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 The aim of this study is to theoretically analyze and design a solid oxide fuel cell (SOFC) 
system for combined heat and electrical power generation. Several important renewable resources: 
biogas, ethanol and glycerol, used to produce hydrogen for fuel cell are compared. The effect of 
operating conditions on the performance of a reforming process is investigated in terms of hydrogen 
yield, product distribution and carbon formation. The performance of the SOFC system fuelled by 
synthesis gas derived from the reforming process with non-recycling and recycling of the anode exhaust 
gas is also investigated based on a thermodynamic analysis. The optimal design of the SOFC system is 
determined by considering the electrical and thermal efficiencies. Furthermore, the performance of a 
pressurized SOFC-gas turbine (SOFC-GT) hybrid system with and without a cathode gas recirculation is 
studied. An energy management of the SOFC-GT system is considered with an aim to achieve the 
highest electrical generation and efficient thermal energy usage. 
                      
Keywords : Solid Oxide Fuel Cell; Hydrogen Production; Renewable Fuels; Reformer; Gas turbine; 
Process design 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Project: Design and analysis of a solid oxide fuel cell system for combined heat iii 
and electrical power generation   
Asst. Prof. Amornchai Arpornwichanop, Department of Chemical Engineering,  
Faculty of Engineering, Chulalongkorn University 

Acknowledgements 

 

 

 The financial support from the Thailand Research Fund on this project is 

gratefully acknowledged. The author would like to thank the Department of Chemical 

Engineering, Faculty of Engineering, Chulalongkorn University for providing a good 

research environment and all the students for their effort and help to complete this project. 

 
 



 

Project: Design and analysis of a solid oxide fuel cell system for combined heat iv 
and electrical power generation   
Asst. Prof. Amornchai Arpornwichanop, Department of Chemical Engineering,  
Faculty of Engineering, Chulalongkorn University 

 

Content 
 
 
Abstract (Thai) ....................................................................................................................i 
Abstract  ............................................................................................................................. ii 
Acknowledgement ............................................................................................................ iii 
Content ...............................................................................................................................iv 
Nomenclature ....................................................................................................................vi 
 
1. Introduction .................................................................................................................... 1 
 
2. Model of SOFC system .................................................................................................. 5 

2.1. Fuel processor ......................................................................................................... 5 

2.2. SOFC model ........................................................................................................... 7 

2.3. Gas turbine and compressor .................................................................................. 12 

2.4. Other units ............................................................................................................ 13 

 
3. Use of different renewable fuels in a steam reformer integrated into a solid oxide 
fuel cell: Theoretical analysis and performance comparison ...................................... 16 

3.1. Fuel processor and SOFC integrated system ........................................................ 16 

3.2. Results and discussion  ......................................................................................... 18 

3.2.1.Hydrogen production from various fuels .................................................... 18 

3.2.2.SOFC system ............................................................................................... 21 

 
4. Analysis of an Ethanol-Fuelled Solid Oxide Fuel Cell System Using Partial Anode 
Exhaust Gas Recirculation .............................................................................................. 26 

4.1. SOFC system  ....................................................................................................... 26 

4.2. Results and discussion .......................................................................................... 28 

4.2.1.Comparison of SOFC systems with and without anode exhaust gas 
recycling ........................................................................................................ 28 

4.2.2.Effects of recirculation ratio and fuel utilization ......................................... 30 

4.2.3.Effects of reformer and SOFC operating temperature ................................ 37 

4.2.4.Effect of excess air ratio .............................................................................. 39 

 
 



 

Project: Design and analysis of a solid oxide fuel cell system for combined heat v 
and electrical power generation   
Asst. Prof. Amornchai Arpornwichanop, Department of Chemical Engineering,  
Faculty of Engineering, Chulalongkorn University 

 

5. Analysis of a pressurized solid oxide fuel cell-gas turbine hybrid power system 
with cathode gas recirculation ........................................................................................ 41 

5.1. Description of SOFC-GT hybrid system .............................................................. 41 

5.2. Results and discussion .......................................................................................... 44 

5.2.1.A pressurized SOFC-GT system ................................................................. 44 

5.2.2.A pressurized SOFC/GT system with cathode gas recirculation ................ 49 

 
6. Conclusions ................................................................................................................... 54 
 
7. Project outputs ............................................................................................................. 56 

7.1. International Journal publication .......................................................................... 56 

7.2. International Conferences  .................................................................................... 57 

 
Reference .......................................................................................................................... 60 
 
Appendix ........................................................................................................................... 63 

Appendix A: Publications in international journal 

 



Project: Design and analysis of a solid oxide fuel cell system for combined heat vi 
and electrical power generation   
Asst. Prof. Amornchai Arpornwichanop, Department of Chemical Engineering,  
Faculty of Engineering, Chulalongkorn University 

Nomenclature 

 

 

ac   activity coefficient of carbon 

cA    fuel cell active area (m2) 

eff,anodeD   effective gaseous diffusivity through anode (m2 s-1) 

eff,cathodeD   effective oxygen diffusivity through cathode (m2 s-1) 

OCVE    open-circuit voltage (V) 

E
0   open-circuit voltage at the standard pressure (V) 

anodeE    activation energy of anode (kJ mol-1) 

cathodeE   activation energy of cathode (kJ mol-1) 

F    Faraday constant (C mol-1) 

h    enthalpy (kJ mol-1) 

H    standard heat of reaction (kJ mol-1) 

j   current density (A cm-2) 

0,anodej   exchange current density at anode (A m-2) 

0,cathodej   exchange current density at cathode (A m-2) 

anodek    pre-exponential factor of the anode (A m-2) 

cathodek    pre-exponential factor of cathode (A m-2) 

eqK   equilibrium constants 

2 5C H OHLHV   low heating value of ethanol (kJ s-1) 

n   number of electrons transferred  
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n    molar flow rate (mol s-1) 

ip    partial pressures of component i (bar) 

P   operating pressure of SOFC (bar) 

sofcP    electrical power output (W) 

Q    thermal energy (kJ s-1) 

R    gas constant (kJ mol-1 K-1) 

ohmR    total internal resistance ( m2) 

T    temperature (K) 

fU    fuel utilization factor  

V   operating cell voltage (V) 

z    amount of hydrogen consumed by the electrochemical reaction (mol s-1) 

 

Greek symbols  

    transfer coefficient 

    overpotentials (V) 

air    excess air ratio  

anode    electronic conductivity of anode (-1 m-1) 

cathode   electronic conductivity of cathode (-1 m-1) 

electrolyte   ionic conductivity of electrolyte (-1 m-1) 

anode    thickness of anode (m) 

cathode    thickness of cathode (m) 

electrolyte   thickness of electrolyte (m) 
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Subscripts  

a    air channel  

conc    concentration overpotentials 

f    fuel channel  

i    chemical component 

j   reaction  

ohm    ohmic loss 

r    reformer 

sofc   solid oxide fuel cell  

SM    steam reforming reaction 

TPB    three-phase boundary  

WGS    water gas shift reaction 
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Chapter 1 

 

Introduction 

 

 

Fuel cells have been identified as an alternative method to generate power with 

high efficiency and environmental friendliness when compared to a conventional 

combustion-based process. Among the various types of fuel cells, the solid oxide fuel cell 

(SOFC) is the most promising fuel cell technology, as it can be used in a wide range of 

commercial applications. The high operational temperature of the SOFC (1073–1273 K) 

results in many advantages; for example, the high-temperature waste heat from a SOFC 

can be recovered for use in other heat-demanding units in the SOFC system. In addition, 

different fuels (e.g., methane, methanol, ethanol, etc.) can be directly fed to the SOFC due 

to the possibility for operation with internal reforming (Patcharavorachot et al., 2010).    

Among such renewable fuels, ethanol, biogas and glycerol have received 

considerable attention (Dou et al., 2009; Mohseni  et al., 2012). Ethanol is one of the most 

attractive raw materials for use in fuel cell hydrogen production because of its non-

toxicity and liquid form. Many studies have been devoted to hydrogen production from 

ethanol (Akande et al., 2006). Sun et al. (2012) studied hydrogen production from ethanol 

using steam reforming, autothermal reforming and partial oxidation. They found that 

ethanol steam reforming provides the highest hydrogen yield. A steam-to-ethanol ratio 

above 6 and temperatures greater than 900 K produce a high hydrogen yield with low 

carbon monoxide (CO) and carbon formation in the steam reforming environment.  

Biogas is also a promising fuel, especially for developing countries. Biogas can be 

produced by the anaerobic digestion of animal and human waste, agricultural residues, 
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aquatic weeds and other organic matters and mainly consists of methane (CH4) and 

carbon dioxide (CO2), containing CH4 up to 60 vol.% (Pandya et al., 1988). To date, use 

of biogas for hydrogen production process has been widely studied; however, works on 

the integration of a biogas-based fuel system and a high-temperature fuel cell, such as 

molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs), are quite 

limited. 

Glycerol is another potential fuel for hydrogen production. It is a byproduct of the 

production of biodiesel, whose consumption is continually increasing. Generally, crude 

glycerol always contains impurities; however, the purifying process for crude glycerol has 

a high operational cost and is uneconomic (Demirbas, 2009). The utilization of glycerol 

for hydrogen production is considered promising (Byrd et al., 2008; Pompeo et al., 2010). 

For environmental and availability reasons, renewable energy resources have become 

important alternative fuels in the production of hydrogen.  

Many previous works have studied SOFC systems integrated into hydrogen 

production processes using different fuels. Piroonlerkgul et al. (2008) found that steam is 

the most suitable reforming agent when biogas is used as fuel. Douvartzides et al. (2004) 

showed that, in addition to the traditional use of natural gas, ethanol is an attractive fuel 

for SOFC operation. Tsiakaras and Demin (2001) revealed that the ethanol-fueled SOFCs 

exhibit the highest theoretical efficiency when operated at 800-1200 K and that the 

ethanol steam reforming is the most attractive fuel processing system. Farhad et al. (2010) 

studied biogas-fuelled SOFC systems and observed that the best system thermal and 

electrical efficiencies can be achieved when the heat generated by an afterburner is used 

to supply other heat-requiring units in the SOFC system. Because the thermal and 

electrical efficiencies of SOFC systems depend on the fuel type, the thermal management 
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and performance of SOFC systems using different fuels should be studied in detail to 

select the best fuel for different SOFC applications.  

When considering the operating parameters of SOFC systems, it has been reported 

that the fuel utilization is the most important parameter affecting the performance of 

SOFC. A SOFC operated at high fuel utilization can provide high electrical efficiency. 

However, at high fuel utilization, more hydrogen is consumed by the electrochemical 

reactions, and the fuel stream at the SOFC fuel channel is thus diluted by steam (Aguiar  

et al., 2004). A hydrogen deficiency due to the unbalanced fuel flowing through the 

SOFC causes a larger buildup of nickel oxide (Nehter, 2007) as well as corrosion on the 

carbon plate (Nishikawa et al., 2008). Therefore, it is reasonable to operate the SOFC at a 

moderate fuel utilization. Under this condition, the SOFC can produce electrical power 

together with a high-temperature exhaust gas that contains useful remaining fuel (i.e., 

hydrogen and carbon monoxide). Typically, the exhaust gases from fuel and air channels 

are burnt in an afterburner to produce more heat, which is used to preheat the fuel stream 

and supplied to the steam reformer. Although the combustion of exhaust gases can 

increase the thermal efficiency of the SOFC system, the fuel stream is utilized 

inefficiently. To improve the overall SOFC performance, a SOFC system with anode 

exhaust gas recycling has been proposed in the literatures (Granovskii et al., 2007; 

Shekhawat et al., 2007; Onda et al., 2003). A portion of anode exhaust gas containing 

useful fuels, i.e., hydrogen and carbon monoxide, is recirculated to mix with the inlet fuel 

before it is fed to the reformer, whereas the rest of the anode exhaust gas is burnt with the 

cathode exhaust gas in the afterburner. Interestingly, it is noteworthy that the steam 

produced by the electrochemical reaction in the anode exhaust gas can be further used as 

a reagent for steam reforming and thus the requirement for fresh steam can be reduced 

(Peter et al., 2002). Shekhawat et al. (2007) demonstrated that the utilization of the anode 
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exhaust gas in the SOFC system integrated with the catalytic partial oxidation of diesel 

can reduce the carbon formation and increase the hydrogen concentration in the reformate 

gas. Although the SOFC system with anode exhaust gas recycling was previously studied 

as mentioned above, there are few studies that investigate in detail the effect of utilizing 

the anode exhaust gas on the reforming process and the SOFC system performance. This 

understanding allows for the improvement of the overall SOFC system efficiency.  

The aim of this study is to theoretically analyze a SOFC system integrated with a 

steam reforming process and compare several important renewable resources for 

hydrogen production: biogas, ethanol and glycerol. The effect of operating conditions on 

the reformer performance is investigated in terms of hydrogen yield, product distribution 

and carbon formation. The performance of the SOFC system fuelled by synthesis gas 

derived from a reforming process with non-recycling and recycling of the anode exhaust 

gas is also investigated based on a thermodynamic analysis. The optimal design of the 

SOFC system is determined by considering the electrical and thermal efficiencies. 

Furthermore, the performance of a pressurized SOFC-GT hybrid system with and without 

a cathode gas recirculation is studied. An energy management of the SOFC-GT system is 

considered with an aim to achieve the highest electrical generation and thermal energy 

usage. Effect of the recirculation ratio of cathode exhaust gas on the system efficiency is 

also investigated.   
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Chapter 2 

 

Model of SOFC system 

 

 

2.1 Fuel processor  

The main reactions that occur in the steam reformer fed by ethanol as an example 

fuel for hydrogen production are shown below (Freni et al., 1996): 

2 5 2 2C H OH + H O 4H + 2CO       (1) 

2 2 2CO + H O H + CO         (2) 

2 4 2CO + 3H CH + H O        (3) 

 The equilibrium composition of the synthesis gas at the outlet of the steam 

reformer can be determined based on a thermodynamic analysis using a stoichiometric 

approach. The equilibrium constants of each reaction (Eqs. (1)-(3)) can be written as:  

2

2 5 2

2 4
CO,r H ,r

eq,SE
C H OH,r H O,r

p p
K

p p
        (4) 

2 2

2

CO ,r H ,r
eq,WGS

CO,r H O,r

p p
K

p p
         (5) 

4 2

2

CH ,r H O,r
eq,MR 3

CO,r H ,r

p p
K

p p
            (6) 

where eq,jK represents the equilibrium constant associated with reaction j  and i,rp  is the 

partial pressure of component i  in the steam reformer.  

 The equilibrium constants of all the reactions can be determined by the Van’t Hoff 

equation:  
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2

lnd K H

dT RT


           (7) 

 The molar flow rates of each component in the ethanol steam reformer are given 

by the following expressions: 

EtOH,r 1n a x                       (8) 

2H O,r 1 2 3n b c x x x                                                                              (9) 

2H ,r 1 2 34 3n d x x x                          (10)            

CO,r 1 2 32n g x x x                                                                        (11)                                                                       

4CH ,r 3n m x                                                     (12) 

2CO ,r 2n e x                                                (13) 

6

total,r 1 3
1

 4 2i

i

n n a b c d e g m x x


                                              (14)                     

where 1x , 2x  and 3x are the extent of reactions of Eqs. (1)–(3) and a and b represent the 

inlet feed flows of ethanol and water fed to the steam reformer, respectively. When 

recycling the anode exhaust gas, c, d, e , g  and m  represent the inlet recycle flows of 

water, hydrogen, carbon dioxide, carbon monoxide and methane to the steam reformer, 

respectively. 

 The following three reactions, i.e., the Boudouard reaction (Eq. (15)), methane 

cracking (Eq. (16)) and CO reduction (Eq. (17)), are the most probable reactions that can 

lead to the formation of carbon in the ethanol reforming system: 

22CO CO +C                                                    (15) 

4 2CH 2H +C                                                               (16) 

2 2CO + H H O + C                                                   (17) 
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 In this study, the carbon formation is examined by using a thermodynamic 

analysis that considers the Boudouard reaction because it presents the lowest value of the 

Gibbs free energy. The possibility of the carbon formation is determined by the value of 

the carbon activity, defined as:  

2

2
b CO,r

c
CO ,r

K p
a

p
                                                                 (18) 

where ac is the activity coefficient of carbon and bK  represents the equilibrium constant 

for the Boudouard reaction. If the carbon activity is greater than unity, the system is not in 

equilibrium and carbon formation is present. When the carbon activity equals to unity, the 

system is in equilibrium. Finally, when the carbon activity is less than unity, the 

formation of carbon is thermodynamically impossible in the system. It is noted that the 

carbon activity is only the indicator for determining the presence of carbon in the system 

and thus the amount of carbon formation cannot be examined. 

 The heat required for the steam reformer operation can be computed from the 

energy balance equation around the reformer: 

8 8 7 7( ) ( )SR

o i

Q n h n h                    (19) 

 

2.2 SOFC model     

The synthesis gas obtained from the ethanol steam reformer consists of CH4, H2, 

H2O, CO, and CO2 and is fed to a fuel channel of the SOFC. Because the SOFC is 

operated at high temperatures, a steam reforming reaction of methane (Eq. (20)) and a 

water gas shift reaction (Eq. (21)) can occur within the SOFC stack. Furthermore, the use 

of Ni–cermet as the anode can provide sufficient activity for the steam reforming 

reaction.  

Steam reforming: 4 2 2CH + H O CO + 3H                                                   (20) 
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Water gas shift: 2 2 2CO + H O CO  + H                                                       (21) 

 Hydrogen is produced from the ethanol steam reformer as well as from the 

methane reforming and water gas-shift reactions on the anode side and is consumed by 

the oxidation reaction (Eq. (22)) to generate steam and electrons. Oxygen in the air that is 

fed at the cathode side is reduced to oxygen ions (Eq. (23)) that migrate through the 

electrolyte. The overall electrochemical reaction occurring within the SOFC is shown in 

Eq. (24). The electrons flow from the anode to the cathode to produce direct-current 

electricity.   

Anode:  2- -
2 2 H  + O H O +2e                    (22) 

Cathode: - 2
2 0.5O  + 2e O                                                                         (23) 

Overall reaction: 2 2 2 H  + 0.5O H O                                     (24) 

 The molar flow rates of each component at the SOFC outlet can be determined 

based on the reaction equilibrium. The relationships between the thermodynamic 

equilibrium constants and gaseous components for the steam reforming and water gas 

shift reactions in the SOFC stack are shown in Eqs. (25) and (26), respectively. 

2

4 2

3
CO,sofc H ,sofc

eq,SM
CH ,sofc H O,sofc

p p
K

p p
                                (25) 

2 2

2

CO ,sofc H ,sofc
eq,WGS

CO,sofc H O,sofc

p p
K

p p
                      (26) 

where i,sofcp  is the partial pressure of species i  at the SOFC outlet.  

