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Abstract - This paper presents a methodology to simulate a small-scale fuel cell system for power generation 
using biomass gas as fuel. The methodology encompasses the thermodynamic and electrochemical aspects of 
a solid oxide fuel cell (SOFC), as well as solves the problem of chemical equilibrium in complex systems. In 
this case the complex system is the internal reforming of biomass gas to produce hydrogen. The fuel cell input 
variables are: operational voltage, cell power output, composition of the biomass gas reforming, 
thermodynamic efficiency, electrochemical efficiency, practical efficiency, the First and Second law 
efficiencies for the whole system. The chemical compositions, molar flows and temperatures are presented to 
each point of the system as well as the exergetic efficiency. For a molar water/carbon ratio of 2, the 
thermodynamic simulation of the biomass gas reforming indicates the maximum hydrogen production at a 
temperature of 1070 K, which can vary as a function of the biomass gas composition. The comparison with 
the efficiency of simple gas turbine cycle and regenerative gas turbine cycle shows the superiority of SOFC 
for the considered electrical power range. 
Keywords: Fuel Cell; Hydrogen; Biomass Gas; Simulation. 

 
 
 

INTRODUCTION 
 

The demonstration of fuel cell power generation is 
occurring worldwide. In the short term, for some 
specific applications these systems can become 
competitive, such as distributed generation and backup 
systems. The quality of the energy produced and the 
security of supply are attractive parameters of fuel cell 
systems. In the same way, such systems are also a 
promising alternative where local resources are 

available or where the substitution of subsidized fuels is 
possible, as in several isolated Brazilian areas. 

As electrochemical devices rather than thermal 
engines, fuel cell systems are not limited to the 
maximum thermal efficiency, namely the Carnot 
efficiency. The hydrogen conversion into electricity 
occurs in a controlled manner and with less 
irreversibilities than the combustion process. 
Besides, the exhaust gas of a fuel cell system 
operating with H2 is solely water vapor. 
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However, the use of fuel cells relies on hydrogen 
availability. This feedstock can be competitively 
produced through reforming of fuels, such as natural 
gas, ethanol, and syngas from biomass gasification. 
These last two fuels are promising hydrogen sources 
in Brazil due to the country’s high potential for 
biomass production. 

The overall efficiency of hydrogen production is 
a function of the partial efficiencies associated with 
each process stage. The international experience 
demonstrates that there are fuel cell systems with 
higher overall efficiencies than conventional power 
plants, even in those cases in which reforming-based 
hydrogen is used, which reduces the fuel cell 
performance compared to using purified hydrogen. 
The attainment of higher overall efficiencies in such 
systems is an important step towards the commercial 
application of this technology. 

This paper presents a methodology to simulate 
the thermodynamics of fuel cell systems. The first 
and second simulation steps comprise, respectively, 
the steam reforming of gasification-derived biomass 
gas and the power generation. The fuel cell 
considered here was the SOFC (solid oxide fuel cell) 
at the operating temperature of 1173 K. 

 
Description of the Fuel Cell System 
 

Figure 1 shows the SOFC system. The gas 
temperature at point 1 is 1173 K and the gas was 
formed in a steam gasification reactor (fluidized bed) 
with indirect heating (IG). The point 14 shows the 
steam flow needed for the reforming process. 
Actually the gas leaves the gasifier at high 
temperature and in wet phase, but in this paper the 
dry gas and steam flow were considered separately. 

 

 
Figure 1: SOFC system 

 
The biomass gas (point 1) passes through the 

compressor (GC) and enters into the internal 
reforming reactor; then the reformed syngas (point 3) 
is directed to the electrochemical reaction at the 
SOFC. The anode exhaust gas (point 4) is used at the 

combustion chamber and the combustion gas (point 5) 
heats the air flow (point 9 – point 10) through a heat 
exchanger (HT1). The cathode exhaust gas is used to 
pre-heat the air (point 8) through a heat exchanger 
(HT2). The flow 13 is the air supply for combustion. 

