios in biogas (fuel processing temperature = 1073 K).

urner is not required to supply to the fuel processor unlike the
team-fed SOFC. Moreover, energy is not required for steam
eneration which usually consumes large amount of heat. These
eatures help to annul the effect of reduced hydrogen yield in
he partial oxidation route. Similar to the case of the steam-fed
OFC, both plant efficiency and power density improve as the
uantity of methane in biogas increases as illustrated in Fig. 8.
he effect of variation in the air:biogas ratio was also investi-
ated. The results indicate that both power density and overall
fficiency decrease with increasing the air content. The decrease
n power density is mainly due to the significant increase in
nert nitrogen in the inlet stream (anode). The decrease in the
lectrical efficiency may be ascribed to the excessive air fed to
he reformer, occasioning higher energy loss from the increased
mount of exhaust gas.

As a third option, the co-fed SOFC is also investigated and its
nergy balance is illustrated in Fig. 3. The values of H2O:biogas,
ir:biogas, CH4:CO2 in biogas and fuel processing temperature
re 0.8, 2, 60:40 and 973 K, respectively. Unlike the steam-fed
OFC, there is no energy supplied to the fuel processor due to

he participation of exothermic partial oxidation reaction; how-
ver, some heating energy produced in the afterburner (7.38%
f biogas LHV) must be supplied to the vaporizer to generate
team. Furthermore, the residue heat from the co-fed SOFC sys-
em (26.86% of biogas LHV) is supplied to the steam turbine to
enerate more electricity like in the case of the air-fed SOFC. The
eat loss from the gas turbine (18.8% of biogas LHV) is released
o the environment. The plant electrical efficiency and the power
ensity at different air:biogas and H2O:biogas ratios are illus-
rated in Fig. 9. In this study, the biogas composition (CH4:CO2)
s kept at 60:40. From the foregoing analysis, the electrical effi-
iency of the co-fed SOFC decreases with the increase in the
eforming agent content. The power density decreases as the
ir:biogas ratio increases due to the presence of large amount of
itrogen in air. However, an optimum H2O:biogas ratio which
rovides a maximum power density is observed. This is due
o the competing effects between the promotion of hydrogen

roduction and the dilution effect by the addition of more water.

In order to select a suitable reforming agent, the performance
f the SOFC systems with different reforming agents is com-
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ig. 9. Performance and current density of co-fed SOFC at different air:biogas
nd H2O:biogas ratios (fuel processing temperature = 973 K).

ared as shown in Fig. 10. It is obvious that steam is the most
ttractive reforming agent for the biogas-fed SOFC regarding the
ower density. Although the air-fed SOFC can provide slightly
igher electrical efficiency than the steam-fed SOFC, the power
ensity is much lower due to the high content of nitrogen in air.
y adding steam to the air-fed SOFC, the power density can
e improved but with the reduction of the electrical efficiency.
ecause the stack is among the most expensive part of the SOFC

ystem, it is likely that the use of steam as the reforming agent is
he most suitable for the biogas-fed SOFC although the electrical
fficiency is slightly lower than the use of air.

In order to improve the efficiency of the steam-fed SOFC,
he biogas split option is proposed as illustrated in Fig. 11. For
his operation, part of biogas is split from the fuel processor and
irectly fed to the afterburner. This diminishes the heat load in
he SOFC system due to the decrease in the quantities of steam
dded. Moreover, the extent of the endothermic steam reforming

eaction is also diminished. As seen in Fig. 11, the heat load in
team generator and H2 processor for the steam-fed SOFC with
% of biogas split are 10.1 and 16.3% of biogas LHV, respec-

i
c
T

Fig. 11. The SOFC configuration w
ig. 10. SOFC performance: (a) overall electrical efficiency and (b) power
ensity (CH4:CO2 = 60:40).

ively, which are lower compared with those for the steam-fed
OFC without the biogas split (11.1 and 17.9% of biogas LHV
or the heat load in steam generator and H2 processor, respec-
n preheating are also reduced. Consequently, the electrical effi-
iency can be increased while the capital cost is also reduced.
he results of the biogas split option shown in Fig. 12 indicate

ith the biogas split operation.
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ig. 12. The effect of %biogas split on (a) overall electrical efficiency and
b) power density at different biogas compositions (fuel processing tempera-
ure = 873 K, H2O:biogas = 1.2).

hat the increase in the percentage of biogas split can improve the
lant efficiency. However, there is an optimal point at which the
OFC achieves a maximum electrical efficiency. For the opera-

ion over this point, the plant efficiency decreases with increasing
he percentage of biogas split since the heat released from the
fterburner is higher than that required in the vaporizer and the
uel processor. With the installation of biogas split operation,
9% of overall electrical efficiency can be achieved compared
o 55% for the normal case with the CH4:CO2 ratio of 60:40.
lthough the biogas split can improve the plant electrical effi-

iency, the power density always decreases with the increasing
iogas split, implying that more SOFC stack area is required
or the higher percentage of biogas split. However, it should be
oted that the use of steam-fed SOFC with biogas split still offers
igher power density than the air-fed SOFC while the electrical
fficiency becomes comparable.

. Conclusions

Performance of the biogas-fed SOFC systems with different
eforming agents (steam, air and combined steam/air) was deter-
ined in order to find a suitable reforming agent. The boundary
f carbon formation was firstly calculated to specify a mini-
um amount of each reforming agent necessary to avoid carbon

ormation. Within the range of operating variables examined
chosen to avoid debilitating carbon formation), it seems that

[

ering Journal 140 (2008) 341–351

hen the amount of reforming agent increases, the electrical
fficiency always decreases. For the steam-fed SOFC, there is an
ptimal amount of steam which provides a maximum power den-
ity. However, for the air-fed SOFC, the power density always
ecreases with the increased amount of air due to the dilution
ffect of nitrogen in air. Steam is considered to be the most suit-
ble reforming agent in this study as the steam-fed SOFC offers
uch higher power density than the air-fed SOFC although its

lectrical efficiency is slightly lower due to the high energy
equirement in the steam generation. When steam is added in
he air-fed SOFC as in the case of the co-fed SOFC, the power
ensity can be improved but the electrical efficiency becomes
ower compared with the case of the air-fed SOFC. In order
o improve the electrical efficiency of the steam-fed SOFC, the
iogas split option was considered. It was found that a higher
lectrical efficiency can be achieved. In addition, although the
ower density is lowered by this operation, the value is still
igher than the case of the air-fed SOFC.
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