 For the SOFC operation, hydrogen is consumed by the electrochemical reaction 

( z ). The consumption of hydrogen is related to a fuel utilization factor ( fU ) and the inlet 

gas compositions, as expressed in Eq. (27).  
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U f =
z

(4nCH4
+nH2

+nCO )
                 (27) 

 The current density (j) generated by the fuel cell involves the decrease of 

hydrogen by the electrochemical reaction at the anode side (Eq. (28)):  

c

2Fz
j

A
                                                                                                          (28) 

where F  is the Faraday constant and cA is the fuel cell active area.  

 The theoretical open-circuit voltage or the reversible cell voltage computed by the 

difference between the thermodynamic potentials of the electrode reactions can be 

expressed by the Nernst equation: 

2

2 2

H OOCV 0
0.5

H O

    ln( )
2

PRT
E E

F P P
                   (29) 

where E0 is the open-circuit voltage at standard pressure and is a function of the operating 

temperature, expressed as: 

0 41.253 2.4516 10 ( )E T K                     (30) 

The operating cell voltage or actual fuel cell voltage (V) is always lower than its open-

circuit voltage due to the internal voltage losses encountered in real fuel cell operation 

(Eq. (31)). There are three dominant voltage losses, which are the function of the 

temperature, current density and substance concentrations.  

act ohm concV E                                            (31) 

Ohmic losses ( ohm ) occur due to the resistance to the flow of ions in the 

electrolyte and the resistance to the flow of electrons through the electrodes and current 

collectors. This loss is linearly correlated with the voltage drop and current density (Eq. 

(32)).  

ohm ohmjR                                            (32)                         
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where ohmR is the internal resistance, which depends on the conductivity and thickness of 

the individual layers as shown below: 

electrolystanode cathode
Ohm

anode electrolyst cathode

R
 

  
                               (33) 

where anode , cathode and electrolyte are the thickness of the anode, cathode and electrolyte 

layers, respectively. anode  and cathode  are the electronic conductivity of the anode and 

cathode, respectively, and electrolyte  is the ionic conductivity of the electrolyte. 

The concentration overpotentials ( conc ) are caused by a decrease in the 

substances at the surface of the electrodes due to the resistance to mass transport. These 

overpotentials become significant at high current densities because the rate of hydrogen 

consumption at the reaction sites is higher than that of diffusion of the reactant through 

the porous electrode to the reaction sites (Aguiar et al., 2004; Patcharavorachot et al., 

2008). These overpotentials can be expressed as: 

conc conc,anode conc,cathode                                           (34) 

2 2,

2 2

H O,TPB H f
conc,anode

H O,f H ,TPB

ln
2

p pRT

F p p


 
  

 
 

                           (35)           

2

2,TPB

O ,a
conc,cathode

O

ln
4

pRT

F p


 
  

 
 

                             (36) 

The partial pressures of H2, H2O, and O2 at the three-phase boundaries can be 

determined by using a gas transport model in porous media as shown in the following 

expressions: 

2 2

anode
H ,TPB H ,f

eff,anode2
RT

p p j
FD


                             (37) 

2 2

anode
H O,TPB H O,f

eff,anode2
RT

p p j
FD


                             (38) 
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 2 2

cathode
O ,TPB O ,a

eff,cathode

exp
4

RT
p P P p j

FD P

 
     

 

                                    (39)                  

where P is the operating SOFC pressure, eff,anodeD  is the effective gaseous diffusivity 

through the anode (considered to be a binary gas mixture of H2 and H2O) and eff,cathodeD  is 

the effective oxygen diffusivity through the cathode (considered to be a binary gas 

mixture of O2 and N2). 

 The activation overpotentials ( act ) are caused by the sluggishness of the 

electrochemical reaction at the electrode surfaces. The activation overpotentials can be 

determined by the non-linear Butler–Volmer equation as follows: 

2 2

2,f 2

H ,TPB H O,TPB
0,anode act,anode act,anode

H H O,f

(1 )exp exp
p pnF nF

j j
p RT p RT

 
 

    
      

     

           

           (40)   

0,cathode act,cathode act,cathode
(1 )exp expnF nF

j j
RT RT

 
 

     
      

    
             

           (41)                

where  is the transfer coefficient (usually considered to be 0.5), n is the number of 

electrons transferred in the single elementary rate-limiting reaction step represented by 

the Butler–Volmer equation and 0,cathodej  and 0,anodej  are the exchange current density at 

the cathode and the anode, which depend on the operating temperature as shown in Eqs. 

(42) and (43), respectively. 

cathode
0,cathode cathode exp ERT

j k
nF RT

 
  

 
                                            (42) 

anode
0,anode anode exp ERT

j k
nF RT

 
  

 
                           (43)               
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where cathodeE and anodeE represent the activation energies at the anode and the cathode, 

which are equal to 137 and 140 kJ mol-1, respectively, and cathodek and anodek denote the pre-

exponential factors, which are 2.35 x 1011 and 6.54 x 1011 Ω-1m-2 , respectively (Aguiar et 

al., 2004). 

The electrical power output ( sofcP ) is obtained when a current is drawn from the 

fuel cell, defined as: 

sofc actual actual cP I V j V A                                             (44)       

where actualV  represents the actual voltage and I  is the current flowing through the fuel 

cell. 

In this study, the SOFC is operated under adiabatic condition; therefore, the air 

flowing through the SOFC is employed to control the fuel cell temperature. The air inlet 

temperature can be calculated from the energy balance around the fuel cell, given as: 

9 9 11 11 12 12 13 13( ) ( ) ( ) ( ) 0sofc

i i o o

n h n h n h n h P                     (45) 

  

2.3 Gas turbine and compressor 

The exhaust gas from the SOFC stack is fed to the gas turbine in order to generate 

more power. The power produced by the gas turbine and the power consumed by the air 

compressor can be computed from the energy balances around the gas turbine and the 

compressor as follows: 

in in out out
t ,t ,t ,t ,t( ) ( )i i i i

i i

P n h n h                                   (46) 

in in in in
c ,c i,c out ,c ,c in( ) ( )i i i

i i

P n h n h                                                                       (47) 

The net electric power output of the gas turbine section can be expressed as:  

gt t c m g( - )P P P    (48) 
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where tP  is  the power obtained from the gas turbine, cP  is the power consumed by the 

compressor and m  and 
g are the mechanical and generator efficiencies, respectively. 

The temperature of the gas turbine and compressor outlet gases can be determined 

based on the isentropic efficiency (Eqs. (49)-(50)). 

1
out

out in t
t t in

t

1 1t

p
T T

p







  
        
   

  

 (49)              

1
out

out in c
c c in

c

11 1
c

p
T T

p







  
        
   
  

                                                          (50)          

where   is the ratio of the specific heat capacities at the constant pressure and volume.  

 

2.4 Other units 

2.4.1 Vaporizers 

Ethanol and water are converted from the liquid to the gas phase in the vaporizer. 

The required heat for the operation of the vaporizer can be expressed as: 

2 5vap,C H OH 2 2 1 1( ) ( )
o i

Q n h n h         (51) 

2vap,H O 4 4 3 3( ) ( )
o i

Q n h n h                             (52) 

 

2.4.2 Pre-heaters 

As seen in Fig. 1, the SOFC system has three pre-heaters that are used to preheat 

the feed stream of ethanol and steam, the synthesis gas obtained from the reformer and 

the air fed to the SOFC. The heat required for these pre-heaters can be determined by the 

following equations: 
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preheater,1 7 7 6 6( ) ( )
o i

Q n h n h                   (53) 

preheater,2 9 9 8 8( ) ( )
o i

Q n h n h                   (54) 

preheater,3 11 11 10 10( ) ( )
o i

Q n h n h                   (55) 

 

2.4.3 Mixer  

       For the SOFC system with anode exhaust gas recycling, the recirculated gas 

stream is mixed with the fresh fuel feed in a mixer. The outlet temperature of the mixer 

can be calculated from the energy balance around the mixer, expressed as:  

 5 5 14 14 6 6( ) ( ) ( ) 0
i i o

n h n h n h                     (56) 

 

2.4.4 After-burner 

The residue flue gas from the anode outlet stream and the unused oxidant gas from 

the cathode are mixed and burnt in an afterburner. The combustion reactions that occur in 

the afterburner can be written as follows: 

Hydrogen combustion: 2 2 2H + 0.5O H O                             (57) 

Carbon monoxide combustion: 2 2CO + 0.5O CO                       (58) 

For the non-recycling SOFC system, the exit temperature of the afterburner can be 

calculated from the energy balance on the afterburner as:  

12 12 13 13 14 14( ) ( ) ( ) 0
i i o

n h n h n h                    (59) 

For the SOFC system with anode exhaust gas recycling, the portion of the anode 

flue gas that is not recycled to the reformer is fed into the afterburner. The exit 

temperature of the afterburner outlet is calculated by solving the following equation: 
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12 12 15 15 16 16( ) ( ) ( ) 0
i i o

n h n h n h                    (60) 

The performance parameters of the SOFC system are considered in terms of the 

electrical efficiency ( el ) and the thermal efficiency ( th ), which are defined as:  

h
el

=
Psofc

nC2H5OHLHVC2H5OH

                            (61)  

h
th

=
Q
rec

-Q
use

nC2H5OHLHVC2H5OH

                        (62)      

where nC2H5OH  is the inlet ethanol molar flow rate, 
2 5C H OHLHV  is the lower heating value of 

ethanol, recQ  is the thermal energy obtained from the SOFC system (the reference 

temperature is 100 oC) and useQ is the total thermal energy used in the SOFC system. 
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Chapter 3 

 

Use of different renewable fuels in a steam reformer integrated into a solid oxide 

fuel cell: Theoretical analysis and performance comparison 

 

Hydrogen production from renewable energy resources has received significant 

attention with advances in fuel cell technology. The fuel type and operational reforming 

conditions directly affect fuel cell electricity generation. This study analyzes the 

theoretical performance of a solid oxide fuel cell (SOFC) integrated with a steam 

reforming process using three different renewable fuels: ethanol, glycerol and biogas. The 

effects of key steam reformer operating parameters on the hydrogen production for 

SOFCs are investigated. The performances of SOFC systems run on different fuels are 

compared in terms of electrical and thermal efficiencies.  

 

3.1 Fuel processor and SOFC integrated system  

Fig. 1 shows the external reformer and SOFC integrated system, which comprises  

heat exchangers, fuel processor, SOFC and afterburner. Steam and fuel are mixed, then 

preheated at operating reforming temperatures and sent to the steam reformer, where a 

synthesis gas (hydrogen-rich gas) is produced. Next, the synthesis gas is preheated at the 

desired temperature and then fed to the SOFC. Air is also compressed and preheated 

before being fed to the SOFC. The SOFC produces electrical power and steam via the 

electrochemical reaction of hydrogen and oxygen in air. In general, SOFCs cannot be 

operated at complete fuel utilization; thus, the residual fuel is combusted in an afterburner 

to generate heat for use in other heat-requiring units in the SOFC system, such as a 

reformer and fuel and air preheaters (dash line in Fig. 1).      
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In this study, biogas, ethanol and glycerol are considered the potential fuels to 

produce hydrogen for SOFC systems. Biogas is composed of 60 mol% methane and 40 

mol% carbon dioxide. To analyze the theoretical performance of the SOFC system, it is 

assumed that the system is run under steady-state conditions and that all gases behave as 

ideal gases. Furthermore, heat losses from individual components in the SOFC system are 

negligible and the operating pressure and temperature of the reformer and the SOFC are 

constant. The considered SOFC is planar and described by a one-dimensional model, 

which is operated at a constant cell voltage along the cell coordinate. 

 

 

Afterburner

Fuel

Water
Mixer

Reformer

Air

SOFC

C
at

ho
de

A
no

de

1

2

2
3

4 5

6

7

8

9 10

11Qrec

 

Fig. 1 Schematic of an SOFC system integrated with a fuel processor. 
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3.2 Results and discussion  

3.2.1 Hydrogen production from various fuels  

In this section, hydrogen production via steam reforming using ethanol, biogas 

and glycerol as fuels is investigated. Fig. 2 shows the effect of operating temperature on 

hydrogen production from the steam reforming of these three fuels. The results show a 

similar trend for each fuel type; this behavior is also observed for other fuels, such as 

methane and methanol. An increase in the reforming temperature enhances the hydrogen 

yield due to the endothermicity of the steam reforming reaction. Ethanol and glycerol 

provide a higher hydrogen yield than does biogas. At atmospheric pressure, glycerol 

provides a slightly higher hydrogen yield than ethanol below 973 K. When the steam 

reformer is operated at high pressure, glycerol produces more hydrogen than ethanol 

below 1033 K. The operating pressure does not affect the hydrogen yield above 1073 K. 
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Fig. 2 Effect of reforming temperature on H2 yield at S/C = 2:1 and pressures of 1 bar 

(solid line) and 3 bar (dashed line) 
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Fig. 3 Effect of S/C ratio on H2 yield (P = 1 bar): T = 973 K (solid line) and T = 1073 K 

(dashed line). 

 

Fig. 3 shows the effect of the steam-to-carbon (S/C) ratio on hydrogen yield at a 

pressure of 1 bar. At a low S/C ratio, glycerol produces more hydrogen than ethanol does. 

However, ethanol gives the highest hydrogen yield for higher S/C ratios. The use of 

biogas provides the lowest hydrogen yield throughout the operational range studied. Fig. 

4 shows the ratio of the amount of gaseous product to that of hydrogen produced from the 

steam reforming of glycerol, ethanol and biogas at a temperature of 973 K and an S/C 

ratio of 2. The glycerol reforming process yields the highest CO2 concentration because 

glycerol has a hydrogen-to-carbon ratio lower than other fuels. The results also indicate 

that when ethanol is used as a fuel, less CO is produced. The presence of CO may cause 

the formation of carbon in the steam reforming process and the SOFC.  
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Fig. 4 Product distribution from the steam reforming of glycerol, ethanol and biogas (T = 

973 K and S/C = 2). 
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Fig. 5 Carbon boundary of various fuels 

 

Fig. 5 shows the carbon formation boundary when glycerol, ethanol and biogas 

are used to produce hydrogen. The carbon formation tendencies of the different fuels are 

similar, being lower for high-temperature operation and high S/C ratios. Because the 

steam reforming of biogas generates more carbon monoxide, shifting the Boudouard 

reaction towards the products, this process must be performed at a higher temperature and 

S/C ratio to avoid carbon formation. Although the amount of carbon monoxide generated 
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by the steam reformer fuelled by ethanol is lower than that fuelled by glycerol, ethanol 

reforming exhibits a higher carbon formation tendency than glycerol reforming because 

glycerol has a higher oxygen-to-carbon ratio than ethanol. Thus, glycerol is more likely 

than ethanol to be reformed to CO and CO2 rather than carbon.  

 

3.3.2 SOFC system  

Next, the performance of the SOFC fed by the synthesis gas obtained from the 

steam reforming of ethanol, glycerol and biogas is investigated. The power output of the 

SOFC system is specified at 150 kW. Fig. 6 presents the fraction of the heat duty required 

for each unit in the SOFC systems. The air preheater requires the most heat input, 79-81% 

of the overall heat consumption of the SOFC system, compared to other heat-requiring 

units. SOFCs are usually operated at high temperatures, and the electrochemical reaction 

is an exothermic reaction. These factors cause a temperature gradient in the SOFC stack. 

Therefore, excess air is required to maintain the SOFC temperature at a suitable level. 

The steam reformer also requires a large amount of energy.  
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Fig. 6 Distribution of energy consumption in an SOFC system fed by different fuels: (a) 

ethanol, (b) glycerol and (c) biogas. 
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Fig. 7 Energy required by each unit of an SOFC system for different fuel feeds. 
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The energy consumptions for each unit of the SOFC system are compared in Fig. 

7 for different fuels. The results indicate that the SOFC system run on biogas requires the 

most external energy, whereas the ethanol-fueled SOFC system requires the least energy. 

Biogas reforming requires the most energy (77.9 kW) because the high CO2 content in 

biogas promotes a reverse water gas shift reaction, which is an endothermic reaction. 

Although the energy requirement of the glycerol steam reforming is lower, more heat is 

needed for the evaporator due to the high boiling point of glycerol (561.9 K). 

Fig. 8 shows the SOFC stack efficiency and the thermal and electrical efficiencies 

of the SOFC systems supplied by different fuels. As observed in the figure, the SOFC 

system fuelled by ethanol gives the best performance in terms of the SOFC stack 

efficiency, the electrical efficiency and the thermal efficiency due to the superior 

performance of the ethanol steam reformer compared that of other fuels, which translates 

into the greatest hydrogen production. The ethanol-fuelled SOFC system can achieve an 

electrical efficiency of 51 %, whereas the electrical efficiencies of the glycerol- and 

biogas-fuelled SOFC systems are 49% and 32%, respectively. The use of biogas as a fuel 

for the SOFC system provides the worst electrical efficiency because biogas mainly 

consists of carbon dioxide, which dilutes the hydrogen fuel fed into the SOFC stack. This 

dilution lowers the reversible cell voltage and increases the concentration and activation 

overpotentials in the SOFC. The efficiency of the SOFC stack is fairly independent of 

fuel type (42-43%). The SOFC system fed by biogas shows the lowest thermal efficiency 

at the desired power output of 150 kW because a large amount of heat is lost to preheat 

carbon dioxide in the biogas feed. 
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Fig. 8 Efficiencies of the SOFC systems with different type of fuels. 
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Fig. 9 presents the amount of carbon dioxide released from the SOFC system at a 

power output of 150 kW. The SOFC system fed by ethanol minimizes the emission of 
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carbon dioxide, whereas the glycerol-fuelled SOFC system produces the most carbon 

dioxide. The carbon dioxide emission of the ethanol-fed SOFC system is less than that of 

the other systems by 21.76% (glycerol) and 19.97% (biogas). The simulation study 

indicates that ethanol is the most suitable of the three renewable fuels studied for use in 

an SOFC system integrated with an external steam reformer. The use of ethanol as fuel 

provides the greatest SOFC stack efficiency, system electrical efficiency and thermal 

efficiency and the least carbon dioxide emission. When biogas is used as a fuel for SOFC, 

the use of a purification unit is suggested to remove carbon dioxide from the biogas, 

thereby improving both the thermal and electrical system efficiencies. 
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Chapter 4 

 

Analysis of an Ethanol-Fuelled Solid Oxide Fuel Cell System Using Partial Anode 

Exhaust Gas Recirculation 

 

 

This chapter presents an analysis of a solid oxide fuel cell (SOFC) system 

integrated with an ethanol reforming process. The recycling of the anode exhaust gas in 

the integrated SOFC system is considered to improve its performance. The required 

conditions to prevent carbon formation in the ethanol reformer are also examined.  

 

4.1 SOFC system  

Figs. 1a and 1b show schematics of the ethanol steam reformer and the SOFC 

integrated system with and without the recycle of the anode exhaust gas, respectively. 