 
 

THEORETICAL ANALYSIS OF FUEL CELLS 
SYSTEMS 

 
Thermodynamics of the Fuel Cell 
 

The fuel cell is an electrochemical device that 
converts the Gibbs’ free energy of a fuel directly into 
electricity. According to Kordesch and Simader 
(1996), the thermodynamics of the fuel cell is 
represented by the equations below. Global reaction 
of hydrogen with oxygen from air: 
 

1
2(g) 2(g) 2 (l)2H O H O+ →                             (1) 

 
In usual reactors the chemical reactions undergo 

irreversible processes in which the sole work done is 
the change in enthalpy ( HΔ ). It occurs by 
isothermal, isobaric heat transfer with the 
surroundings. The change in enthalpy is expressed 
by the equation, 
 
dH dG TdS= +                (2) 
 

If the reactions are irreversible, the terms dG  and 
TdS will manifest as heat, although several 
electrochemical reactions may occur reversibly within 
a fuel cell. In this case, dG  occurs as electrical work 
and therefore constitutes the maximum value of the 
term dH  that can be converted into electricity, as 
shown by Eq.(3) as follows: 
 

elW dH TdS dGδ = − =              (3) 
 

Therefore, the possible maximum electrical work 
is the change in the Gibbs’ free energy. Considering 
the reactants and the products at the standard 
reference state (T = 298.15 K, P = 101.3 kPa) and 
integrating Eq.(3), the result is Eq.(4) 
 

0 0
elW G= Δ                  (4) 

 
in which the ratio between GΔ  e HΔ is called the 
maximum theoretical efficiency or the thermodynamic 
efficiency of a fuel cell ( thη ): 
 

th
G
H

Δ
η =

Δ
                 (5) 
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In the reaction described by Eq.(1), two electrons 
are transferred to a circuit external to the fuel cell. 
For each mol of H2 involved in the reaction, 2N 
electrons are transferred, where N is the Avogadro’s 
number. If e  is the charge of a single electron, then 
the charge flow will be: 
 
2Ne 2F=                (6) 
 

Hence the total charge transferred can be 
expressed as a function of the number of moles of 
H2, or

2H2n F . During the operation of the fuel cell, a 
difference of potential E  appears between its 
electrodes, which, multiplied by the amount of 
charge, results in the work of the fuel cell: 
 

2el HW 2n FE=                (7) 
 

Considering 
2H2n F C=  and substituting Eq.(4) 

into Eq.(7), the electrical work of the fuel cell in the 
standard reference state is 
 

0 0G CEΔ =                  (8) 
 
where 0E  in the Eq.(8) is the reversible potential or 
the maximum operational voltage of a fuel cell under 
the standard reference conditions. Based on Eq.(1), it 
results in 1.229 V. However, the actual cell potential 
is lower due to irreversible losses. Multiple 
phenomena contribute to these irreversible losses or 
overpotentials, which originate primarily from three 
sources: activation polarization, ohmic polarization, 
and concentration polarization. These losses result in 
a cell voltage that is lower than its ideal potential. 
Such concepts are not discussed here. 

A parameter that can be used to quantify the 
effects of overpotentials is the electrochemical 
efficiency, which is defined as the ratio between the 
actual operational voltage and the reversible 
potential, 
 

op el
elq 0 0

el

CE W
G W

η = =
Δ

             (9) 

 
The electrochemical efficiency is a measure of 

the fuel cell quality, though not taking into 
consideration the lifetime, costs and other 
parameters. In order to compare fuel cells with 
different characteristics, in which the same reaction 
occurs, differences in the electrochemical 

efficiencies are verified (Kordesch and Simader, 
1996). 

The practical efficiency of a fuel cell is defined as 
the ratio between the actual work and the enthalpy of 
the fuel cell or as (Matelli and Bazzo, 2005) the 
product of the thermodynamic and the 
electrochemical efficiencies, 
 

el
prt th elq

W
H

η = = η η
Δ

           (10) 

 
For a fuel cell system operating with hydrogen 

derived from the reformed producer gas from 
biomass gasification, the overall efficiency is 
associated with the total power output and the gas 
lower heating value (LHV). It is named the first law 
efficiency of the SOFC/ gasification system: 
 

el
I

GGAS GGAS

W
n LHV

η =           (11) 

 
Gasification-Derived Biomass Gas Reforming 
 

The producer gas from biomass gasification has a 
mole fraction of hydrogen that can be maximized by 
the reforming of the mole fractions of methane 
(CH4), hydrocarbons (CxHy), and carbon monoxide 
(CO). The simulation of the steam reforming 
considered a pressure of P = 101.3 kPa and a molar 
water/carbon ratio of 2. Table 1 illustrates the mole 
fractions of gas mixture (dry phase) produced by the 
indirect circulating fluidized bed (with steam) 
gasification processes reported by Bain (2004). 
 