Both the SOFC systems consist of a vaporizer, heat exchanger, fuel processor, SOFC 

stack and afterburner. First, ethanol and water are separately fed into the vaporizer and 

then sent to the heat exchanger to be preheated to the desired operating temperature of the 

reformer. The ethanol and steam then undergo the steam reforming reaction at the 

reformer to produce a synthesis gas. The obtained synthesis gas is preheated before being 

fed to the SOFC stack where the hydrogen in the synthesis gas reacts with oxygen in air 

to produce electrical power via an electrochemical reaction. The residue fuel in the SOFC 

outlet stream is combusted in the afterburner and the heat thus generated can be used for 

the heat-requiring units in the SOFC system. In the case where the anode exhaust gas is 

recycled (Fig. 1b), a portion of the anode exhaust gas is recycled to the reformer. The 

steam generated by the electrochemical reaction can be used as a reforming reagent, 
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whereas the residue of carbon monoxide in the anode exhaust gas can further react with 

steam via the water gas-shift reaction to produce more hydrogen in the steam reformer.  

 

(a)  

 

(b)   

 

 

Fig. 1. Schematic of the SOFC systems integrated with an external ethanol steam 

reformer: (a) no recirculation and (b) anode exhaust gas recirculation. 
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4.2 Results and discussion 

4.2.1 Comparison of SOFC systems with and without anode exhaust gas recycling 

The performances of the SOFC system with and without recycling the anode 

exhaust gas are first analyzed under nominal conditions. The steam and ethanol fed to the 

ethanol steam reformer are fixed at the ratio of 1.5. The results show that the electrical 

performance of the SOFC system with the anode gas recycling is 46.16%, which is higher 

than that without the anode gas recycle (42.87%). Table 1 shows the heat duty needed in 

each unit of both SOFC systems. The energy requirements for the ethanol processor 

section of the SOFC system with and without the anode exhaust gas recirculation are 

397.10 and 634.18 kW, respectively. The recirculation of the anode gas reduces the 

energy required by the fuel processor (37.4% reduction). In addition, it is observed that 

all of the steam required for the steam reformer is recovered by the anode exhaust gas 

recirculation (the recirculation ratio = 0.6), and this can save the energy supplied to the 

water vaporizer. However, the total energy requirements of the two SOFC systems are not 

different. The SOFC with anode gas recirculation can produce more electrical power and 

thus requires a high air supply to maintain the temperature of the SOFC. This results in 

high energy consumption in the air pre-heater. It is noted that since the power required to 

drive the blower for the anode exhaust gas recycling has slight effect on the SOFC 

system, it is negligible in calculating the electrical efficiency of the SOFC system.   

Fig. 2 shows a comparison of the SOFC system performance when not recycling 

and recycling the anode exhaust gas at different steam-to-ethanol feed ratios. The 

simulation results clearly show that the SOFC system with anode exhaust gas recycling 

provides higher electrical and thermal efficiencies than that without recycling the anode 

exhaust gas. In the case of the SOFC system with anode exhaust gas recirculation, it is 

found that the molar flow rates of hydrogen and carbon monoxide in the SOFC feed 
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stream increase. As a result, the current density generated by the SOFC is more produced, 

resulting in higher electrical and thermal efficiencies.  

 

 

Table 1 Heat duty of each unit in the SOFC systems with and without anode exhaust gas 

recirculation   

Heat exchangers Heat duty (kW) 

 SOFC System without 
recycling the anode-

exhaust gas 

SOFC System with 
recycling the anode-

exhaust gas 
Ethanol vaporizer  49.12 49.12 

Water vaporizer 167.88 - 

Pre-heating gas before reformer 152.04 33.18 

Pre-heating gas before SOFC  30.44 47.61 

Reformer  234.70 267.19 

Air pre-heater  1503.94 1731.53 

Total              2138.1       2128.63 
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Fig. 2. Performance of the SOFC systems with and without recycling the anode exhaust 

gas at different steam-to-ethanol ratios: (a) electrical efficiency and (b) thermal 

efficiency.     

 

4.2.2 Effects of recirculation ratio and fuel utilization    

It is well known that a crucial problem of ethanol steam reforming is caused by 

the formation of carbon (graphite), which could lead to the deactivation of the catalyst 

and increased pressure drops in the reformer. To avoid carbon formation, the suitable 
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operating temperature and steam-to-carbon ratio should be determined. In general, a 

steam reforming reaction needs to be fed with excess steam to increase hydrogen 

production and to reduce the carbon monoxide. The presence of carbon monoxide will 

promote carbon formation via the Boudouard reaction. Furthermore, the tendency of 

carbon formation decreases as the reforming temperature increases due to the exothermic 

nature of the Boudouard reaction. However, operation of the steam reformer at a high 

temperature with more steam addition results in a high operating cost.   

Fig. 3 presents the effect of the recirculation ratio of the anode exhaust gas on the 

reformer temperature and steam-to-carbon ratio required to avoid carbon formation at 

different fuel utilizations. It is noted that the fuel utilization affects the gaseous 

composition of the residual gas exiting from the SOFC anode, whereas the recirculation 

ratio indicates the amount of the steam, which is generated by the electrochemical 

reaction, that is recycled to the ethanol steam reforming section.  

As seen in Fig. 3a, the reforming temperature required to suppress the tendency of 

carbon formation is reduced when the SOFC is operated at the higher recirculation ratio 

and fuel utilization. The higher recirculation ratio increases the recycle of the steam to the 

ethanol reformer. Furthermore, at high fuel utilization, more steam is also generated from 

the SOFC stack. These factors lead to an increase in the steam-to-carbon ratio of the 

reformer feed (Fig. 3b). From the simulation result, when the SOFC system with anode 

exhaust gas recycling is operated at a low fuel utilization of 0.6 and recirculation ratio of 

0.4, the reforming temperature should be higher than 970 K to prevent the formation of 

carbon in the ethanol reformer.  
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Fig. 3. Effect of the recirculation ratio of the anode exhaust gas at different fuel 

utilizations on the requirement of (a) the reformer temperature and (b) the steam-to-

carbon ratio, to avoid a carbon formation.  
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Fig. 4. Effect of fuel utilization on the composition of the synthesis gas obtained from the 

ethanol steam reformer at different recirculation ratios. 
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Figs. 4a-e shows the molar flow rates of hydrogen, carbon monoxide, carbon 

dioxide, steam and methane at the outlet of the ethanol reformer as functions of the 

recirculation ratio and fuel utilization. As expected, the amount of hydrogen and carbon 

monoxide decreases as the fuel utilization of the SOFC increases, whereas carbon dioxide 

and steam increase because the electrochemical and water gas shift reactions in the SOFC 

are more pronounced. The results show that an increase in the recirculation ratio increases 

the flow rates of the steam, carbon dioxide, carbon monoxide and hydrogen. However, at 

high fuel utilization, the carbon monoxide flow rate decreases when the recirculation ratio 

increases. At these conditions, more steam is recycled to the reformer, promoting the 

water gas shift reaction. It is noted that when the SOFC is operated at a high fuel 

utilization and recirculation ratio, a higher steam content in the anode exhaust gas and 

also a decrease in the content of methane at the reformer outlet is observed due to an 

increase in the reverse methanation reaction.  

The influences of the fuel utilization and recirculation ratio on the current density, 

cell voltage, power density and electrical and thermal efficiencies are shown in Fig. 6. It 

can be seen that increasing the fuel utilization and the recirculation ratio cause the SOFC 

to generate more current density (Fig. 5a). When the SOFC is operated at higher fuel 

utilization, more hydrogen is consumed to produce electricity, while increasing the 

recirculation ratio of the anode exhaust gas leads to an increase in the molar flow rate of 

fuel to the SOFC. However, it is found that the operating cell voltage decreases with the 

increments of fuel utilization and recirculation ratio (Fig. 5b). This is mainly due to a 

significant increase of steam in the anode exhaust gas as the fuel utilization and 

recirculation ratio increase. Although a higher amount of steam promotes the ethanol 

reforming reaction, an excess of steam results in a dilution of the hydrogen required for 
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the electrochemical reaction. This leads to a significant decrease in the open-circuit 

voltage and an increase in the concentration loss.  

Figs. 5c and d show that at low fuel utilization (0.5-0.6), the power density and 

electrical efficiency of SOFC increase with the increasing recirculation ratio. As the 

anode exhaust gas consists of a higher unreacted fuel content due to the low fuel 

utilization, an increase in the recirculation ratio results in an increase in hydrogen at the 

SOFC anode inlet, improving the SOFC performance in terms of current density, power 

density and electrical efficiency. However, the power density and the SOFC electrical 

efficiency decrease when increasing the recirculation ratio at high fuel utilization. Even 

though an increase in the fuel utilization results in more current density generated, the 

increased recirculation ratio causes a significant decrease in the fuel cell voltage. This 

implies that at high fuel utilization, the decrease in the fuel cell voltage has a strong 

impact on the power density and electrical efficiency, compared with an increase in the 

current density.  

Considering the thermal efficiency of the SOFC system (Fig. 5e), when the SOFC 

is operated at low fuel utilization, an increase in the recirculation ratio decreases the 

thermal efficiency. Operation of the SOFC at a high recirculation ratio lowers the amount 

of the exhaust gas sent to the afterburner; therefore, the heat generated from the 

afterburner for use in the SOFC system will decrease. However, the thermal efficiency 

can be enhanced when the SOFC system is operated at a higher recirculation ratio and 

higher fuel utilization. This is mainly because the significant increase of steam recycled to 

the ethanol reformer reduces the demand of energy for generating steam and preheating 

fuel stream.  
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Fig. 5. Effect of fuel utilization on the SOFC system performance at different 

recirculation ratios: (a) current density, (b) fuel cell voltage, (c) power density, (d) 

electrical efficiency, and (e) thermal efficiency.  

 

4.2.3 Effects of reformer and SOFC operating temperature  

The effect of the reformer temperatures on the electrical efficiency when the 

SOFC is operated at temperature of 1073 K is shown in Fig. 6. The electrical efficiency of 

the SOFC system with the anode gas recirculation considerably increases when increasing 

the reformer temperature. As the ethanol steam reforming is favored in operation at high 
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temperatures, the increase in produced hydrogen promotes the electrochemical reaction in 

the SOFC stack, and thus, the electrical efficiency of SOFC is enhanced. However, an 

increase in the recirculation ratio results in a lower SOFC electrical efficiency. The 

degradation of the SOFC performance is obviously noticed when the reformer is operated 

at unsuitable temperatures. This lowers the production of hydrogen fuel for the SOFC. In 

addition, at a high recirculation of the anode exhaust gas, more steam is added to the 

SOFC, thereby decreasing the fuel cell voltage and the electrical efficiency. 

Fig. 7 presents the electrical efficiency of the SOFC system as a function of the 

SOFC operating temperatures when the reformer is operated at temperature of 973 K. It 

can be seen that the electrical efficiency increases as the operating temperature of SOFC 

increases. An increase in the SOFC operating temperature can improve its performance 

because the rate of the electrochemical reaction is more pronounced. In addition, at 

elevated temperatures, the ohmic and activation losses are also reduced. Therefore, the 

more current density is generated, leading to the increased electrical efficiency.  
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Fig. 6. Effect of the reformer operating temperature on the electrical efficiency of the 

SOFC system at different recirculation ratios.  
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Fig. 7. Effect of the SOFC operating temperature on the electrical efficiency of the SOFC 

system at different recirculation ratios. 

 

4.2.4 Effect of excess air ratio  

The influence of the excess air ratio on the system’s electrical and thermal 

efficiencies at different recirculation ratios is presented in Figs. 8a and 8b, respectively. 

The excess air ratio has a slight effect on the system electrical efficiency but a larger 

effect on the system thermal efficiency. The thermal efficiency sharply drops when the 

SOFC system is operated at a high excess air ratio owing to an increased requirement of 

the heat duty of the air pre-heater. 
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Fig. 8. Effect of the excess air ratio on (a) the electrical efficiency and (b) the thermal 

efficiency of the SOFC system at different recirculation ratios. 
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Chapter 5 

 

Analysis of a pressurized solid oxide fuel cell-gas turbine hybrid power system with 

cathode gas recirculation 

 

 

A pressurized solid oxide fuel cell-gas turbine hybrid system (SOFC-GT system) 

has been received much attention for a distributed power generation due to its high 

efficiency. When considering an energy management of the system, it is found that a heat 

input is highly required to preheat air before being fed to the SOFC stack. The 

recirculation of a high-temperature cathode exhaust gas is probably an interesting option 

to reduce the requirement of an external heat for the SOFC-GT system. This study aims to 

analyze the pressurized SOFC-GT hybrid system fed by ethanol with the recycle of a 

cathode exhaust gas via a simulation study. Effect of important operating parameters on 

the electrical efficiency and heat management of the system is investigated.  

    

5.1 Description of SOFC-GT hybrid system  

The schematic diagram of a pressurized SOFC-GT hybrid system is illustrated in 

Fig. (1a). The system consists of a pump, evaporator, heat exchanger, fuel processor, 

SOFC, combustor, gas turbine and compressor. The steam and ethanol are pumped and 

then vaporized in the evaporator. The mixture of ethanol and steam is preheated to a 

desired temperature and converted into a synthesis gas in the steam reformer. The 

synthesis gas is preheated and fed into the SOFC. Hydrogen in the synthesis gas reacts 

with oxygen in the compressed air to produce electrical power and steam via the 

electrochemical reaction. In general, SOFC cannot be operated at the full utilization of 
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fuel. As a result, the residue fuel in the SOFC outlet stream is combusted in the 

combustor and the obtained exhaust gas is then fed into the gas turbine to generate more 

electricity. Due to its high temperature, the gas turbine outlet can be used as a heat source 

for other heat-requiring units. The heat management of the SOFC system can reduce the 

requirement of an external heat. Fig. 1(b) shows the SOFC-GT hybrid system in which a 

portion of the cathode exhaust gas is recycled to mix with the compressed fresh air via a 

blower. The retrofitted SOFC-GT hybrid system would minimize the energy requirement 

of the air pre-heater.    
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Fig. 1 Schematic diagram of an ethanol-fuelled SOFC system integrated with gas turbine: 

(a) a conventional SOFC-GT system and (b) a SOFC-GT system with cathode gas 

recirculation. 
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5.2 Results and discussion 

5.2.1 A pressurized SOFC-GT system  

Firstly, the performance of a pressurized SOFC-GT hybrid system is analyzed. 

Fig. 2a shows the effect of the operating pressure on the electrical efficiency of the 

SOFC-GT system, whereas its effect on the SOFC electrical efficiency and the power 

ratio of gas turbine to SOFC (PGT/PSOFC) is given in Fig. 2b. It can be seen that the 

system efficiency is considerably improved when increasing the operating pressure from 

2 to 4 bar. This is because the SOFC and GT can generate more electrical power; the 

PGT/PSOFC ratio increases with increasing the operating pressure (Fig. 2b). The 

increased pressure increases the partial pressure of H2 in the fuel channel and O2 in the air 

channel. In addition, the transport of gases to the electrolyte-electrode interfaces is 

improved, thereby reducing the concentration losses. These factors lead to the 

improvement of fuel cell performance. However, it is found that the system efficiency 

decreases when the operating pressure is higher than 6 bar. This is caused by that the 

compressor consumes more power at the high pressure operation, while the power 

produced by the GT slightly increases. As a result, the pressurized SOFC-GT hybrid 

system should not be operated at a higher pressure. Moreover, the high pressure operation 

of the SOFC system causes a faster fuel cell degradation and higher capital cost. From 

Fig. 2a, the SOFC-GT system gives the maximum electrical efficiency of 78.27 % when 

operated at the pressure of 6 bar. The SOFC generates the power output at 60-75 % of the 

overall power produced by the SOFC-GT system.   
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Fig. 2 Effect of operating pressure on the conventional SOFC-GT hybrid system: (a) 

system electrical efficiency and (b) SOFC electrical efficiency and power ratio of GT to 

SOFC.  

 

When considering the GT operation, although the temperature of the GT outlet 

gas decrease, it is still high enough and is considered a useful heat source for supplying to 

other heat-requiring units within the SOFC system. Fig. 3a shows the effect of the 
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operating pressure of the SOFC system on the thermal energy of the GT outlet gas, which 

is calculated based on the reference temperature of 100 oC. It is found that the thermal 

energy of the GT outlet gas reduces when the SOFC system is operated at a higher 

pressure. This thermal energy depends on the inlet gas flow to the GT, the GT inlet 

temperature and the operating pressure of the GT. Fig. 3b shows the relation of the 

operating pressure to the GT outlet temperature and the excess air ratio. The results 

indicate that the temperature of the GT outlet decreases with increasing the operating 

pressure. Furthermore, the excess air needed for supplying to the SOFC is lower when the 

SOFC system is run at a higher pressure, leading to a decrease in the flow rate of gas fed 

into the GT.    

Regarding the energy management of the SOFC-GT hybrid system, the thermal 

energy in the turbine exhaust gas is generally utilized for pre-heating air fed to the SOFC.  

However, this study focuses on the use of this remaining thermal energy for supplying to 

all other heat-requiring units in order to reduce the requirement of the external heat.  Fig. 

4 shows the impact of the operating pressure on the residual energy calculated from the 

thermal energy of the GT exhaust gas subtracted by the system heat requirement. The 

negative value of the residual energy indicates that the thermal energy from the GT outlet 

gas is insufficient to supply the SOFC system and thus the external heat is needed. It is 

found that an increase in the operating pressure reduces the external heat requirement 

because the ethanol steam reformer needs less energy. It is noted that when operated at 

the pressure of 20 bar, the SOFC-GT system can be operated at a self-sustainable 

condition where the external heat is unnecessary; however, at high pressure operation, a 

low system electrical efficiency is obtained. 
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Fig. 3 Effect of operating pressure on (a) thermal energy of the GT outlet gas (Qgto) and 

(b) excess air ratio and GT outlet temperature (the conventional SOFC-GT hybrid 

system).  
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Fig. 4 Effect of operating pressure on the remaining energy of the GT exhaust gas (the 

conventional SOFC-GT hybrid system). 
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Fig. 5 Distribution of heat used in the conventional SOFC-GT hybrid system (P = 6 bar). 

 

Fig. 5 shows the energy requirement in each part of the pressurized SOFC-GT 

hybrid system. It can be divided into three parts, namely the energy used for pre-heating 

air, pre-heating fuel and water and ethanol steam reformer. The air pre-heating unit 

consumes the highest energy; it takes about 65-74% of the overall energy consumption of 

the SOFC-GT system. Therefore, if the energy used for the air pre-heater operation can be 
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reduced, the requirement of the external heat for supplying to the SOFC system would be 

minimized and the energy management of the system would be probably better. 

  

5.2.2 A pressurized SOFC/GT system with cathode gas recirculation  

 In the previous section, it was found that most thermal energy consumption in the 

SOFC system is caused by the air pre-heater. To improve the system performance, a 

portion of the cathode exhaust gas is recycled and then mixed with a fresh air feed to 

reduce a heat duty of the air pre-heater. Regarding the system electrical efficiency, the 

pressurized SOFC-GT hybrid system is studied under a pressure range of 2-8 bar. The 

influence of a recirculation ratio of the cathode exhaust gas at different operating 

pressures on the system electrical efficiency, SOFC electrical efficiency and the 

PGT/PSOFC ratio is illustrated in Figs. 6a-c, respectively. The system electrical 

efficiency decreases with increasing the recirculation ratio of the cathode exhaust gas at 

all the operating pressure considered, and the SOFC efficiency and the PGT/PSOFC ratio 

show similar trends. The results also indicate that the recirculation ratio has impact on the 

performance of the GT more than the SOFC. The electrical efficiency of the SOFC 

slightly declines with increasing the recirculation ratio of the cathode exhaust gas (0.1-

0.7); however, the decrement of the SOFC efficiency is obviously observed at the 

recirculation ratio of higher than 0.7. This is because the oxygen feed is diluted when 

increasing the recirculation ratio and consequently, a larger concentration loss in the 

SOFC appears. An increase in the cathode gas recycle also decreases the PGT/PSOFC 

ratio as the gas inlet flow to the GT drop and thus the GT power is less generated.  
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Fig. 6 Effect of recirculation ratio of cathode gas on the SOFC-GT hybrid system with 

cathode gas recirculation at different operating pressure: (a) system electrical efficiency, 

(b) SOFC electrical efficiency and (c) power ratio of GT to SOFC.  
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  Fig. 7 shows the variations in the GT inlet temperature and the thermal energy of 

the GT outlet gas as a function of the recirculation ratio of the cathode gases at different 

operating pressures. An increase in the cathode gas recycle results in the elevated 

temperature of the GT inlet because the air stream fed to the combustor decreases while 

the fuel in the anode exhaust gas is still constant. It is noted that the fuel utilization of the 

SOFC is kept constant at 70% in all case studies. Although the increased temperature of 

the GT inlet enhances the performance of the GT, the GT inlet temperature should not 

exceed the endurance limit of GT materials. In general, the maximum GT inlet 

temperature is 1400 K [27]. Taking this constraint into consideration, the cathode 

recirculation ratio should not be higher than 0.7-0.8, depending on the operating pressure 

(Fig. 8a). When considering the thermal energy of the GT exhaust gas (Fig. 8b), it 

decreases with the increased recirculation ratio because a decrease in the GT inlet feed 

flow has more effect on the thermal energy of the GT outlet gas than an increase in the 

GT inlet temperature.  

 Fig. 8 shows the effect of the cathode gas recirculation on the residual thermal 

energy of the SOFC-GT system. When the system is operated at a higher recirculation of 

the cathode gas, it is found that the SOFC system generates the thermal energy higher 

than its consumption. This result indicates a possibility of the SOFC-GT system with 

cathode gas recirculation to be operated at the self-sustainable condition. At high 

recirculation ratio of the cathode exhaust gas, the requirement of the fresh air fed to the 

SOFC reduces, resulting in the decreased heat duty of the air pre-heater. Because the 

recirculation of the cathode gas has a positive effect on the thermal management of the 

pressurized SOFC-GT hybrid system but decreases the system electrical efficiency.  

Therefore, the recirculation ratio of the cathode exhaust gas should be carefully selected. 

In this study, it is found that the pressurized SOFC-GT hybrid system should be operated 
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at pressure of 6 bar because the highest electrical efficiency can be achieved and the 

cathode gas recirculation ratio of 0.3 is selected. At this condition, the SOFC system can 

be self-sustainable and the system electrical efficiency slightly decreases (3 %). 
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Fig. 7 Effect of recirculation ratio of cathode gas on (a) the GT inlet temperature and (b) 

the thermal energy of the GT outlet gas (the SOFC-GT hybrid system with cathode gas 

recirculation). 
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Fig. 8 Effect of recirculation ratio of cathode-off gas on the residual energy from the 

outlet GT energy (the SOFC-GT hybrid system with cathode gas recirculation). 
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Chapter 6 

 

Conclusions 

 

 

6.1 Use of different renewable fuels in a steam reformer integrated into a solid oxide 

fuel cell: Theoretical analysis and performance comparison 

The performance and efficiency of a steam reforming process and solid oxide fuel 

cell (SOFC) integrated system is theoretically analyzed in this study. Different renewable 

fuels, i.e., glycerol, ethanol and biogas, were applied to generate hydrogen for SOFC. The 

results showed that ethanol can produce the most hydrogen at an operating temperature of 

1073 K. The utilization of glycerol for hydrogen production shows the least tendency 

toward carbon formation. The SOFC system supplied by biogas requires the most energy 

and has the lowest electrical and thermal efficiencies. Ethanol is a suitable fuel for the 

SOFC system; it has the highest electrical and thermal efficiencies of the three fuels, and 

it has low carbon dioxide emission. 

 

6.2 Analysis of an ethanol-fuelled solid oxide fuel cell system using partial anode 

exhaust gas recirculation  

The performance analysis of a SOFC system fuelled by ethanol is presented in this 

work. An electrochemical model of the SOFC and an equilibrium model of ethanol steam 

reforming are employed to simulate the SOFC system. The performance of two SOFC 

systems with and without anode exhaust gas recirculation is compared. The results 

indicate that the SOFC system with anode exhaust gas recycling provides higher electrical 

and thermal efficiencies than that of a non-recycling SOFC system. It is found that the 
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tendency of carbon formation in the ethanol steam reformer decreases with an increasing 

recirculation ratio and fuel utilization in the SOFC stack. At low fuel utilization, the 

electrical efficiency of the SOFC system increases with the increasing recirculation ratio 

while the thermal efficiency decreases. The performances of the SOFC system show an 

opposite trend at high fuel utilization operation. Therefore, the recirculation ratio must be 

carefully selected. Furthermore, the electrical efficiency of the SOFC system can be 

enhanced when the ethanol reformer and SOFC stack are operated at high temperatures.  

 

6.3 Analysis of a pressurized solid oxide fuel cell-gas turbine hybrid power system 

with cathode gas recirculation  

A pressurized solid oxide fuel cell and gas turbine hybrid system (SOFC-GT) fed 

by ethanol is studied. The performance of the SOFC system in terms of the electrical 

efficiency and thermal management is analyzed with respect to the operating pressure and 

recycle ratio of a cathode exhaust gas. The simulation results show that the optimal 

operating pressure of the pressurized SOFC system is in a range of 4-6 bar. Under this 

condition, the system can achieve the highest electrical efficiency, whereas the 

recuperation of the waste heat from the GT exhaust gas is minimized. The recirculation of 

the cathode exhaust gas in the SOFC system can reduce the external heat requirement of 

an air pre-heater. However, the electrical efficiency of the SOFC system with cathode gas 

recycling is lower than the conventional SOFC system. In addition, it is found that the 

SOFC system with cathode gas recycling can be operated at a self-sustainable condition.  
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a b s t r a c t

This paper presents an analysis of a solid oxide fuel cell (SOFC) system integrated with an ethanol reform-
ing process. The recycling of the anode exhaust gas in the integrated SOFC system is considered to improve
its performance. The results indicate that under the same operating conditions, the SOFC system operated
with the recycle of the anode exhaust gas has higher electrical and thermal efficiencies than a non-
recycling SOFC system. The required conditions to prevent carbon formation in the ethanol reformer are
also examined. When the SOFC system with anode exhaust gas recycling is operated at a higher recir-
culation ratio and fuel utilization, the carbon formation can be reduced, which in turn decreases the
node exhaust gas recycle
thanol reforming
erformance analysis

reformer operating temperature. However, the recirculation ratio has to be carefully selected because an
increase in the recirculation ratio has an adverse impact on the electrical efficiency of the SOFC system.
In addition, the results show that the electrical efficiency depends on the fuel utilization of the SOFC.
At low fuel utilization (0.5–0.6), the electrical efficiency increases as the recirculation ratio increases. In
contrast, when the SOFC is operated at a higher fuel utilization (>0.6), an increase in the recirculation
ratio results in a decrease in the electrical efficiency.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Fuel cells have been identified as an alternative method to
enerate power with high efficiency and environmental friendli-
ess when compared to a conventional combustion-based process.
mong the various types of fuel cells, the solid oxide fuel cell (SOFC)

s the most promising fuel cell technology, as it can be used in a
ide range of commercial applications. The high operational tem-
erature of the SOFC (1073–1273 K) results in many advantages;
or example, the high-temperature waste heat from a SOFC can be
ecovered for use in other heat-demanding units in the SOFC sys-
em. In addition, different fuels (e.g., methane, methanol, ethanol,
tc.) can be directly fed to the SOFC due to the possibility for oper-
tion with internal reforming [1].

In general, natural gas is widely used as the fuel for SOFC
pplications. However, liquid fuels such as ethanol, methanol and

asoline have been recommended for use in automotive appli-
ations or auxiliary power units [2–4]. In comparison with other
eedstocks, ethanol is considered an economically attractive green

∗ Corresponding author at: Department of Chemical Engineering, Faculty of Engi-
eering, Chulalongkorn University, Bangkok 10330, Thailand. Tel.: +66 2 218 6878;

ax: +66 2 218 6877.
E-mail address: Amornchai.A@chula.ac.th (A. Arpornwichanop).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.02.023
fuel as it can be derived renewably from several biomass sources,
including energy plants and agriculture residues [5]. In addition,
it presents several advantages for fuel cell applications; that is, it
has a relatively high hydrogen content and is easy to store, han-
dle and transport safely due to its lower toxicity and volatility [6].
Douvartzides et al. [7] presented a thermodynamic and economic
analysis of the electricity generation of SOFCs using various fuels.
The results showed that the use of ethanol to produce hydrogen
for SOFCs is a very promising option. When ethanol is considered
as the primary fuel, it is possible to be internally reformed into a
hydrogen-rich gas (synthesis gas) within a fuel cell stack (referred
to as an internal reforming SOFC, or IR-SOFC) because the oper-
ating temperature of the SOFC is in the same range as that of the
reforming reactions. However, it was reported that the direct feed
of ethanol to the SOFC stack is not appropriate due to the easy
degradation of the Ni/YSZ catalyst at the anode by carbon forma-
tion, which leads to the loss of fuel cell performance and poor
durability [8]. In order to avoid this problem, the implementation of
an external reforming system is a potentially better option because
the higher content of hydrogen that is obtained from the conver-
sion of ethanol via a steam reforming process can be introduced

to the SOFC stack [9]. Nevertheless, because the steam reforming
reaction involves a highly endothermic reaction, the SOFC system
with external reforming requires a high external heat source and
efficient energy management.

dx.doi.org/10.1016/j.jpowsour.2012.02.023
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Amornchai.A@chula.ac.th
dx.doi.org/10.1016/j.jpowsour.2012.02.023
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Nomenclature

ac activity coefficient of carbon
Ac fuel cell active area (m2)
Deff,anode effective gaseous diffusivity through anode

(m2 s−1)
Deff,cathode effective oxygen diffusivity through cathode

(m2 s−1)
EOCV open-circuit voltage (V)
E0 open-circuit voltage at the standard pressure (V)
Eanode activation energy of anode (kJ mol−1)
Ecathode activation energy of cathode (kJ mol−1)
F Faraday constant (C mol−1)
ḣ enthalpy (kJ mol−1)
�H

◦
standard heat of reaction (kJ mol−1)

j current density (A m−2)
j0,anode exchange current density at anode (A m−2)
j0,cathode exchange current density at cathode (A m−2)
kanode pre-exponential factor of the anode (A m−2)
kcathode pre-exponential factor of cathode (A m−2)
Keq equilibrium constants
LHVC2H5OH low heating value of ethanol (kJ s−1)
n number of electrons transferred
ṅ molar flow rate (mol s−1)
pi partial pressures of component i (bar)
P operating pressure of SOFC (bar)
Psofc electrical power output (W)
Q thermal energy (kJ s−1)
R gas constant (kJ mol−1 K−1)
Rohm total internal resistance (� m2)
T temperature (K)
Uf fuel utilization factor
V operating cell voltage (V)
ż amount of hydrogen consumed by the electrochem-

ical reaction (mol s−1)

Greek symbols
˛ transfer coefficient
� overpotentials (V)
�air excess air ratio
�anode electronic conductivity of anode (�−1 m−1)
�cathode electronic conductivity of cathode (�−1 m−1)
�electrolyte ionic conductivity of electrolyte (�−1 m−1)
�anode thickness of anode (m)
�cathode thickness of cathode (m)
�electrolyte thickness of electrolyte (m)

Subscripts
a air channel
conc concentration overpotentials
f fuel channel
i chemical component
j reaction
ohm ohmic loss
r reformer
sofc solid oxide fuel cell
SM steam reforming reaction
TPB three-phase boundary

i
p
h

WGS water gas shift reaction
When considering the operating parameters of SOFC systems,
t has been reported that the fuel utilization is the most important
arameter affecting the performance of SOFC. A SOFC operated at
igh fuel utilization can provide high electrical efficiency. However,
ources 208 (2012) 120–130 121

at high fuel utilization, more hydrogen is consumed by the electro-
chemical reactions, and the fuel stream at the SOFC fuel channel
is thus diluted by steam [10]. A hydrogen deficiency due to the
unbalanced fuel flowing through the SOFC causes a larger buildup
of nickel oxide [11] as well as corrosion on the carbon plate [12].
Therefore, it is reasonable to operate the SOFC at a moderate fuel
utilization. Under this condition, the SOFC can produce electrical
power together with a high-temperature exhaust gas that contains
useful remaining fuel (i.e., hydrogen and carbon monoxide). Typ-
ically, the exhaust gases from fuel and air channels are burnt in
an afterburner to produce more heat, which is used to preheat the
fuel stream and supplied to the steam reformer. Although the com-
bustion of exhaust gases can increase the thermal efficiency of the
SOFC system, the fuel stream is utilized inefficiently. To improve the
overall SOFC performance, a SOFC system with anode exhaust gas
recycling has been proposed in the literatures [13–15]. A portion of
anode exhaust gas containing useful fuels, i.e., hydrogen and carbon
monoxide, is recirculated to mix with the inlet fuel before it is fed
to the reformer, whereas the rest of the anode exhaust gas is burnt
with the cathode exhaust gas in the afterburner. Interestingly, it is
noteworthy that the steam produced by the electrochemical reac-
tion in the anode exhaust gas can be further used as a reagent for
steam reforming and thus the requirement for fresh steam can be
reduced [16]. Shekhawat et al. [14] demonstrated that the utiliza-
tion of the anode exhaust gas in the SOFC system integrated with
the catalytic partial oxidation of diesel can reduce the carbon for-
mation and increase the hydrogen concentration in the reformate
gas. Although the SOFC system with anode exhaust gas recycling
was previously studied as mentioned above, there are few studies
that investigate in detail the effect of utilizing the anode exhaust
gas on the reforming process and the SOFC system performance.
This understanding allows for the improvement of the overall SOFC
system efficiency.

In this study, the performance of a SOFC system fuelled by
synthesis gas derived from an ethanol reforming process with non-
recycling and recycling of the anode exhaust gas is investigated
based on a thermodynamic analysis. The optimal design of the SOFC
system is determined by considering the electrical and thermal
efficiencies. In addition, the influences of the fuel utilization and
recirculation ratio of the anode exhaust gas on the carbon forma-
tion in the ethanol steam reformer and on the system efficiency are
investigated to justify the benefit of using the anode exhaust gas
recycling.

2. Model of SOFC system

2.1. SOFC system

Fig. 1a and b shows schematics of the ethanol steam reformer
and the SOFC integrated system with and without the recycle of
the anode exhaust gas, respectively. Both the SOFC systems consist
of a vaporizer, heat exchanger, fuel processor, SOFC stack and
afterburner. First, ethanol and water are separately fed into the
vaporizer and then sent to the heat exchanger to be preheated to
the desired operating temperature of the reformer. The ethanol
and steam then undergo the steam reforming reaction at the
reformer to produce a synthesis gas. The obtained synthesis gas is
preheated before being fed to the SOFC stack where the hydrogen
in the synthesis gas reacts with oxygen in air to produce electrical
power via an electrochemical reaction. The residue fuel in the SOFC
outlet stream is combusted in the afterburner and the heat thus

generated can be used for the heat-requiring units in the SOFC sys-
tem. In the case where the anode exhaust gas is recycled (Fig. 1b),
a portion of the anode exhaust gas is recycled to the reformer. The
steam generated by the electrochemical reaction can be used as
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Fig. 1. Schematic of the SOFC systems integrated with an external ethano

reforming reagent, whereas the residue of carbon monoxide in
he anode exhaust gas can further react with steam via the water
as-shift reaction to produce more hydrogen in the steam reformer.

The following assumptions have been made for modeling the
thanol steam reforming and SOFC integrated system: (i) heat
osses from each unit in the SOFC system are negligible, (ii) all gases
ehave as ideal gases, and (iii) the temperatures of the system are
ept constant.

.2. Fuel processor

The main reactions that occur in the ethanol steam reformer for
ydrogen production are as follows [17]:

2H5OH + H2O ↔ 4H2 + 2CO (1)
O + H2O ↔ H2 + CO2 (2)

O + 3H2 ↔ CH4 + H2O (3)
m reformer: (a) no recirculation and (b) anode exhaust gas recirculation.

The equilibrium composition of the synthesis gas at the outlet
of the steam reformer can be determined based on a thermody-
namic analysis using a stoichiometric approach. The equilibrium
constants of each reaction (Eqs. (1)–(3)) can be written as:

Keq,SE =
p2

CO,rp
4
H2,r

pC2H5OH,rpH2O,r
(4)

Keq,WGS = pCO2,rpH2,r

pCO,rpH2O,r
(5)

Keq,MR = pCH4,rpH2O,r

pCO,rp
3
H2,r

(6)
where Keq,j represents the equilibrium constant associated with
reaction j and pi,r is the partial pressure of component i in the steam
reformer.
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The equilibrium constants of all the reactions can be determined
y the Van’t Hoff equation:

d ln K

dT
= �H◦

RT2
(7)

The molar flow rates of each component in the ethanol steam
eformer are given by the following expressions:

EtOH,r = a − x1 (8)

H2O,r = b + c − x1 − x2 + x3 (9)

H2,r = d + 4x1 + x2 − 3x3 (10)

CO,r = g + 2x1 − x2 − x3 (11)

CH4,r = m + x3 (12)

CO2,r = e + x2 (13)

total,r =
6∑

i−1

ni = a + b + c + d + e + g + m + 4x1 − 2x3 (14)

here x1, x2 and x3 are the extent of reactions of Eqs. (1)–(3) and a
nd b represent the inlet feed flows of ethanol and water fed to the
team reformer, respectively. When recycling the anode exhaust
as, c, d, e, g and m represent the inlet recycle flows of water, hydro-
en, carbon dioxide, carbon monoxide and methane to the steam
eformer, respectively.