Table 1: Gasification gas composition 
 

Species yi 
[%mol.mol-1] 

H2 26.2 
CO 38.2 
CO2 15.1 
N2 1.6 
CH4 14.9 
C2H4 4.0 

 
The steam reforming process is defined as a 

thermo-chemical and catalytic conversion of a liquid, 
solid or gaseous fuel into a hydrogen-rich mixture. It 
is a process in which high temperature steam (973 -
1273 K) is used to produce hydrogen from a methane 
source such as, for example, natural gas or biomass 
gas. In steam methane reforming, methane reacts 
with steam in the presence of a catalyst (nickel-
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alumina) to produce hydrogen, carbon monoxide, 
and a relatively small amount of carbon dioxide 
(Silva, 1991). 

The best-known reforming methods are: steam 
reforming, partial oxidation, and auto-thermal 
reforming (Ahmed and Krumpelt, 2001). In this 
work, steam reforming was considered. The global 
reforming reaction of the gasification-derived 
biomass gas is described by Eq. (12) 
 

4 2 4 2 2 2 2CH C H CO H O H CO CO H O+ + + → + + +    (12) 
 

For these biomass gas processing reactions, there 
are many possible products, it being important to 
estimate the composition of the syngas at the outlet 
of the reforming bed according to the 
thermodynamic conditions of the process being 
carried out. This estimate, considering the pre-design 
of the reforming and hydrogen purification systems, 
makes possible the assessment of the catalysts 
applied in prototypes (Marin Neto et al., 2004). Such 
assessment consists of verifying the selectivity 
achieved for each one of the chemical species 
considered and the contribution of the catalysts in 
shifting the chemical equilibrium towards higher 
hydrogen concentration in the syngas. In the case of 
the SOFC system simulation, the amount of 
hydrogen available for electricity generation can be 
obtained. 

These complex systems, which consist of several 
chemical species in determined thermodynamic 
states, can be solved through the quantification of the 
chemical equilibrium (Fishtik et al., 2000). Such 
complex system can be described by the following 
equations. 
 

T,PdG 0=              (13) 
 

Eq.(13) represents the minimization of the Gibbs’ 
free energy at the equilibrium state of a system under 
determined temperature and pressure conditions. 
According to the inlet conditions of the system, the 
mass balance can be evaluated by Eq.(14), 
 

N

i i,k k
i 1

n b B
=

=∑              (14) 

 
Where in  denotes the number of moles of the 

substance i; b is the number of atoms of the chemical 
element k in the substance i and B represents the 
total number of atoms of the chemical element k in

the system. The problem resides in solving a set of 
intrinsically dependent equations with the aim of 
achieving the minimum energy requirement for gas 
reforming for a given boundary condition. 

The appropriate mathematical tool to solve such 
problem is the Lagrange multipliers. In this case, the 
fractions responsible for the mass balance in each of 
the constituent equations of the systems are 
multiplied by the scalars (Lagrange multipliers). 
Hence, Eq.(14) is re-written as: 
 

N

k i i,k k
k i 1

n b B 0
=

⎛ ⎞
λ − =⎜ ⎟⎜ ⎟

⎝ ⎠
∑ ∑         (15) 

 
where kλ  is the Lagrange multiplier. A function F is 
defined in a way that: 
 

N

k i i,k k
k i 1

F G n b B
=

⎛ ⎞
= + λ −⎜ ⎟⎜ ⎟

⎝ ⎠
∑ ∑         (16) 

 
It follows that: 

 

k i,k
i iT,P T,P k

F G a 0
n n

⎛ ⎞ ⎛ ⎞∂ ∂
= + λ =⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

∑       (17) 

 
where a is the activity, and the first term on the right 
after the equal sign of Eq.(17) is the definition of the 
chemical potential, iμ , which can also be written by 
Eq.(18), 
 

0 i i
i i

0

ˆy PG RTln
P
ϕ

μ = +          (18) 

 
where iϕ̂  is the fugacity coefficient of species i in 

solution under ideal gas conditions; 0
iG  is the molar 

partial Gibbs energy under standard conditions. 
Combining  Eqs. (17) and (18) yields, 
 

0 i i
i k i,k

0 k

ˆy PG RTln a 0
P
ϕ

+ + λ =∑       (19) 

 
These equations, together with the mass balance 

equations, define the system of equations that 
describes the chemical equilibrium problem. In this 
work, the EES® (Engineering Equation Solver) (Klein 
and Alvarado, 2003) is used for simulating the 
reforming of the gasification-derived biomass gas. 
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System Performance Analysis 
 

The methodology used for the system 
performance analysis was the energy and exergy 
balances. The power output considered in this work 
was stacks of 250 kWel, where the assumed 
operational voltage for each unit cell, opE , was 0.67 
V, in accordance with the literature. 

Firstly, the problem consists in determining the 
consumption of hydrogen and biomass gas of the 
SOFC stack, which can undergo gas internal 
reforming. Secondly, this problem is combined with 
the chemical equilibrium solution of the biomass gas 
reforming described before. 

Hence, the hydrogen consumption of the 
electrochemical reaction can be determined by 
rewriting Eq.(7) as, 
 

2
el

H
op

Wn
2FE

=              (20) 

 
in which 

2Hn is the hydrogen molar flow rate per 
unit cell. Nevertheless, not all hydrogen supplied to 
the cell reacts electrochemically, the fuel utilization 
factor being defined as the ratio between the 
hydrogen consumed and the hydrogen supplied to 
the anode, as given by Eq.(21), 
 

2

2

H ,rct

H ,spl

n
n

Φ =              (21) 

 
A good estimate for Φ  acording Larminie and 

Dicks (2003) is 0.9, which was considered in this paper. 
For a stack with a number N of unit cells, the 

hydrogen molar flow rate is given by Eq.(22), 
 

2,stk 2,splH Hn Nn=             (22) 
 

The biomass gas consumption of the stack is 
determined considering the mole fraction of the 
hydrogen within the anode gas calculated from the 
chemical equilibrium problem of the steam 
reforming; thus, Eq.(23) is applied, 
 

2,stk

2

H
GGAS,stk

H

n
n

Y
=            (23) 

 
Equations (24) and (25) represent the enthalpy 

and entropy calculations for an ideal gas mixture. 
 

0

N T0
i ii ip

T
i 1

h y h c .dT
=

⎛ ⎞= +⎜ ⎟
⎝ ⎠

∑ ∫          (24) 

( )
0

N T ip0
i i i i

T
i 1

c
s y s .dT R.ln y

T
=

⎛ ⎞⎛ ⎞
= + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
∑ ∫         (25) 

 
The energy balance of the fuel cell stack is 

determined by Eq.(26), where part of the heat 
produced by the stack is used for the reforming. 

auxW  is the power consumed by the air and fuel gas 
compressors. 
 

ref stk stk aux out out in inQ Q W W n h n h− + − = −∑ ∑     (26) 
 

The thermodynamic, electrochemical and 
practical efficiencies are calculated considering the 
changes of enthalpy, entropy and Gibbs’ free energy 
according to Eqs.(27), (28) and (29), 
 

2 2 2 2 2 2

2 2

H O H O CO CO O O

H H CO CO

H n h n h n h

n h n h

Δ = + − −

−
    (27) 

 

2 2 2 2 2 2

2 2

H O H O CO CO O O

H H CO CO

S n s n s n s

n s n s

Δ = + −

− −
     (28) 

 
G H T SΔ = Δ − Δ            (29) 

 
The mass, energy and exergy balances within the 

combustion chamber and heat exchangers are 
represented by Eqs. (30) to (32). 
 

in outm m=∑ ∑            (30) 
 

out inout inQ n h n h= −∑          (31) 
 

( ) ( )out out in inQEx I n ex n ex− = −       (32) 
 

The definitions of specific physical and chemical 
exergy [8] are represented by Eqs.(33) and (34), and 
Eq.(35) for heat transfer. 
 

( ) ( )ph 0 0 0ex h h T s s= − − −             (33) 
 

N N
0

ch i ch,i 0 i i
i 1 i 1

ex y ex RT y ln y
= =

= +∑ ∑           (34) 

 
0

Q
TEx Q 1
T

⎡ ⎤= −⎢ ⎥⎣ ⎦
           (35) 
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The total specific exergy is: 
 

ch phex ex ex= +            (36) 
 

The standard reference conditions (298.15 K and 
101.3 kPa) in which physical and chemical exergies 
are defined were considered to be those proposed by 
Szargut et al. (1988), whose standard chemical 
exergies are presented in Table 2. 