The following three reactions, i.e., the Boudouard reaction (Eq.
15)), methane cracking (Eq. (16)) and CO reduction (Eq. (17)), are
he most probable reactions that can lead to the formation of carbon
n the ethanol reforming system:

CO ↔ CO2 + C (15)

H4 ↔ 2H2 + C (16)

O + H2 ↔ H2O + C (17)

In this study, the carbon formation is examined by using a
hermodynamic analysis that considers the Boudouard reaction
ecause it presents the lowest value of the Gibbs free energy. The
ossibility of the carbon formation is determined by the value of
he carbon activity, defined as:

c =
Kbp2

CO,r

pCO2,r
(18)

here ac is the activity coefficient of carbon and Kb represents
he equilibrium constant for the Boudouard reaction. If the carbon
ctivity is greater than unity, the system is not in equilibrium and
arbon formation is present. When the carbon activity equals to
nity, the system is in equilibrium. Finally, when the carbon activ-

ty is less than unity, the formation of carbon is thermodynamically
mpossible in the system. It is noted that the carbon activity is only
he indicator for determining the presence of carbon in the system
nd thus the amount of carbon formation cannot be examined.

The heat required for the steam reformer operation can be com-
uted from the energy balance equation around the reformer:

SR =
(∑

o

ṅ8ḣ8

)
−
(∑

i

ṅ7ḣ7

)
(19)

.3. SOFC model

The synthesis gas obtained from the ethanol steam reformer

onsists of CH4, H2, H2O, CO, and CO2 and is fed to a fuel channel
f the SOFC. Because the SOFC is operated at high temperatures, a
team reforming reaction of methane (Eq. (20)) and a water gas shift
eaction (Eq. (21)) can occur within the SOFC stack. Furthermore,
ources 208 (2012) 120–130 123

the use of Ni-cermet as the anode can provide sufficient activity for
the steam reforming reaction.

Steam reforming : CH4 + H2O ↔ CO + 3H2 (20)

Water gas shift : CO + H2O ↔ CO2 + H2 (21)

Hydrogen is produced from the ethanol steam reformer as well
as from the methane reforming and water gas-shift reactions on the
anode side and is consumed by the oxidation reaction (Eq. (22))
to generate steam and electrons. Oxygen in the air that is fed at
the cathode side is reduced to oxygen ions (Eq. (23)) that migrate
through the electrolyte. The overall electrochemical reaction occur-
ring within the SOFC is shown in Eq. (24). The electrons flow from
the anode to the cathode to produce direct-current electricity.

Anode : H2 + O2− → H2O + 2e− (22)

Cathode : 0.5O2 + 2e− → O2− (23)

Overall reaction : H2 + 0.5O2 → H2O (24)

The molar flow rates of each component at the SOFC outlet can
be determined based on the reaction equilibrium. The relationships
between the thermodynamic equilibrium constants and gaseous
components for the steam reforming and water gas shift reactions
in the SOFC stack are shown in Eqs. (25) and (26), respectively.

Keq,SM =
pCO,sofcp3

H2,sofc

pCH4,sofcpH2O,sofc
(25)

Keq,WGS = pCO2,sofcpH2,sofc

pCO,sofcpH2O,sofc
(26)

where pi,sofc is the partial pressure of species i at the SOFC outlet.
For the SOFC operation, hydrogen is consumed by the elec-

trochemical reaction (ż). The consumption of hydrogen is related
to a fuel utilization factor (Uf) and the inlet gas compositions, as
expressed in Eq. (27).

Uf = ż

(4ṅCH4 + ṅH2 + ṅCO)
(27)

The current density (j) generated by the fuel cell involves the
decrease of hydrogen by the electrochemical reaction at the anode
side (Eq. (28)):

j = 2Fż

Ac
(28)

where F is the Faraday constant and Ac is the fuel cell active area.
The theoretical open-circuit voltage or the reversible cell voltage

computed by the difference between the thermodynamic poten-
tials of the electrode reactions can be expressed by the Nernst
equation:

EOCV = E0 − RT

2F
ln

(
PH2O

PH2 P0.5
O2

)
(29)

where E0 is the open-circuit voltage at standard pressure and is a
function of the operating temperature, expressed as:

E0 = 1.253 − 2.4516 × 10−4 T (K) (30)

The operating cell voltage or actual fuel cell voltage (V) is always
lower than its open-circuit voltage due to the internal voltage losses
encountered in real fuel cell operation (Eq. (31)). There are three
dominant voltage losses, which are the function of the temperature,
current density and substance concentrations.
V = E − �act − �ohm − �conc (31)

Ohmic losses (�ohm) occur due to the resistance to the flow of
ions in the electrolyte and the resistance to the flow of electrons
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hrough the electrodes and current collectors. This loss is linearly
orrelated with the voltage drop and current density (Eq. (32)).

ohm = jRohm (32)

here Rohm is the internal resistance, which depends on the con-
uctivity and thickness of the individual layers as shown below:

Ohm = �anode

�anode
+ �electrolyst

�electrolyst
+ �cathode

�cathode
(33)

here �anode, �cathode and �electrolyte are the thickness of the anode,
athode and electrolyte layers, respectively. �anode and �cathode are
he electronic conductivity of the anode and cathode, respectively,
nd �electrolyte is the ionic conductivity of the electrolyte.

The concentration overpotentials (�conc) are caused by a
ecrease in the substances at the surface of the electrodes due
o the resistance to mass transport. These overpotentials become
ignificant at high current densities because the rate of hydrogen
onsumption at the reaction sites is higher than that of diffusion
f the reactant through the porous electrode to the reaction sites
10,18]. These overpotentials can be expressed as:

conc = �conc,anode + �conc,cathode (34)

conc,anode = RT

2F
ln

(
pH2O,TPBpH2,f

pH2O,fpH2,TPB

)
(35)

conc,cathode = RT

4F
ln

(
pO2,a

pO2,TPB

)
(36)

The partial pressures of H2, H2O, and O2 at the three-phase
oundaries can be determined by using a gas transport model in
orous media as shown in the following expressions:

H2,TPB = pH2,f − RT�anode

2FDeff,anode
j (37)

H2O,TPB = pH2O,f + RT�anode

2FDeff,anode
j (38)

O2,TPB = P − (P − pO2,a) exp

(
RT�cathode

4FDeff,cathodeP
j

)
(39)

here P is the operating SOFC pressure, Deff,anode is the effective
aseous diffusivity through the anode (considered to be a binary
as mixture of H2 and H2O) and Deff,cathode is the effective oxy-
en diffusivity through the cathode (considered to be a binary gas
ixture of O2 and N2).
The activation overpotentials (�act) are caused by the slug-

ishness of the electrochemical reaction at the electrode surfaces.
he activation overpotentials can be determined by the non-linear
utler–Volmer equation as follows:

= j0,anode

[
pH2,TPB

pH2,f

exp
(

˛nF

RT
�act,anode

)

−pH2O,TPB

pH2O,f
exp
(

− (1 − ˛)nF

RT
�act,anode

)]
(40)

= j0,cathode

[
exp
(

˛nF

RT
�act,cathode

)
− exp

(
− (1 − ˛)nF

RT
�act,cathode

)]
(41)
here ˛ is the transfer coefficient (usually considered to be 0.5), n is
he number of electrons transferred in the single elementary rate-
imiting reaction step represented by the Butler–Volmer equation
nd j0,cathode and j0,anode are the exchange current density at the
ources 208 (2012) 120–130

cathode and the anode, which depend on the operating tempera-
ture as shown in Eqs. (42) and (43), respectively.

j0,cathode = RT

nF
kcathode exp

(
−Ecathode

RT

)
(42)

j0,anode = RT

nF
kanode exp

(
−Eanode

RT

)
(43)

where Ecathode and Eanode represent the activation energies at the
anode and the cathode, which are equal to 137 and 140 kJ mol−1,
respectively, and kcathode and kanode denote the pre-exponential fac-
tors, which are 2.35 × 1011 and 6.54 × 1011 �−1 m−2, respectively
[10].

The electrical power output (Psofc) is obtained when a current is
drawn from the fuel cell, defined as:

Psofc = I × Vactual = j × Vactual × Ac (44)

where Vactual represents the actual voltage and I is the current flow-
ing through the fuel cell.

In this study, the SOFC is operated under adiabatic condition;
therefore, the air flowing through the SOFC is employed to con-
trol the fuel cell temperature. The air inlet temperature can be
calculated from the energy balance around the fuel cell, given as:(∑

i

ṅ9ḣ9

)
+
(∑

i

ṅ11ḣ11

)
−
(∑

o

ṅ12ḣ12

)

−
(∑

o

ṅ13ḣ13

)
− Psofc = 0 (45)

2.4. Other units

2.4.1. Vaporizers
Ethanol and water are converted from the liquid to the gas phase

in the vaporizer. The required heat for the operation of the vaporizer
can be expressed as:

Qvap,C2H5OH =
(∑

o

ṅ2ḣ2

)
−
(∑

i

ṅ1ḣ1

)
(46)

Qvap,H2O =
(∑

o

ṅ4ḣ4

)
−
(∑

i

ṅ3ḣ3

)
(47)

2.4.2. Pre-heaters
As seen in Fig. 1, the SOFC system has three pre-heaters that are

used to preheat the feed stream of ethanol and steam, the synthesis
gas obtained from the reformer and the air fed to the SOFC. The heat
required for these pre-heaters can be determined by the following
equations:

Qpreheater,1 =
(∑

o

ṅ7ḣ7

)
−
(∑

i

ṅ6ḣ6

)
(48)

Qpreheater,2 =
(∑

o

ṅ9ḣ9

)
−
(∑

i

ṅ8ḣ8

)
(49)

Qpreheater,3 =
(∑

o

ṅ11ḣ11

)
−
(∑

i

ṅ10ḣ10

)
(50)
2.4.3. Mixer
For the SOFC system with anode exhaust gas recycling, the recir-

culated gas stream is mixed with the fresh fuel feed in a mixer. The
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Table 1
Values of the structural parameters for the planar SOFC.

Cell length, L (m) 0.4
Cell width, W (m) 0.1
Fuel channel height, hf (mm) 1
Air channel height, ha (mm) 1
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Table 2
Values of the kinetic and material property parameters for the SOFC.

Pre-exponential factor of anode exchange
current density, kanode (A m−2)

6.54 × 1011

Pre-exponential factor of cathode exchange
current density, kcathode (A m−2)

2.35 × 1011

Activation energy of anode exchange current
density, Eanode (kJ mol−1)

140

Activation energy of cathode exchange current
density, Ecathode (kJ mol−1)

137

Anode diffusion coefficient, Deff,anode (m2 s−1) 3.66 × 10−5

Cathode diffusion coefficient, Deff,cathode

(m2 s−1)
1.37 × 10−5

Anode electrical conductivity, �anode (�−1 m−1) 4.2×107

T exp
(

−1200
T

)
Cathode electrical conductivity, �cathode

(�−1 m−1)

9.5×107

T exp
(

−1150
T

)
Electrolyte ionic conductivity, �electrolyte

(�−1 m−1)
33.4 × 103 exp

(
−10300

T

)

Table 3
Values of the operating conditions for the SOFC system under nominal conditions.

Pre-reformer unit
Operating temperature, Tr (K) 973 K
Operating pressure, Pr (bar) 1
Molar flow of ethanol (mol s−1) 1

Solid oxide fuel cell unit
Operating temperature, Tsofc (K) 1073
Operating pressure, Psofc (bar) 1
Air composition 21% O2, 79% N2

Fuel utilization 0.7
Excess air ratio 8.5
SOFC pressure drop (%) 2

Table 4
Values of the input parameters used in the model validation [19].

Operating temperature, Tsofc (K) 873, 973, 1073
Operating pressure, Psofc (bar) 1
Air composition 21% O2, 79% N2

Fuel composition 97% H2, 3% H2O
Cell dimensions

Cell length, L (m) 0.4
Cell width, W (m) 0.1
Fuel channel height, hf (mm) 1
Anode thickness, �anode(�m) 500
Cathode thickness, �cathode (�m) 50
Electrolyte thickness, �electrolyte (�m) 20

utlet temperature of the mixer can be calculated from the energy
alance around the mixer, expressed as:

∑
i

ṅ5ḣ5

)
+
(∑

i

ṅ14ḣ14

)
−
(∑

o

ṅ6ḣ6

)
= 0 (51)

.4.4. After-burner
The residue flue gas from the anode outlet stream and the

nused oxidant gas from the cathode are mixed and burnt in an
fterburner. The combustion reactions that occur in the afterburner
an be written as follows:

ydrogen combustion : H2 + 0.5O2 → H2O (52)

arbon monoxide combustion : CO + 0.5O2 → CO2 (53)

For the non-recycling SOFC system, the exit temperature of the
fterburner can be calculated from the energy balance on the after-
urner as:∑

i

ṅ12ḣ12

)
+
(∑

i

ṅ13ḣ13

)
−
(∑

o

ṅ14ḣ14

)
= 0 (54)

For the SOFC system with anode exhaust gas recycling, the por-
ion of the anode flue gas that is not recycled to the reformer is fed
nto the afterburner. The exit temperature of the afterburner outlet
s calculated by solving the following equation:

∑
i

ṅ12ḣ12

)
+
(∑

i

ṅ15ḣ15

)
−
(∑

o

ṅ16ḣ16

)
= 0 (55)

The performance parameters of the SOFC system are considered
n terms of the electrical efficiency (�el) and the thermal efficiency
�th), which are defined as:

el = Psofc

ṅC2H5OHLHVC2H5OH
(56)

th = Qrec − Quse

ṅC2H5OHLHVC2H5OH
(57)

here ṅC2H5OH is the inlet ethanol molar flow rate, LHVC2H5OH is the
ower heating value of ethanol, Qrec is the thermal energy obtained
rom the SOFC system (the reference temperature is 100 ◦C) and
use is the total thermal energy used in the SOFC system.

.5. Solution approach

The performance of the SOFC system with non-recycling and
ecycling of the anode exhaust gas is analyzed based on the SOFC
ystem model mentioned in the previous section. The proposed
odel consists of a set of nonlinear algebraic equations and was

oded and solved by using MATLAB. Tables 1–3 list the parameters
f the SOFC geometry, material properties and operating condi-
ions for the SOFC system under nominal conditions [1,10,18]. The

OFC model was verified with the experimental data of Zhao and
irkar [19] to ensure its reliability. The values of the operating
arameters used for model validation are presented in Table 4.
he comparison of the model prediction with the experimental
data regarding the operating voltage of the SOFC at different cur-
rent densities and operating temperatures is shown in Fig. 2. It can
be seen that the model prediction shows a good agreement with
the experimental data of the SOFC operated under the tempera-
ture range used in this study. The model parameters may differ
from the experiment as they are taken from different sources and
this factor causes the error between the model prediction and
experimental data; however, this error can be reasonably accept-
able.

For the simulations of the SOFC system with anode exhaust gas
recycling, an iterative approach is employed: the recycle stream
(i.e., the composition of the anode exhaust gas) is assumed to be
variable and the SOFC system model is solved until the assumed
variables are recalculated. This procedure is repeated until the
difference in the values of the assumed and calculated variables
satisfies a desired accuracy (10−6).
Air channel height, ha (mm) 1
Anode thickness, �anode (�m) 1000
Cathode thickness, �cathode (�m) 20
Electrolyte thickness, �electrolyte (�m) 8
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Fig. 4. Effect of the recirculation ratio of the anode exhaust gas at different fuel
ig. 2. Comparison between the model predictions and experimental results of Zhao
nd Virkar [19].

. Results and discussion

.1. Comparison of SOFC systems with and without anode
xhaust gas recycling

The performances of the SOFC system with and without recy-
ling the anode exhaust gas are first analyzed under nominal
onditions. The steam and ethanol fed to the ethanol steam
eformer are fixed at the ratio of 1.5. The results show that the
lectrical performance of the SOFC system with the anode gas
ecycling is 46.16%, which is higher than that without the anode
as recycle (42.87%). Table 4 shows the heat duty needed in

ach unit of both SOFC systems. The energy requirements for the
thanol processor section of the SOFC system with and without
he anode exhaust gas recirculation are 397.10 and 634.18 kW,
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ig. 3. Performance of the SOFC systems with and without recycling the anode
xhaust gas at different steam-to-ethanol ratios: (a) electrical efficiency and (b)
hermal efficiency.
utilizations on the requirement of (a) the reformer temperature and (b) the steam-
to-carbon ratio, to avoid a carbon formation.

respectively. The recirculation of the anode gas reduces the energy
required by the fuel processor (37.4% reduction). In addition, it is
observed that all of the steam required for the steam reformer is
recovered by the anode exhaust gas recirculation (the recirculation
ratio = 0.6), and this can save the energy supplied to the water
vaporizer. However, the total energy requirements of the two SOFC
systems are not different. The SOFC with anode gas recirculation
can produce more electrical power and thus requires a high air
supply to maintain the temperature of the SOFC. This results in
high energy consumption in the air pre-heater. It is noted that
since the power required to drive the blower for the anode exhaust
gas recycling has slight effect on the SOFC system, it is negligible
in calculating the electrical efficiency of the SOFC system.

Fig. 3 shows a comparison of the SOFC system performance
when not recycling and recycling the anode exhaust gas at different
steam-to-ethanol feed ratios. The simulation results clearly show
that the SOFC system with anode exhaust gas recycling provides
higher electrical and thermal efficiencies than that without recy-
cling the anode exhaust gas. In the case of the SOFC system with
anode exhaust gas recirculation, it is found that the molar flow
rates of hydrogen and carbon monoxide in the SOFC feed stream
increase. As a result, the current density generated by the SOFC is
more produced, resulting in higher electrical and thermal efficien-
cies.

Considering the effect of the steam-to-ethanol feed ratio, the
electrical performance of both SOFC systems decreases when
increasing the steam-to-ethanol feed ratio. This can be explained
by a dilution of the hydrogen fed to the SOFC. Unlike the electri-

cal efficiency, when more steam is added, the thermal efficiency of
the SOFC system operated with a recycle of the anode exhaust gas
slightly increases because the load of steam generation is reduced.
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lizations. It is noted that the fuel utilization affects the gaseous
composition of the residual gas exiting from the SOFC anode,
whereas the recirculation ratio indicates the amount of the steam,

Table 5
Heat duty of each unit in the SOFC systems with and without anode exhaust gas
recirculation.

Heat exchangers Heat duty (kW)

SOFC system without
recycling the
anode-exhaust gas

SOFC system with
recycling the
anode-exhaust gas

Ethanol vaporizer 49.12 49.12
Water vaporizer 167.88 –
Pre-heating gas before

reformer
152.04 33.18

Pre-heating gas before 30.44 47.61
Fue

Fig. 5. Effect of fuel utilization on the composition of the synthesis gas

n addition, the high-temperature recycling gas reduces the exter-
al heat load for the SOFC feed pre-heater. In contrast, for the
onventional SOFC system, an increase in the steam-to-ethanol
atio leads to a higher energy requirement for evaporating and
reheating feed the steam, and thus the thermal efficiency is sig-
ificantly decreased.

.2. Effects of recirculation ratio and fuel utilization

It is well known that a crucial problem of ethanol steam reform-
ng is caused by the formation of carbon (graphite), which could
ead to the deactivation of the catalyst and increased pressure drops
n the reformer. To avoid carbon formation, the suitable operating
emperature and steam-to-carbon ratio should be determined. In
eneral, a steam reforming reaction needs to be fed with excess
team to increase hydrogen production and to reduce the carbon
onoxide. The presence of carbon monoxide will promote carbon

ormation via the Boudouard reaction (Eq. (15)). Furthermore, the
endency of carbon formation decreases as the reforming temper-

ture increases due to the exothermic nature of the Boudouard
eaction. However, operation of the steam reformer at a high tem-
erature with more steam addition results in a high operating cost
Table 5).
ization (Uf)

ined from the ethanol steam reformer at different recirculation ratios.

Fig. 4 presents the effect of the recirculation ratio of the anode
exhaust gas on the reformer temperature and steam-to-carbon
ratio required to avoid carbon formation at different fuel uti-
SOFC
Reformer 234.70 267.19
Air pre-heater 1503.94 1731.53
Total 2138.1 2128.63
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ig. 6. Effect of fuel utilization on the SOFC system performance at different recir
fficiency, and (e) thermal efficiency.

hich is generated by the electrochemical reaction, that is recycled
o the ethanol steam reforming section.

As seen in Fig. 4a, the reforming temperature required to sup-
ress the tendency of carbon formation is reduced when the SOFC

s operated at the higher recirculation ratio and fuel utilization.
he higher recirculation ratio increases the recycle of the steam to
he ethanol reformer. Furthermore, at high fuel utilization, more
team is also generated from the SOFC stack. These factors lead
o an increase in the steam-to-carbon ratio of the reformer feed
Fig. 4b). From the simulation result, when the SOFC system with
node exhaust gas recycling is operated at a low fuel utilization of
.6 and recirculation ratio of 0.4, the reforming temperature should
e higher than 970 K to prevent the formation of carbon in the

thanol reformer.

Fig. 5a–e shows the molar flow rates of hydrogen, carbon
onoxide, carbon dioxide, steam and methane at the outlet of

he ethanol reformer as functions of the recirculation ratio and
n ratios: (a) current density, (b) fuel cell voltage, (c) power density, (d) electrical

fuel utilization. As expected, the amount of hydrogen and carbon
monoxide decreases as the fuel utilization of the SOFC increases,
whereas carbon dioxide and steam increase because the elec-
trochemical and water gas shift reactions in the SOFC are more
pronounced. The results show that an increase in the recircula-
tion ratio increases the flow rates of the steam, carbon dioxide,
carbon monoxide and hydrogen. However, at high fuel utilization,
the carbon monoxide flow rate decreases when the recirculation
ratio increases. At these conditions, more steam is recycled to the
reformer, promoting the water gas shift reaction. It is noted that
when the SOFC is operated at a high fuel utilization and recir-
culation ratio, a higher steam content in the anode exhaust gas
and also a decrease in the content of methane at the reformer

outlet is observed due to an increase in the reverse methanation
reaction.

The influences of the fuel utilization and recirculation ratio on
the current density, cell voltage, power density and electrical and
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is added to the SOFC, thereby decreasing the fuel cell voltage and
the electrical efficiency.

Fig. 8 presents the electrical efficiency of the SOFC system as a
function of the SOFC operating temperatures when the reformer is
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ig. 7. Effect of the reformer operating temperature on the electrical efficiency of
he SOFC system at different recirculation ratios.

hermal efficiencies are shown in Fig. 6. It can be seen that increas-
ng the fuel utilization and the recirculation ratio cause the SOFC to
enerate more current density (Fig. 6a). When the SOFC is operated
t higher fuel utilization, more hydrogen is consumed to produce
lectricity, while increasing the recirculation ratio of the anode
xhaust gas leads to an increase in the molar flow rate of fuel
o the SOFC. However, it is found that the operating cell voltage
ecreases with the increments of fuel utilization and recirculation
atio (Fig. 6b). This is mainly due to a significant increase of steam in
he anode exhaust gas as the fuel utilization and recirculation ratio
ncrease. Although a higher amount of steam promotes the ethanol
eforming reaction, an excess of steam results in a dilution of the
ydrogen required for the electrochemical reaction. This leads to a
ignificant decrease in the open-circuit voltage and an increase in
he concentration loss.

Fig. 6c and d shows that at low fuel utilization (0.5–0.6), the
ower density and electrical efficiency of SOFC increase with the

ncreasing recirculation ratio. As the anode exhaust gas consists of
higher unreacted fuel content due to the low fuel utilization, an

ncrease in the recirculation ratio results in an increase in hydrogen
t the SOFC anode inlet, improving the SOFC performance in terms
f current density, power density and electrical efficiency. How-
ver, the power density and the SOFC electrical efficiency decrease
hen increasing the recirculation ratio at high fuel utilization. Even

hough an increase in the fuel utilization results in more current
ensity generated, the increased recirculation ratio causes a signif-

cant decrease in the fuel cell voltage. This implies that at high fuel
tilization, the decrease in the fuel cell voltage has a strong impact
n the power density and electrical efficiency, compared with an
ncrease in the current density.

Considering the thermal efficiency of the SOFC system (Fig. 6e),
hen the SOFC is operated at low fuel utilization, an increase in

he recirculation ratio decreases the thermal efficiency. Operation
f the SOFC at a high recirculation ratio lowers the amount of the
xhaust gas sent to the afterburner; therefore, the heat generated
rom the afterburner for use in the SOFC system will decrease. How-
ver, the thermal efficiency can be enhanced when the SOFC system
s operated at a higher recirculation ratio and higher fuel utilization.
his is mainly because the significant increase of steam recycled to
he ethanol reformer reduces the demand of energy for generating
team and preheating fuel stream.

.3. Effects of reformer and SOFC operating temperature
The effect of the reformer temperatures on the electrical effi-
iency when the SOFC is operated at temperature of 1073 K is
hown in Fig. 7. The electrical efficiency of the SOFC system with
Fig. 8. Effect of the SOFC operating temperature on the electrical efficiency of the
SOFC system at different recirculation ratios.

the anode gas recirculation considerably increases when increas-
ing the reformer temperature. As the ethanol steam reforming is
favored in operation at high temperatures, the increase in produced
hydrogen promotes the electrochemical reaction in the SOFC stack,
and thus, the electrical efficiency of SOFC is enhanced. However, an
increase in the recirculation ratio results in a lower SOFC electrical
efficiency. The degradation of the SOFC performance is obviously
noticed when the reformer is operated at unsuitable temperatures.
This lowers the production of hydrogen fuel for the SOFC. In addi-
tion, at a high recirculation of the anode exhaust gas, more steam
Excess air ratio

Fig. 9. Effect of the excess air ratio on (a) the electrical efficiency and (b) the thermal
efficiency of the SOFC system at different recirculation ratios.
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.4. Effect of excess air ratio

The influence of the excess air ratio on the system’s electrical
nd thermal efficiencies at different recirculation ratios is pre-
ented in Fig. 9a and b, respectively. The excess air ratio has a
light effect on the system electrical efficiency but a larger effect
n the system thermal efficiency. The thermal efficiency sharply
rops when the SOFC system is operated at a high excess air ratio
wing to an increased requirement of the heat duty of the air
re-heater.

. Conclusions

The performance analysis of a SOFC system fuelled by ethanol is
resented in this work. An electrochemical model of the SOFC and
n equilibrium model of ethanol steam reforming are employed to
imulate the SOFC system. The performance of two SOFC systems
ith and without anode exhaust gas recirculation is compared. The

esults indicate that the SOFC system with anode exhaust gas recy-
ling provides higher electrical and thermal efficiencies than that
f a non-recycling SOFC system. It is found that the tendency of
arbon formation in the ethanol steam reformer decreases with
n increasing recirculation ratio and fuel utilization in the SOFC
tack. At low fuel utilization, the electrical efficiency of the SOFC
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hermal efficiency decreases. The performances of the SOFC system
how an opposite trend at high fuel utilization operation. Therefore,
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electrical efficiency of the SOFC system can be enhanced when the
ethanol reformer and SOFC stack are operated at high temperatures.
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" A performance of a glycerol processing and HT-PEMFC integrated system is analyzed.
" Glycerol shows higher hydrogen production and lower carbon formation than methane.
" Increases in the fuel utilization and reformer temperature can improve the HT-PEMFC system efficiency.
" Water obtained from the HT-PEMFC is sufficient to supply to the steam reformer.
" External heat is required to maintain the steam reforming to achieve high system efficiency at high fuel utilization.
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The aim of this study is to theoretically analyze the performance and efficiency of a glycerol processing
and high-temperature proton exchange membrane fuel cell (HT-PEMFC) integrated system. Glycerol is
considered a renewable fuel source for hydrogen production. In comparison with methane, glycerol
shows a better performance in terms of high hydrogen production and low possibility to carbon forma-
tion. However, the content of CO2 in the reformate gas and its dilution effect as well as the energy
required for the glycerol processor should be concerned. When considering the operation of the glycerol
processor for HT-PEMFCs, the reformer temperature (TR) has a significant influence on hydrogen content
in the reformate gas, whereas the steam-to-carbon ratio (S/C) affects hydrogen production slightly. In
addition, the content of CO in the reformate gas satisfies the required constraint for HT-PEMFC operation.
The performance and efficiency of the glycerol reforming process and HT-PEMFCs integrated system are
evaluated by considering a heat recovery and a water balance.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

A hydrogen production is an important process in chemical and
petrochemical industries because hydrogen can be used as a reac-
tant to produce various valuable products. In addition, hydrogen
is considered an important energy carrier for the future as it can
be used in fuel cells to generate electricity through electrochemical
reactions without a release of pollution gases. Apart from natural
gas, renewable resources such as biomass, ethanol and biogas, are
potential feedstock for hydrogen production [1–3]. Recently, the
production of biodiesel, which is a promising alternative fuel de-
rived from vegetable oils, has been received considerable attention.
ll rights reserved.

ical Engineering, Faculty of
330, Thailand. Tel.: +66 2

rnwichanop).
As a result, glycerol as a major by-product of the biodiesel produc-
tion is highly generated. To date, a number of studies have been
performed to find useful applications of glycerol, especially in cos-
metic, pharmaceutical and food industries. Alternatively, the use of
glycerol as a renewable fuel for hydrogen production is also an
attractive option, leading to a sustainable hydrogen production
process.

A proton exchange membrane fuel cell (PEMFC) is regarded as
an effective electrical generator for automobile, residential and
portable applications. Due to a low temperature operation, PEMFC
can quick start. Other advantages include low weight and volume,
and high power density. In general, PEMFC can run on the refor-
mate gas or the synthesis gas derived from a fuel processor. How-
ever, to avoid a catalyst poisoning problem, the reformate gas must
be highly purified to reduce the amount of carbon monoxide (CO)
to be less than 10 ppm, thereby requiring a sophisticated purifica-
tion process of hydrogen feedstock [4]. This causes a large scale of

http://dx.doi.org/10.1016/j.fuel.2012.07.036
mailto:Amornchai.A@chula.ac.th
http://dx.doi.org/10.1016/j.fuel.2012.07.036
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Nomenclature

cref reference concentration (mol m�3)
cO2 oxygen concentration (mol m�3)
Ecell cell voltage (V)
Er reversible cell potential (V)
F Faraday constant (C mol�1)
i current density (A cm�2)
i0 exchange current density (A cm�2)
ld electrode thickness (m)
lm membrane thickness (m)
LHV lower heating value (kJ mol�1)
_mH2 molar flow of H2 (gmol s�1)
_mfuel molar flow of fuel (gmol s�1)

P pressure (Pa)
PFC power density (W cm�2)
PH2 partial pressure of H2 (Pa)
PH2O partial pressure of H2O (Pa)

PO2 partial pressure of O2 (Pa)
R gas constant (J mol�1 K�1)
TR reformer temperature (K)
Tcell cell temperature (K)
Uf fuel utilization

Greek letter
a transfer coefficient
gact activation loss (V)
gFC fuel cell efficiency
gFP fuel processing efficiency
gconc concentration loss (V)
gohmic ohmic loss (V)
gsys system efficiency
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the hydrogen production process and requires a high operational
cost. Another important problem on the PEMFC operation is a
water management due to its low operating temperatures and
the characteristics of membrane. To avoid the dry-out condition
of a polymer membrane, the hydrogen fuel needs to be saturated
with water. However, the excess water may cause flooding in a
cathode gas diffusion layer, which blocks oxygen to transport to
a catalyst layer, resulting in a drop of PEMFC performance.

In order to solve the problem mentioned above, a high-tem-
perature PEMFC (HT-PEMFC) operated at the temperature of
100–200 �C has been developed. Under a high temperature oper-
ation, the extent of CO that adsorbs on Pt catalyst in the HT-PEM-
FC reduces, resulting in a high tolerance of CO. Li et al. [5]
demonstrated that the HT-PEMFC can tolerate CO up to 3% at
the temperature of 200 �C and generate the electricity at 0.8 A/
cm2 with the voltage losses lower than 10 mV. Das et al. [6] re-
ported that the CO poisoning problem of the PEMFC operated at
high temperatures is less than at low temperatures. It was found
that when the PEMFC is operated at the temperature of 180 �C or
above, the reforming gas with 2–5%CO can be used with the
insignificant loss of cell performance. Due to the high CO toler-
ance of HT-PEMFC, it is also possible to use the reformate gas di-
rectly from reformers without requiring CO removal processes.
This could make a design and operating conditions of the fuel
processor for HT-PEMFCs differ from conventional PEMFCs. Fur-
thermore, the higher operating temperature of PEMFCs also in-
creases the electrochemical reaction rates at the anode and
cathode and simplifies a water management within PEMFCs.
When PEMFCs are operated at the temperature above 100 �C,
water only presents in the vapor phase. For this reason, the flood-
ing problem is solved and the transport of water is easy to
balance.

In the past, many researchers concentrated on a conventional
low-temperature PEMFC (LT-PEMFC) system integrated with a fuel
processor and various types of fuels such as methane, ethanol,
methanol and biodiesel, were considered [7–10]. There are limited
investigations concerning about the analysis of a HT-PEMFC sys-
tem. Korsgaard et al. [11] developed a dynamic model of the HT-
PEMFC system operated on the reformed natural gas and the heat
and power cogeneration of the system was considered. Pan et al.
[12] studied the methanol reformer integrated with HT-PEMFC
system and found that the reformate gas from the reforming of
methanol can be directly used in HT-PEMFC without a further
requirement of the CO removal unit.
The objective of this study is to investigate the performance of
the HT-PEMFC integrated with a fuel processor, taking into account
heat and water balances. To develop and encourage a hydrogen
production from renewable resources, glycerol obtained from bio-
diesel production is employed to produce hydrogen for the HT-
PEMFC system. The performance of a glycerol steam reforming
process is analyzed based on a thermodynamic study in terms of
carbon formation boundary, fuel consumption and product distri-
bution. Comparison between the use of glycerol and methane for
hydrogen production is also made. The reformate gas produced
from the glycerol steam reforming process integrated with a water
gas shift reactor is fed into HT-PEMFC and its electrical efficiency is
analyzed. The possibility of using waste heat and water from the
HT-PEMFC to support the reforming process is also studied to
understand the overall HT-PEMFC integrated system.

2. Steam reforming process

The steam reforming is a thermochemical process which is used
to convert hydrocarbon fuels to hydrogen for use in fuel cells. Due
to its equilibrium and exothermic natures, the steam reformer is
generally operated under high temperature and excess steam con-
ditions. However, more CO content is pronounced at high temper-
ature operation and thus a water gas shift unit is applied to
eliminate CO in the reformate gas before it is fed to the HT-PEMFC.
It is noted that owing to the high CO tolerance of HT-PEMFCs, a
preferential oxidation process is unnecessary to further purify
the reformate gas. Therefore, the fuel processing subsystem con-
sidered in this study consists of a steam reformer as a hydrogen
production unit and a water gas shift reactor as a CO removal unit.

In the case of using glycerol and methane for hydrogen produc-
tion, the overall steam reforming reactions is represented by Eq. (1)
and Eq. (2), respectively. For a water gas shift (WGS) unit, the reac-
tion occurring is given in Eq. (3).

C3H8O3 þ 3H2O$ 3CO2 þ 7H2 ð1Þ

CH4 þ 2H2O$ 3H2 þ CO2 ð2Þ

COþH2O$ CO2 þH2 ð3Þ

COþ 3H2 $ CH4 þH2O ð4Þ

2CO$ CO2 þ C ð5Þ
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CH4 $ 2H2 þ C ð6Þ

COþH2 $ H2Oþ C ð7Þ

The possible side reactions of the steam reforming are water gas
shift (Eq. (3)), methanation reactions (Eq. (4)) and carbon forma-
tion (Eqs. (5)–(7)), and thus the components appeared in the steam
reforming system are C3H8O3, CH4, H2, CO, CO2, C and H2O. The
equilibrium composition of the reformate gas obtained from the
steam reforming of glycerol is calculated based on a thermody-
namic analysis. In this study, an equilibrium reactor model in
HYSYS simulator [13] is used to model the steam reformer. The val-
idation of the glycerol reforming model is given by comparing with
experimental data reported by Profeti et al. [14]. The results shown
in Fig. 1 indicate that the model prediction and experimental data
of the product distribution obtained from the glycerol steam refor-
mer is in a good agreement. For the CO removal unit, the WGS reac-
tor is also modelled as an equilibrium reactor and its operating
temperature is specified at 473.15 K [15].

The efficiency of a fuel processing process (gFP) can be deter-
mined by the following expression:

gFP ¼
LHVH2 � ð _mH2 Þ

LHV fuel � ð _mfuelÞ þ External heat required
ð8Þ

where _mH2 is the molar flow rate of H2 and _mfuel is the molar flow
rate of fuel used for producing hydrogen. The external heat used
to maintain the glycerol reformer at the isothermal condition and
to preheat reactant is determined from the difference between
the overall heat required for the glycerol steam reforming process
and the heat recovered from the hot reformate gas.

3. High-temperature proton exchange membrane fuel cell (HT-
PEMFC)

Operation of PEMFC at high temperatures can solve both CO
poisoning and water management problems. The increased tem-
perature results in a lower CO coverage on the anode catalyst
(Pt) surface. Furthermore, water produced from the electrochemi-
cal reaction is appeared in the vapor phase and thus there is no
flooding problem in a gas diffusion layer at the cathode side. In
general, a fuel cell voltage (Ecell) is always smaller than a theoreti-
cal voltage due to the presence of irreversible losses. Ecell can be
calculated from the reversible cell potential (Er), the maximum
voltage that can be achieved by a fuel cell, and the various voltage
losses as:

Ecell ¼ Er � ðgact þ gohmic þ gconcÞ ð9Þ
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Fig. 1. Validation of the equilibrium reactor model used to predict gaseous
products of the glycerol steam reformer (steam-to-glycerol ratio = 3 and
T = 950 K).
where gact is the activation loss, gohmic is the ohmic loss and gconc is
the concentration loss.