 
Table 2: Standard chemical exergy 

 

i Species 
0
chex  

[J.mol-1] 
1 H2 236,100 
2 CH4 831,650 
3 CO 275,100 
3 C2H4 1,361,000 
4 CO2 19,870 
5 H2O 9,490 
6 N2 720 
7 O2 3,970 

 
The exergy balance leads to the concept of 

rational efficiency, defined as the ratio between the 
total outlet exergy and the total inlet exergy, 
according to Eq. (37), 
 

out

in in

Ex I1
Ex Ex

ψ = = −∑
∑ ∑

         (37) 

 
For the combustion chamber, the rational 

efficiency is: 
 

4 13

5 Q

Ex Ex
Ex Ex

+
ψ =

+
            (38) 

 
The electrical efficiency of the system is 

calculated by the ratio between the useful power and 
the chemical exergy of the biomass gas, 
 

net
el

GGAS ch,GGAS

W
n ex

η =           (39) 

 
where 
 

net el auxW W W= −             (40) 
 
The exergetic efficiency of the system is: 

 
net

II
GGAS H2O

W
Ex Ex

η =
+

          (41) 

 
 

RESULTS 
 

According to the methodology presented in 
section 3.2, in which the mass balance is weighted 
by the energy minimization of the system and, then, 
the amount of each chemical species can be 
quantified, the solution can be presented as a 
continuum according to Fig.2. 

Fig. 2 shows that the maximum biomass gas 
conversion occurs at 1070 K, where the hydrogen 
production is the highest. Such maximum 
hydrogen molar fraction temperature is quite close 
to the SOFC operational temperature (1173 K), 
hence this type of fuel cell has a high potential to 
be integrated to a biomass gasification reactor. 
However, the great disadvantage of the biomass 
gas is the amount of impurities produced by the 
gasification process which certainly constitutes a 
barrier to this integration. Tar is the main 
contaminant, which can obstruct and deactivate the 
reactive surfaces of the fuel cell. The existence of 
a system for tar hot pre-cleaning would be ideal so 
that the gas high temperature could be used at least 
partly in the reforming process. 

Tables 3 and 4 present the simulation results 
referred to the points of the system at Fig.1. 

 
Figure 2: Distribution of the reforming products as a function of temperature. 
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Table 3: Molar flows, thermodynamics properties and exergies of system points 
 

Point n  
(kmol.s-1) 

M 
(kg.kmol-1) 

T 
(K) 

h  
(kJ.kmol-1) 

s  
(kJ.kmol-1.K-1)

phex  

(kJ.kmol-1) 
chex  

(kJ.kmol-1) 
1 0.0032 21.83 1173 -76,165 245.7 19,077 344,564 
2 0.0032 21.83 1327 -69,016 246.3 26,052 344,564 
3 0.0069 16.8 990.6 -108,741 214.9 11,661 158,985 
4 0.0068 25.66 1173 -232,806 223 22,016 38,937 
5 0.0085 27.31 1252 -199253 260.4 21,826 8,190 
6 0.0085 27.31 440.8 -232,745 218.2 7.8 8,190 
7 0.0403 28.97 298 0 165 0 1,569 
8 0.0403 28.97 362 10,510 165.5 1,707 1,569 
9 0.0403 28.97 700 20,663 185.2 5,975 1,569 
10 0.0403 28.97 873 27,027 193.2 9,957 1,569 
11 0.038 28.71 886 17,548 230.1 7,866 69 
12 0.038 28.71 484.8 5,485 211.9 1,229 69 
13 0.002 28.97 298 0 165 0 1,569 
14 0,0024 18.02 1327 -208,465 239.3 18,245 9,490 

 
 

Table 4: Mole fractions of system points 
 

Point 4CHy  
2 4C Hy  

2Hy  
2H Oy  

2COy  
COy  

2Ny  
2Oy  

1 0.149 0.04 0.262 0 0.151 0.382 0.016 0 
2 0.149 0.04 0.262 0 0.151 0.382 0.016 0 
3 0.0068 0.0018 0.481 0.147 0.209 0.129 0.0073 0 
4 0.0068 0.0018 0.0685 0.570 0.326 0.018 0.0074 0 
5 0 0 0 0.522 0.283 0 0.194 0 
6 0 0 0 0.522 0.283 0 0.194 0 
7 0 0 0 0 0 0 0.79 0.21 
8 0 0 0 0 0 0 0.79 0.21 
9 0 0 0 0 0 0 0.79 0.21 

10 0 0 0 0 0 0 0.79 0.21 
11 0 0 0 0 0 0 0.824 0.175 
12 0 0 0 0 0 0 0.824 0.175 
13 0 0 0 0 0 0 0.79 0.21 
14 0 0 0 1 0 0 0 0 

 
 

The results of the fuel cell simulation are shown in Table 5. 
 

Table 5: Results from SOFC simulation 
 

T 
(K) 

stkW  
(kW) 

auxW  
(kW) 

ΔH (kW) ΔG 
(kW) 

ΔS 
(kW.K-1) 

thη  
(%) 

elqη  

(%) 
prtη  

(%) 
Iη  

(%) 
IIη  

(%) 
elη  

(%) 
1173 500 112 -1083 -772 -0.265 71.3 65.0 46.1 45.0 31,0 35,2 

 
 

Comparing the results in Table 5 to the 
simulation performed by Matelli and Bazzo (2005), 
the inferiority of the SOFC system/ biomass gas can 
be observed. Those authors simulated a SOFC 
system/ natural gas, where the efficiencies thη , elqη , 

prtη  and IIη ,were, respectively, 73.5%, 70.7%, 
52.0% and 43.4%. This superiority is due to the 
higher potential of producing hydrogen from natural 
gas reforming compared to biomass gas reforming,

in accordance to the higher hydrogen mole fraction 
derived from natural gas reforming. The lower 
hydrogen production potential derived from biomass 
gas results in a higher system entropy generation. 
Table 6 presents the rational efficiencies of some 
components of the system. While the SOFC rational 
efficiency reaches 71.7%, the simulation performed 
by Matelli and Bazzo (2005) yielded a value of 89%. 
The biomass gas advantage over natural gas is that it 
is renewable. 
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Table 6: Rational efficiency of SOFC system components 
 

Component inE  
(kW) 

outE  
(kW) 

I  
(kW) 

ψ  
(%) 

SOFC 1693.5 1215.3 478.2 71.7 
Combustion chamber 428.5 341,1 87.4 79.6 
Heat exchanger 1 366.4 287.3 79.1 78.4 
Heat exchanger 2 427.5 409.1 18.4 95.7 

 
Depending on the gasification process and its 

agent (air, oxygen, steam), the biomass gas can 
present different compositions, which suggests 
different hydrogen mole fractions within the 
reformed gas. In Fig. 3, for instance, the reformed 
gas mole fractions are presented, obtained from the 
thermodynamic simulation of the steam reforming of 
the producer gas derived from the air gasification 
reactor (fluidized bed) with direct heating. The 
composition of this biomass gas according to Bain 
(2004) is 10%mol.mol-1H2, 12.7%mol.mol-1CO, 
16.7%mol.mol-1CO2, 56.4%mol.mol-1N2, 3.7% 
mol.mol-1CH4, 0.5%mol.mol-1C2H4. Such a process 
produces low energy-content gases, with lower 
methane mole fraction and, thus, with less potential 
to produce hydrogen. It is also noted that the 
maximum hydrogen mole fraction is reached at a 
temperature of 900 K, different from the 1070 K 
presented in Fig. 2. 

As a consequence, the efficiency of the SOFC 
system may vary as a function of the chemical species 
mole fractions present in the gas mixture. Fig. 4 
illustrates the electrical efficiency variation of a SOFC 
system as a function of the hydrogen mole fraction of 
the biomass reformed gas. Those mole fractions were 
obtained from chemical equilibrium equations, 
considering different compositions of gases produced

by different biomass gasification processes. 
The lowest electrical efficiency of the SOFC 

system (Fig. 4) corresponds to the gas produced by 
an air gasification reactor (fluidized bed) with direct 
heating and, on the other hand, the highest efficiency 
occurs for the gas produced by a steam gasification 
reactor (fluidized bed) with indirect heating. The 
deviation of the points from the adjusted curve is due 
to the efficiency dependence on the mole fractions of 
the other species, such as carbon monoxide. 

Finally it is worth comparing the electrical 
efficiency of the SOFC system to conventional heat 
engines. According to international experience, fuel 
cell electrical efficiency is superior to that of heat 
engines, although such superiority is more 
significant when pure hydrogen is used. The 
reforming process to produce hydrogen results in 
irreversibilities that may decrease the advantage of 
fuel cells over heat engines. 

Furthermore, this work compared the electrical 
efficiency of the SOFC system to that of gas turbines. 
In order to do so, gas turbine thermodynamics from 
Cohen et al. (1996), Kolanowski (2004), and 
performance information of some commercial simple 
and regenerative cycle units of gas turbines was 
needed. The origins of the gas turbine performance data 
are given in the references. 

 

 
  

Figure 3: Distribution of the reforming products  
as a function of temperature. 