The reversible cell potential could be described by the Nernst
equation [16]:

Er ¼ 1:184� 0:00023ðT � 298Þ þ RT
2F

ln
PH2 P0:5

O2

PH2O

 !
ð10Þ

where R is the universal gas constant, F is the Faraday constant, T is
the operating temperature (K), and PH2 , PH2O and PO2 are the partial
pressures of H2, H2O and O2, respectively.

The activation loss is calculated from the Tafel equation (Eq.
(11)). Due to the high CO tolerance of HT-PEMFC and a higher
hydrogen oxidation reaction rate at the anode, compared to the
oxygen reaction rate at the cathode, the anode activation loss is ne-
glected. The cathode activation loss of the HT-PEMFC can be calcu-
lated from the correlation and parameters reported by Shamardina
et al. [17].

i ¼ i0
cO2

cref

� �
exp

gactaF
RT

� �
ð11Þ

The ohmic losses are caused by a resistance to the flow of ions
through the membrane and a resistance to the flow of electrons
through the electrically conductive fuel cell components. These
losses for the HT-PEMFC can be expressed from the correlation
proposed by Cheddie et al. [18] as:

gohmic ¼ i
lm

jm
þ 2ld

rd

� �
ð12Þ

The concentration loss can be calculated from a limiting current
density (iL) as shown in Eq. (13). The limiting current density is the
maximum current density that fuel cell can be reached.

gconc ¼
RT
nF

ln
iL

iL � i

� �
ð13Þ

The HT-PEMFC model mentioned above is solved by Matlab. In
order to verify the reliability of the HT-PEMFC model used in this
study, the polarization curve obtained from the model prediction
and experimental data [17] when the HT-PEMFC is run on pure
hydrogen and air and operated at the temperature of 433 K is com-
pared in Fig. 2 and the simulation results agree very well with the
experimental data.

To evaluate the performance of the HT-PEMFC, the power den-
sity (PFC) and the thermal efficiency as given in Eqs. (14), (15) are
determined.

PFC ¼ iEcell ð14Þ
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experimental data [17] (pure hydrogen and air operation and cell temperature of
433 K).
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gFC ¼
PFC � Uf

_mH2 � LHVH2

ð15Þ

where _mH2 is the hydrogen molar flow rate which is used in electro-
chemical reaction and Uf is the fuel utilization, which is defined by
the ratio of consumed hydrogen to supplied hydrogen.

Fig. 3 shows a fuel processor and HT-PEMFC integrated system.
The fuel processor consists of a steam reformer and a water gas
shift (WGS) unit. The system efficiency can be defined as follows:

gsys ¼
PFC

_mfuel � LHV fuel þ External heatðQ 1Þ
ð16Þ

It is noted that the external heat (Q1) is required to maintain the
system (including heat for vaporizing and preheating reactant and
water) and can be calculated from of the overall required heat for
the reforming process and the overall heat recovered from the HT-
PEMFC system (Eq. (17))

External heatðQ1Þ ¼ Overall required heat

� Overall recovered heatðQ 2 þ Q 3

þ Q4Þ ð17Þ

where Q2 is the heat recovered from the hot reformate gas and Q3

and Q4 are the heat recovered from the anode and cathode off gases
of the HT-PEMFC, respectively.

4. Results and discussion

In this study, glycerol is used as a green and renewable fuel for
hydrogen production via a steam reforming process. The reforming
of glycerol is compared with that of methane, which is presently a
primary fuel for hydrogen production process. The reforming pro-
cess consists of a steam reformer and a water gas shift reactor unit.
The latter unit is employed to reduce the CO content to the level
that satisfies the required specification of the reformate gas for
HT-PEMFC. Thermodynamic analysis is performed to determine
the equilibrium composition of the reformate gas. The carbon for-
mation, fuel consumption and gaseous product distribution are key
factors to be considered. Finally, the performance and efficiency of
the combined glycerol reforming process and HT-PEMFC is
presented.

4.1. Hydrogen production: glycerol and methane

Carbon formation is an important problem in a reforming pro-
cess. In general, the reforming temperature and steam-to-carbon
(S/C) feed ratio are controlled to avoid the presence of carbon in
the reformer. Fig. 4 shows the boundary of carbon formation when
glycerol and methane are reformed to hydrogen. The region below
the boundary line is the area where the formation of carbon is pos-
sible. The results show that at a lower reforming temperature,
glycerol requires more steam than methane to inhibit the forma-
tion of carbon; however, the opposite trend is observed when the
steam reformer is operated under high temperatures (TR > 730 K).

Next, the performance of the steam reformer for hydrogen pro-
duction from glycerol is evaluated and compared with methane.
Fig. 5 shows that at the same hydrogen production rate, the
amount of glycerol fed to the steam reformer is lower than that
of methane. This can be explained by a higher hydrogen atom in
the glycerol molecule. When the steam reformer is operated at a
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Table 1
Energy requirements for the steam reforming of glycerol and methane.

Glycerol Methane

Condition
TR (K) 950 1000
S/C 2 2
Energy (kW)
Latent heat

-Glycerol 14.96 –
-Water 42.71 26.18

Sensible heat 69.04 31.00
Required heat for reformer 36.69 69.45
Total heat requirement 163.40 126.63
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higher temperature, an amount of glycerol or methane fed to the
reformer is less required. For the glycerol steam reforming, the
optimal operating temperature (providing the maximum hydrogen
content) is 950 K, whereas it is 1000 K for the methane steam
reforming. It is also found that the amount of CO produced from
the glycerol reforming is higher than that from methane, especially
at high temperatures. However, under the optimal operating tem-
perature, the content of CO produced from the steam reforming of
glycerol and methane is approximately the same. In general, CO
has a direct impact on the activity of Pt catalyst in PEMFC. For a
low-temperature PEMFC operated at a temperature range of 60–
80 �C, a purification unit such as a preferential oxidation process,
is further needed to remove CO from the reformate gas. If the refor-
mate gas has a higher fraction of CO, the loss of hydrogen through
the oxidation reaction of hydrogen in the preferential oxidation
process may be occurred. Therefore, the CO content has an indirect
effect on the amount of hydrogen containing in the reformate gas.

Fig. 6 shows the comparison of glycerol and methane steam
reforming processes in terms of the product distribution and the
fuel consumption when the steam reformer is operated at the
steam-to-carbon ratio of 2 and optimal operating temperature.
The result indicates that the consumption of glycerol is less than
that of methane at the same level of hydrogen production. It is
noted that the amount of CO2 generated should also be taken into
consideration because it decreases the fraction of hydrogen in the
reformate gas. Fig. 7 shows the mole fraction of the reformate gas
obtained from the reformer. The reforming of methane provides
higher hydrogen fraction than that of glycerol because less amount
of CO2 is generated. It should be noted that the hydrogen fraction
has a direct impact on the fuel cell performance.

The total energy requirement for operation of the steam refor-
mer running on glycerol and methane is investigated and the re-
sults are shown in Table 1. The energy required for the steam
reforming process accounts for the heat of vaporization, the sensi-
ble heat to heat up reactants to the desired temperature and the
heat needed for maintaining the reformer at an isothermal opera-
tion. It is observed that the glycerol processor requires a higher
external energy for hydrogen production. The main energy con-
sumption of the glycerol reformer is caused by the heat to vaporize
and preheat the reactant.

From the simulation results mentioned above, glycerol shows
the potential of fuel for hydrogen production in terms of low pos-
sibility to carbon formation and high hydrogen yield. In addition, it
is the renewable energy resource and thus becomes the competi-
tive fuel when compared with methane. Furthermore, the use of
glycerol to produce a high-value added product could reduce a bio-
diesel production cost.
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4.2. Glycerol reforming process for HT-PEMFC

For HT-PEMFCs, a further CO purification process in the fuel pro-
cessor such as a preferential oxidation, a methanation or a mem-
brane separation, can be eliminated because the reformate gas
with a higher CO content can be directly employed for electricity
generation. Therefore, the glycerol reforming process (GRP) com-
prising of a reformer and a water gas shift unit is examined in this
work. Fig. 8a shows the amount of hydrogen obtained from the GRP
operated under different temperatures (TR) and steam-to-carbon
(S/C) ratios. The results indicate that the reformer temperature is
the key factor to improve the hydrogen production, whereas the
S/C ratio has a slight effect. When the GRP is operated under the
S/C ratio of higher than 2 and the temperature of higher than
1000 K, the production of hydrogen is kept constant. It is found that
the highest amount of hydrogen obtained from the GRP is very close
to its maximum value based on the reaction stoichiometry in Eq.
(7).

Fig. 8b shows the content of CO in the reformate gas when the
reformer is operated at different temperatures and steam-to-car-
bon (S/C) ratios. It is found that at S/C > 2, the CO flowing out from
the water gas shift unit in the GRP is lower than 0.5% for all operat-
ing reformer temperatures. Increases in the S/C ratio and the refor-
mer temperature over such the conditions have an insignificant
effect on the CO content. At S/C < 2, the operating temperature of
the reformer affects the presence of CO; however, its concentration
satisfies the desired specification of the reformate gas for HT-PEM-
FC. As a result, the reformate gas obtained from the GRP can be di-
rectly fed to the HT-PEMFC without further purification.

The thermal efficiency of the GRP is demonstrated in Fig. 9. The
reformer operating temperature and S/C are the critical factor in
achieving a high efficiency of the GRP. Although operation of the
reformer with high S/C ratio provides more hydrogen content, it
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Table 2
Model parameters used for simulation of the HT-PEMFC [17].

Parameters Value Unit

Fuel cell temperature (Tcell) 433 K
Operating pressure at anode (Pa) 101.325 kPa
Operating pressure at anode (Pc) 101.325 kPa
Faraday constant (F) 96485 C mol�1

Gas constant (R) 8.31 J mol�1 K�1

Transfer coefficient (a) 0.8 –
Reference concentration (cref) 28 mol m�3

Exchange current density (i0) 0.25 A m�2

Ionic conductivity (jm) 3.8 S m�1

Electrical conductivity (rd) 220 S m�1

Membrane thickness (lm) 6 � 10�5 m
Electrode thickness (ld) 4 � 10�4 m
Lower heating value of glycerol (LHVglycerol) 1564.9 kJ mol�1

Lower heating value of H2 (LHVH2 ) 242 kJ mol�1

Lower heating value of CH4 (LHVCH4 ) 802.7 kJ mol�1

Lower heating value of CO (LHVCO) 283 kJ mol�1
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Fig. 10. Effect of reformer temperatures on the efficiency of the HT-PEMFC system
at different fuel utilizations.
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leads to a large energy consumption and thus decreases the effi-
ciency of the GRP. The highest efficiency is about 80% at the S/C
of 1–2 and the temperature of 1000–1200 K.

4.3. Glycerol reforming process and HT-PEMFC integrated system

In this section, the performance of the GRP and HT-PEMFC inte-
grated system is analyzed. The reformate fed to the HT-PEMFC is de-
rived from the product gas of the glycerol steam reformer operated at
the temperature of 1000 K and S/C of 2. Water and heat balances with-
in the system are managed to improve the system efficiency. The
parameters used in the simulation of the HT-PEMFC system are given
in Table 2. To reduce the requirement of the external heat, some of the
energy required by the reforming process is supplied by the heat
recovered from the anode and cathode off gases and the hot reformate
gas, whereas water removed from the reformate gas and the fuel cell
exhaust gas is sent to the reforming process with the aim to reduce a
water fresh feed (see Fig. 3).

4.3.1. System efficiency
The performance of the HT-PEMFC system is evaluated by vary-

ing the fuel utilization (Uf) and the reformer temperature (Fig. 10).
It is noted that the change in the reformer temperature will affect
the fuel composition of the reformate gas fed to the HT-PEMFC as
mentioned in the previous section. Although the required energy
to sustain the reforming reactions increases with increasing the
reforming temperature, the hydrogen produced also increases.
From Fig. 10, it is found that the efficiency of the HT-PEMFC system
increases with increasing the fuel utilization. This is because the
required hydrogen feed at high fuel utilization ratio is less than
at low fuel utilization ratio. The operation of the HT-PEMFC at
low fuel utilization results in the reduction of the external heat
requirement; however, the use of hydrogen to produce electricity
via the HT-PEMFC, instead of burning it for a heat recovery, is more
efficient. In addition, the system efficiency is enhanced when oper-
ated at a higher reforming temperature due to more hydrogen
produced.
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Fig. 11 shows the electrical characteristics of the HT-PEMFC and
the efficiency of the HT-PEMFC system when the HT-PEMFC is oper-
ated at different current densities. The cell voltage decreases with
increasing the current density due to the voltage losses occurring
at the HT-PEMFC. The HT-PEMFC system provides a higher efficiency
at a lower current density operation. The efficiency of the HT-PEMFC
integrated system is about 30–40% at the cell voltage range of 0.5–
0.7 and 20–30% at the maximum power output. Table 3 summarizes
the simulation results for the 1 kW HT-PEMFC system.

4.3.2. Heat recovery
The improvement of a thermal management in the HT-PEMFC

system is an alternative option for efficient energy usage. A high
temperature operation of HT-PEMFC offers the prospect for a com-
bined heat and power system; a waste heat from the fuel cell can
be recovered to preheat the fuel or to supply to the reforming pro-
cess. Here, the remaining heat from the anode and cathode off
gases flowing out the HT-PEMFC is utilized to provide heat for glyc-
erol steam reforming process. The anode off gas is combusted in
the burner to generate additional heat for the reformer operation.
The percentage of the heat recovery from HT-PEMFC for the glyc-
erol processor is defined in the following equation:

%heat recovery ¼ heat recovered from HT� PEMFCðQ 3 and Q 4Þ
heat required for fuel processor

� 100

ð18Þ

It is noted that the heat recovered from the HT-PEMFC is the
remaining heat from the anode and cathode off gases (Q3 and Q4

in Fig. 3). The required heat for the fuel processing is calculated
from the difference of the overall heat requirement and the heat
recovered from the reformate gas (Q2) in Fig. 3.
Table 3
Summary of the simulation results for a 1 kW HT-PEMFC system operated at voltage
of 0.6 V and fuel utilization of 0.8.

Parameters Value Unit

Power density 1.2 � 10�1 W cm�2

Glycerol flow rate 1.6 � 10�3 gmole s�1

Reformate gas flow rate (dry basis) 1.5 � 10�2 gmole s�1

Q1 23 W
Q2 472 W
Q3 600 W
Q4 97 W
Electrical efficiency 48 %
System efficiency 37 %
Fig. 12 shows that the heat recovered from the cathode off gas is
quite constant at around 10%, while for the anode off gas, it varies
with the fuel utilization. Furthermore, the total recovered heat
from the HT-PEMFC system is higher than 100% at Uf = 0.7. This im-
plies that under these conditions, external heat sources are unnec-
essary for the integrated system of the glycerol reformer and the
HT-PEMFC. However, it is observed that the system efficiency de-
creases when operated at low fuel utilizations. Considering the
efficiency of the HT-PEMFC integrated system, it is suggested that
operation at high fuel utilization is a preferable choice and the
external heat is needed to supply heat for the steam reformer.

4.3.3. Water recovery
Due to the fact that the fuel processor consumes water to pro-

duce hydrogen via a steam reforming reaction with glycerol, while
the fuel cell produces water via an electrochemical reaction, the
possibility to use water generated by the HT-PEMFC for the fuel
processing process without additional water supply is investigated
in this study. In such an approach, the unreacted water and the
generated water are removed from the fuel processing process
and cathode off gases, respectively. The factor used to indicate that
the water is sufficiently supplied to the reforming process is the
percentage of the water recovery, defined as:

%water recovery¼water recovered from HT�PEMFCðW1 and W2Þ
water required for fuel processor

�100

ð19Þ

The simulation results show that the % water recovery is higher
than 100% in all the studied operating conditions (see Fig. 13). This
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implies that the water that can be recovered from the HT-PEMFC
system is high enough for supplying to the reforming process.
Water is mostly derived from the electrochemical reaction at the
cathode side. At the specified cell voltage, the produced water from
the electrochemical reaction is constant at all the values of fuel uti-
lization but the higher amount of water is required for the refor-
mer to produce more hydrogen at a lower fuel utilization
operation. Due to the high water requirement of the fuel processor,
the% water recovery at the cathode off gas decreases at a lower fuel
utilization. It is note that the %water recovery also depends on the
requirement of water at the reforming process. Although the water
obtained at the anode is higher when the fuel utilization factor de-
creases, the % total water recovery decreases because more water
is required for the steam reformer.

5. Conclusions

In this study, the integration system of a steam reforming pro-
cess and high-temperature proton exchange membrane fuel cell
(HT-PEMFC) is studied. Glycerol, a renewable fuel from biodiesel
production, is used for hydrogen production and its performance
is compared with methane in terms of carbon formation, fuel con-
sumption and product distribution. A glycerol reforming process
consisting of a steam reformer and a water gas shift unit is inves-
tigated with the aim to determine optimal operating conditions.
The performance and efficiency of the glycerol reforming process
and HT-PEMFC integrated system is analyzed and the important
results obtained are summarized as follows:

� Because a glycerol molecule have high oxygen atom, the possi-
bility to carbon formation from the steam reforming of glycerol
is less than that of methane. The consumption of glycerol to
produce hydrogen is lower than methane at the same hydrogen
production rate. When comparing with methane, the reforming
of glycerol generates more CO2 that will decrease the fraction of
hydrogen in the reformate gas and requires a higher energy to
vaporize and preheat reactants.
� The glycerol reforming process is independent of the steam-to-

carbon ratio (S/C) and the reformer temperature (T) when oper-
ated at S/C > 2 and T > 1000 K. The content of CO in all studied
operational range satisfies the desired specification of the refor-
mate gas for HT-PEMFC.
� Increases in the fuel utilization and reformer temperature can

improve the efficiency of the glycerol reforming process and
HT-PEMFC integrated system.
� Water obtained from the HT-PEMFC is sufficient to supply to

the steam reformer, whereas external heat is required to main-
tain the steam reforming to achieve high system efficiency at
high fuel utilization.
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Hydrogen production from renewable energy resources has received significant attention with advances
in fuel cell technology. The fuel type and operational reforming conditions directly affect fuel cell
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1. Introduction

Fuel cells can generate electricity via an electrochemical
reaction using hydrogen as fuel and oxygen as an oxidant. Thus,
hydrogen production technology has developed in parallel with
advances in fuel cell technology. Traditionally, hydrogen has been
produced by reforming methane derived from natural gas, which
mostly comes from fossil resources. As fossil fuel is in limited supply
and causes environmental problems, hydrogen production from
renewable and environmentally friendly fuels should be explored.