Figure 4: Electrical efficiency as a function of the 
hydrogen mole fractions in the reformed gas 
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Figure 5: Electrical efficiencies of the SOFC  

system and simple cycle gas turbines 
Figure 6: Electrical efficiencies of the SOFC  

system and regenerative cycle gas turbines 
 

 
In Fig. 5 the electrical efficiencies are presented 

for the SOFC system and gas turbines with electrical 
power output ranging from 500 kW to 30,000 kW. 

The gas turbine electrical efficiencies were 
calculated through the ratio between the net electric 
power output and the chemical exergy of the biomass 
gas. The net electric power is obtained by deducting the 
power used to compress the gas, since the biomass 
gasification operates at atmospheric pressure. 

Fig. 5 shows the SOFC electrical efficiency 
superiority over the whole electrical power range, 
although this advantage decreases as the power output 
rises due to the increase of the electrical efficiency of 
the simple cycle gas turbine. For the power output of 
500 kW, the SOFC efficiency is 17% superior, but for 
30,000 kW the efficiency is only 1% higher. 

Fig. 6 presents the electrical efficiencies of the 
SOFC system and regenerative cycle gas turbines 
with electrical power output ranging from 30 kW 
(microturbines) to 4,500 kW. Although a 
regenerative cycle is apparently great in practice, it is 
only good for low compression ratio, so it is 
applicable in small gas turbines. 

In this case, the SOFC system is still superior 
over all of the electrical power range. However, the 
SOFC system superiority is lower: 14% for 30 kW 
and 2% for 4,500 kW. 
 
 

CONCLUSION 
 

The thermodynamic modeling of biomass gas 
steam reforming (for a water / carbon mole ratio of 
2) showed that the maximum hydrogen production 
for a pressure of 101.3 kPa depends on the biomass 

gas composition. For indirect heating steam 
gasification, the maximum hydrogen mole fraction in 
reforming gas (yH2) is 0.5 mol.mol-1 at a temperature 
of 1070 K, while for the direct heating air 
gasification the maximum yH2 is 0:25 mol.mol-1 and 
occurs at 900 K. The yH2 influences the electrical 
efficiency of a SOFC system; for yH2 of 0.5 mol.mol-

1 the electrical efficiency is 35% while for yH2 of 0.2 
mol.mol-1 the electrical efficiency is 30%. This result 
indicates a higher quality of the biomass gas from 
indirect steam gasification for application in a SOFC. 
In terms of the fuel quality, the integration of a 
SOFC with indirect steam gasification is more 
advantageous than its integration with direct air 
gasification. 

The comparison of the electrical efficiency of a 
SOFC system with simple cycle gas turbine systems 
showed that the fuel cell efficiency can be significantly 
higher up to 5,000 kW, being approximately 10% more 
power-efficient. For this small-scale power, however, it 
is often more advantageous to make use of regenerative 
cycle gas turbines due to the lower compression ratio; 
in this case the difference in efficiency decreases to 5%, 
still in favor of the SOFC to a power of approximately 
1,000 kW. Therefore, from the viewpoint of electrical 
efficiency, it is concluded that the SOFC is more 
interesting for distributed generation of electricity in a 
small scale system up to 1,000 kW. 
 
 

NOMENCLATURE 
 
a  activity 
b number of atoms 
B total number of atoms 
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C Charge  C
pc  specific heat  J.mol-1.K-1

e  elementary charge  1.6021917 
x10-19 C

E  equilibrium potential  V
OPE  actual operational voltage  V

ex  specific molar exergy  J.mol-1

Ex  exergy transfer rate  J.s-1

F  Faraday’s constant 
(9.64867x104 C.mol-1), 
mathematical function 

G  Gibbs energy  J
G  Molar Gibbs energy  J.mol-1

GGAS gasification gas of biomass 
h  specific molar enthalpy  J.mol-1

H  enthalpy J
I  irreversibility rate  J.s-1

LHV  lower heating value J.mol-1

N Avogadro’s number 
(6.022169x1023 1.mol-1), 
cells number 

n  molar flow mol.s-1

n mole number 
P  pressure  kPa
Q  heat transfer rate  J.s-1

R  universal gas constant  8.314 J.
mol-1.K-1

s  specific molar entropy  J.mol-1.K-1

S  entropy J.K-1

T  absolute temperature K
W  work  J
W  work transfer rate, power 

output  
J.s-1

y  mole fraction  mol.mol-1

 
Greeks 
 
α  polarization or overvoltage  V
η  efficiency  %
λ  Lagrange multiplier 
μ  chemical potential 
ϕ̂  fugacity coefficient 
ψ  rational efficiency  %
 
Subscripts 
 
0  reference standard state 

(101.3 kPa and 298.15 K) 
 

ch  chemical  
el  electrical  
elq  electrochemical  
 

g  gas  
2H  hydrogen  

i  ith specie  
I  first law of thermodynamics  
II  second law of 

thermodynamics 
 

in  inlet  
k chemical element  
l  liquid  
net net power  
out  outlet  
P  pressure  
ph  physical  
prt  practical  
rct reacted  
ref reforming  
spl supplied   
stk stack  
T temperature  
th  thermodynamic  
 
Superscripts 
 
0  standard reference state 

(101.3 kPa and 298.15 K) 
 

 
 

REFERENCES 
 
Ahmed, S., Krumpelt, M., Hydrogen from 

hydrocarbon fuels for fuel cells, Int. J. of 
Hydrogen Energy, 26, 291-301 (2001). 

Alstom Power, http://www.power.alstom.com/home/ 
equipment_systems/turbines/gas_turbines. (Consulted 
in September 2006). 

Brooks, F. J., GE Power Systems, GE gas turbine 
performance characteristics. GER-3620J, p. 16 
(2000). 

Capstone Turbine Corporation, http://www.microturbine.   
com. (Consulted in September 2006). 

Cohen, H., Rogers, G. F. C., Saravanamuttoo, H. I. H., 
Gas turbine theory, England, Pearson Education, 
442 p. (1996). 

Fishtik, I., Alexandre, A., Datta, R., Geana, D., A 
Thermodynamic Analysis of Hydrogen 
Production by Steam Reforming of Ethanol via 
Response Reactions, Int. J. Hydrogen Energy, 25: 
31-45 (2000). 

GE Aircraft Engines, http://www.geae.com/engines/. 
Hitachi Power Generation, http://www.hitachi.us/ 
Apps/hitachicom//PowerGeneration/GasTurbines. 
(Consulted in September 2006). 

Hoeft, R., Janawitz, J., Keck, R., Ge Power Systems, 
Heavy-Duty gas turbine operation and 



 
 
 
 

Thermodynamic Simulation of Biomass Gas Steam Reforming for a Solid Oxide Fuel Cell (SOFC) System                              755 
 

 
Brazilian Journal of Chemical Engineering Vol. 26,  No. 04,  pp. 745 - 755,  October - December,  2009 

 
 
 
 

maintenance considerations, GER-3620, p. 52  
(2003). 

Kawazaki Green Gas Turbines, http://www.khi.co.jp/ 
gasturbine/. (Consulted in September 2006). 

Klein, S. A., Alvarado, F. L., Engineering Equation 
Solver, Professional Version 6.883, F-Chart 
Software. Middleton, USA. (2003). 

Kolanowski, B. F., Guide to microturbines, New 
York, USA, The Faimont Press, p. 236 (2004). 

Kordesch, K., Simader, G., Fuel cells and their 
applications, 1st ed., VCH Verlagsgesellschaft 
mbh, weinheim, Federal Republic of Germany, 
pp. 23-26, 47 (1996). 

Larminie, J., Dicks, A. Fuel Cell Systems Explained, 
John Wiley Sons (2003). 

Marin Neto, A. J., Lopes, D. G., Camargo, J. C., Silva, 
E. P., Neves, Jr. N. P., Hydrogen Production by 
allothermal Reforming of Ethanol for Fuel Cell 
Applications Prototype Development, In: 
International Conference on New and Renewable 

Energy Technologies for Sustainable Development, 
28, June - 01 July, Évora, Portugal (2004). 

Matelli, J. A., Bazzo E., A methodology for 
thermodynamic simulation of high temperature, 
internal reforming fuel cell systems, J. of Power 
Sources 142, 160-168 (2005). 

Pratt-Whitney Power Systems, http://www.pratt-
whitney.com. (Consulted in September 2006). 
Silva, E. P., Introdução a Tecnologia e Economia do 

Hidrogênio, Primeira ed. Editora da UNICAMP, 
Campinas, Brasil, pp. 30-35 (1991). 

Solar Turbines, http://www.solarturbines.com. 
(Consulted in September 2006) 

Szargut, J., Morris, D. R., Steward, F. R., Exergy 
analysis of thermal, chemical and metallurgical 
processes, Hemisphere, New York, pp. 297-309 
(1988). 

Vericor Power Systems, http://www.directindustry. 
com/prod/vericor-power-systems/gas-turbine.     
(Consulted in September 2006). 

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