Among such renewable fuels, ethanol, biogas and glycerol have
received considerable attention [1e4]. Ethanol is one of the most
attractive raw materials for use in fuel cell hydrogen production
because of its non-toxicity and liquid form. Many studies have been
devoted to hydrogen production from ethanol [5e9]. Sun et al. [10]
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rnwichanop).

All rights reserved.
studied hydrogen production from ethanol using steam reforming,
autothermal reforming and partial oxidation. They found that
ethanol steam reforming provides the highest hydrogen yield.
A steam-to-ethanol ratio above 6 and temperatures greater than
900 K produce a high hydrogen yield with low carbon monoxide
(CO) and carbon formation in the steam reforming environment.

Biogas is also a promising fuel, especially for developing coun-
tries. Biogas can be produced by the anaerobic digestion of animal
and human waste, agricultural residues, aquatic weeds and other
organic matters and mainly consists of methane (CH4) and carbon
dioxide (CO2), containing CH4 up to 60 vol.% [11]. To date, use of
biogas for hydrogen production process has been widely studied;
however, works on the integration of a biogas-based fuel system
and a high-temperature fuel cell, such as molten carbonate fuel
cells (MCFCs) and solid oxide fuel cells (SOFCs), are quite limited.

Glycerol is another potential fuel for hydrogen production. It is
a byproduct of the production of biodiesel, whose consumption is
continually increasing. Generally, crude glycerol always contains
impurities; however, the purifying process for crude glycerol has
a high operational cost and is uneconomic [12]. The utilization of
glycerol for hydrogen production is considered promising [13e20].
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Nomenclature

ac activity coefficient of carbon
aji number of atoms of element j in species i
Ac fuel cell active area (m2)
Aj total number of atoms of element j
Ci molar concentration of component i (molm�3)
Deff,anode effective gaseous diffusivity through anode (m2 s�1)
Deff,cathode effective oxygen diffusivity through cathode (m2 s�1)
EOCV open-circuit voltage (V)
E0 open-circuit voltage at the standard pressure (V)
Eact activation energy for reforming reaction (kJmol�1)
Eanode activation energy of anode (kJmol�1)
Ecathode activation energy of cathode (kJmol�1)
F Faraday constant (Cmol�1)
G total Gibbs free energy
_h enthalpy (kJmol�1)
ha air channel height (m)
hf fuel channel height (m)
DH0 standard heat of reaction (kJ mol�1)
j current density (A cm�2)
javg average current density (A cm�2)
j0,anode exchange current density at anode (Am�2)
j0,cathode exchange current density at cathode (Am�2)
K total number of element j
kact pre-exponential constant for reforming reaction (mol s

�1m�2 bar�1)
kanode pre-exponential factor of the anode (Am�2)
kcathode pre-exponential factor of cathode (Am�2)
kWGSR pre-exponential constant for reforming reaction
kshift equilibrium constants for water gas shift reaction
KBR equilibrium constant of the Boudouard reaction
L cell length (m)
LHVi low heating value (kJ s�1)
n number of electrons transferred
ni number of moles of species i (mol)
_ni molar flow rate of component i (mol s�1)
pi partial pressures of component i (bar)
P operating pressure of SOFC (bar)
Psofc electrical power output (W)
P0 operating pressure at standard condition (bar)
Q thermal energy (kJ s�1)
Qrec thermal energy obtained from the SOFC system (kJ s�1)
Quse total amount of thermal energy used in system (kJ s�1)

Rohm total internal resistance (Um2)
< gas constant (kJmol�1 K�1)
T temperature (K)
ua fuel velocity at fuel channel (m s�1)
uf fuel velocity at fuel channel (m s�1)
Uf fuel utilization factor
V operating cell voltage (V)
W cell width (m)

Greek symbols
a transfer coefficient
hohmic ohmic losses (V)
hact activation overpotentials (V)
hconc concentration overpotentials (V)
hel,sofc stack electrical efficiency (%)
hel system electrical efficiency (%)
lair excess air ratio
ni stoichiometric coefficient of component i
sanode electronic conductivity of anode (U�1m�1)
scathode electronic conductivity of cathode (U�1m�1)
selectrolyte ionic conductivity of electrolyte (U�1m�1)
sanode thickness of anode (m)
scathode thickness of cathode (m)
selectrolyte thickness of electrolyte (m)

Superscripts
� standard condition
in feed inlet condition
out feed outlet condition

Subscripts
a air channel
act activation overpotentials
avg average
conc concentration overpotentials
f fuel channel
i chemical component
k reaction
ohm ohmic loss
r reformer
sofc solid oxide fuel cell
BR Boudouard reaction
TPB three-phase boundary
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For environmental and availability reasons, renewable energy
resources have become important alternative fuels in the produc-
tion of hydrogen.

Among the various fuel cell types, the solid oxide fuel cell (SOFC)
is the most promising and can be used in a wide range of com-
mercial applications. High-temperature SOFC operation has many
advantages. For example, the high-temperature waste heat from
SOFCs can be recovered for use in other heat-requiring SOFC
components. In addition, SOFCs can utilize a variety of fuels (i.e.,
methane, methanol and ethanol) [21e23]. The use of an expensive
catalyst can be avoided by the use of high temperatures, which
promote the electrochemical reaction [24].

Many previous works have studied SOFC systems integrated
into hydrogen production processes using different fuels. Pir-
oonlerkgul et al. [25] found that steam is the most suitable
reforming agent when biogas is used as fuel. Douvartzides et al.
[26] showed that, in addition to the traditional use of natural gas,
ethanol is an attractive fuel for SOFC operation. Tsiakaras et al. [27]
revealed that the ethanol-fueled SOFCs exhibit the highest theo-
retical efficiency when operated at 800e1200 K and that the
ethanol steam reforming is the most attractive fuel processing
system. Farhad et al. [28] studied biogas-fueled SOFC systems and
observed that the best system thermal and electrical efficiencies
can be achieved when the heat generated by an afterburner is used
to supply other heat-requiring units in the SOFC system. Because
the thermal and electrical efficiencies of SOFC systems depend on
the fuel type, the thermal management and performance of SOFC
systems using different fuels should be studied in detail to select
the best fuel for different SOFC applications.

The aim of this study is to theoretically analyze a SOFC system
integrated with a steam reforming process and compare several
important renewable resources for hydrogen production: biogas,
ethanol and glycerol. The effect of operating conditions on
the reformer performance is investigated in terms of hydrogen
yield, product distribution and carbon formation. The energy
requirements of each unit in the SOFC system fed by different fuels
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are also examined. In addition, the electrical efficiency, thermal
efficiency and cell-stack efficiency of the SOFC integrated system
for power generation is investigated. Finally, the amount of CO2
released from the SOFC system using different fuels is investigated
to address environmental concerns.

2. Fuel processor and SOFC integrated system

Fig. 1 shows the external reformer and SOFC integrated system,
which comprises heat exchangers, fuel processor, SOFC and after-
burner. Steam and fuel are mixed, then preheated at operating
reforming temperatures and sent to the steam reformer, where
a synthesis gas (hydrogen-rich gas) is produced. Next, the synthesis
gas is preheated at the desired temperature and then fed to the
SOFC. Air is also compressed and preheated before being fed to the
SOFC. The SOFC produces electrical power and steam via the elec-
trochemical reaction of hydrogen and oxygen in air. In general,
SOFCs cannot be operated at complete fuel utilization; thus, the
residual fuel is combusted in an afterburner to generate heat for use
in other heat-requiring units in the SOFC system, such as a reformer
and fuel and air pre-heaters (dash line in Fig. 1).

In this study, biogas, ethanol and glycerol are considered the
potential fuels to produce hydrogen for SOFC systems. Biogas is
composed of 60 mol% methane and 40 mol% carbon dioxide. To ana-
lyze the theoretical performanceof theSOFC system, it is assumed that
the system is run under steady-state conditions and that all gases
behave as ideal gases. Furthermore, heat losses from individual com-
ponents in the SOFC system are negligible and the operating pressure
and temperature of the reformer and the SOFC are constant. The
considered SOFC is planar and described bya one-dimensionalmodel,
which is operated at a constant cell voltage along the cell coordinate.

2.1. Fuel processor

Hydrocarbon fuels are reformed to produce a synthesis gas via
a steam reforming reaction. The final composition of the produced
synthesis gas under equilibrium conditions is determined from the
minimization of the Gibbs free energy. The main products of each
fuel processing system are hydrogen, methane, carbon dioxide,
carbonmonoxide andwater. Their equilibrium compositions depend
on the operating temperature and pressure of the steam reformer.
Eq. (1) gives the total Gibbs free energy of the system [29]:

G ¼
X
i

niG
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i þ <T
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Fig. 1. Schematic of an SOFC system integrated with a fuel processor.
where G is the total Gibbs free energy, ni is the number of moles of
species i, G0

i is the standard Gibbs free energy of species i, < is the
gas constant, T is the reforming temperature, Pr is the operating
pressure of the reformer, yi is the mole fraction of species i and fi is
the fugacity coefficient of a gas mixture (fi¼ 1 for ideal gas).

The equilibrium compositions obtained by minimizing the
Gibbs free energy must satisfy the following constraints:X
i

ajini ¼Aj; j ¼ 1;.; k (2)

where aji is the number of atoms of element j in species i and Aj

is the total number of atoms of element j in the feed stream.
The Lagrange multiplier method is applied to find the product
composition of the reactive system [30].

The overall steam reforming reactions of ethanol, glycerol and
biogas are represented by Eqs. (3)e(5), respectively.

C2H5OHþ 3H2O42CO2 þ 6H2 (3)

C3H8O3 þ 3H2O43CO2 þ 7H2 (4)

CH4 þ 2H2O4CO2 þ 4H2 (5)

Regarding carbon formation in the reforming system, a stoi-
chiometric approach is applied to determine the boundary of the
carbon formation. The reactions that are most likely to lead to
carbon formation in the reforming system with hydrocarbon fuels
are as follows:

2CO4CO2 þ C (6)

CH442H2 þ C (7)

COþH24H2Oþ C (8)

CO2 þ 2H242H2Oþ C (9)

From a thermodynamic viewpoint, the Boudouard reaction
(Eq. (6)) is considered the major carbon generation reaction
because it has the lowest Gibbs free energy. The possibility of car-
bon formation can be calculated from the value of carbon activity
[31], defined as

ac ¼
KBRx2COPr

xCO2

(10)

where ac is the activity coefficient of carbon and KBR represents
the equilibrium constant of the Boudouard reaction. For carbon
activities greater than unity, the system is not in equilibrium and
carbon formation occurs. When the carbon activity equals unity,
the system is in equilibrium. Finally, for carbon activities less than
unity, carbon formation is thermodynamically impossible. Note
that the carbon activity is only an indicator of the presence of
carbon in a system and does not indicate the quantity of carbon
generated.

The heat required for the operation of the steam reformer under
isothermal conditions can be computed from the following energy
balance equation:

QSR ¼
 X

i

_nouti;r
_h
out
i;r

!
�
 X

i

_nini;r
_h
in
i;r

!
(11)

where _ni;r is the molar flow rate of species i and _hi;r is the enthalpy
of species i
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The enthalpy can be calculated by:

_h ¼ h0 þ
ZTsofc
298

CpdT (12)

where h0 is the enthalpy at the standard condition [29].
To evaluate the steam reforming performance of the fuel, the

hydrogen yield is defined as

H2 yield ðEthanolÞ ¼
noutH2;r

6
�
ninC2H5OH;r

� (13)

H2 yield ðGlycerolÞ ¼
noutH2;r

7
�
ninC3H8O3;r

� (14)

H2 yield ðBiogasÞ ¼
noutH2;r

4
�
ninCH4;r

� (15)

The factors in the denominator of Eqs. (13)e(15) depend on the
number of moles of hydrogen obtained from the steam reforming
reactions of ethanol, glycerol and biogas as shown in Eqs. (3)e(5).
2.2. SOFC

Reformate gas consisting of CH4, H2O, CO, H2, and CO2 is fed into
the fuel channel of the SOFC, and air consisting of O2 and N2 is fed
into the air channel. In general, hydrocarbon fuels can be further
converted into hydrogen and carbon dioxide by steam reforming
and water gas shift reactions (Eqs. (16) and (17)) within the SOFC
because of its high temperatures and the use of an anode catalyst to
accelerate these reactions.

Steam reforming reaction:

CH4 þ H2O43H2 þ CO (16)

Water gas shift reaction:

COþH2O4H2 þ CO2 (17)

In SOFC operation, hydrogen is consumed in an electrochemical
reaction to produce electricity, whereas the oxygen in air is reduced
into oxygen ions at the cathode side. The electrochemical reactions
occurring at theSOFC fuel andair channels are given inEqs. (18)e(20).
The kinetic equations of all reactions occurring within the SOFC are
given in Table 1 [32,33].

Hydrogen oxidation reaction:

H2 þ O2�4H2Oþ 2e� (18)

Oxygen reduction reaction:

1=2O2 þ 2e�4O2� (19)

Overall cell reaction:

H2 þ 1=2O24H2O (20)
Table 1
SOFC reaction kinetics.

Steam reforming reaction RðIÞ ¼ kactpCH4 ;f ;exp

 
�Eact
RTf

!

Water gas shift reaction RðIÞ ¼ kWGSRpCO;f

 
1�

pCO2 ;fpH2 ;f

kshiftpCO;fpH2O;f

!

Electrochemical reaction RðIÞ ¼
j
2F
The component concentrations in fuel and air channels along
the flow direction can be described by the following equations:

Fuel channel: (i¼ CH4, H2O, CO, H2 and CO2)

dCi;f
dx
¼ 1

uf

X
k˛fðiÞ;ðiiÞ;ðvÞg

ni;kRk
1
hf

Ci;f
���
x¼0
¼ C0

i;f

(21)

Air channel: (i¼O2 and N2)

dCi;a
dx

¼ 1
ua

ni;ðvÞRðvÞ
1
ha

Ci;a
��
x¼0 ¼ C0

i;a

(22)

The theoretical open-circuit potential can be expressed by the
Nernst equation:

EOCV ¼ E0 � <T
2F

ln

 
pH2O

pH2
p0:5O2

!
(23)

where E0, the open-circuit voltage at standard pressure, is a function
of the operating temperature:

E0 ¼ 1:253� 2:4516� 10�4T (24)

Due to internal voltage losses, the actual voltage (V) is lower
than the open-circuit voltage (Eq. (25)).

V ¼ E � hohmic � hconc � hact (25)

where hohmic, hconc, hact are the ohmic, concentration, and activation
losses, respectively.

The ohmic losses can be explained by the linear relation between
the voltage drop and current density:

hohm ¼ jRohm (26)

where Rohm is the internal electrical resistance, which depends on
the conductivity and thickness of individual fuel cell layers as
follows:

ROhm ¼
sanode
sanode

þ
selectrolyst
selectrolyst

þ scathode
scathode

(27)

where sanode, scathode and selectrolyte are the thickness of the anode,
cathode and electrolyte layers, respectively. sanode and scathode are
the electronic conductivity of the anode and cathode, respectively,
and selectrolyte is the ionic conductivity of the electrolyte.

The concentration overpotentials are due to insufficient hydro-
gen at the reaction sites [34,35], as described by Eq. (28):

hconc ¼ hconc;anode þ hconc;cathode

¼
 
<T
2F

ln

 
pH2O;TPBpH2;f

pH2O;fpH2;TPB

!!
anode

þ
 
<T
4F

ln

 
pO2;a

pO2;TPB

!!
cathode

(28)

The partial H2, H2O and O2 pressures at the three-phase
boundaries can be determined using a gas transport model in
porous media [34], as given by

pH2;TPB ¼ pH2;f �
<Tsanode

2FDeff ;anode
j (29)



Table 3
Value of operating conditions and parameters used for model validation.

Cell length, L (m) 0.1
Cell width, W (m) 0.1
Fuel channel height, hf (mm) 1
Air channel height, ha (mm) 1
Anode thickness, sanode (mm) 500
Cathode thickness, scathode (mm) 50
Electrolyte thickness, selectrolyte (mm) 20
Inlet fuel and air temperature, Tsofc (K) 1023
Operating pressure, Psofc (bar) 1
Air composition 21% O2, 79% N2

Fuel composition 33% CH4, 67% H2O
Fuel utilization 0.8
Operating voltage (V) 0.6582
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pH2O;TPB ¼ pH2O;f þ
<Tsanode

2FDeff ;anode
j (30)

pO2;TPB ¼ P �
�
P � pO2;a

�
exp

 
<Tscathode

4FDeff ;cathodeP
j

!
(31)

where Deff,anode is the effective gaseous diffusivity through the
anode (considering a binary gas mixture of H2 and H2O) and Deff,-

cathode is the effective oxygen diffusivity through the cathode
(binary gas mixture of O2 and N2).

The activation overpotentials can be determined from the non-
linear Butler-eVolmer equation, which relates the current density
to the activation overpotential:

j ¼ j0;anode

"
pH2 ;TPB

pH2;f

exp
�
anF
<T hact;anode

�

�
pH2O;TPB

pH2O;f
exp

�
� ð1� aÞnF

<T hact;anode

�# (32)

j ¼ j0;cathode

�
exp

�
anF
<T hact;cathode

�

� exp
�
� ð1� aÞnF

<T hact;cathode

�� (33)

where a is the transfer coefficient (¼0.5), n is the number of elec-
trons transferred in the single elementary rate-limiting reaction
step, and j0,cathode and j0,anode are the exchange current densities at
the anode and cathode (Eqs. (34) and (35)), respectively.

j0;cathode ¼
<T
nF

kcathodeexp
�
� Ecathode
<T

�
(34)

j0;anode ¼
<T
nF

kanodeexp
�
� Eanode
<T

�
(35)

where Ecathode and Eanode represent the activation energies of the
cathode and anode exchange current densities and are 137 and
140 kJmol�1, respectively. kcathode and kanode represent the pre-
exponential factors and are 2.35 x 1011 and 6.54�1011 U�1m�2,
respectively [35].

The average current density (jave) can be computed from the
current density distribution along the cell length, which is obtained
by solving the fuel cell model:
Table 2
Kinetic and material property parameters for the planar SOFC.

Anode diffusion coefficient, Deff,anode (m2 s�1) 3.66� 10�5

Cathode diffusion coefficient, Deff,anode (m2 s�1) 1.37� 10�5

Anode electrical conductivity, sanode (U�1m�1)
4:2� 107

T
exp

�
�1200

T

�

Cathode electrical conductivity, scathode (U�1m�1)
9:5� 107

T
exp

�
�1150

T

�

Electrolyte ionic conductivity, selectrolyte (U�1m�1) 33:4� 103exp
�
�10300

T

�
Pre-exponential factor of anode exchange current

density, kanode (Am�2)
6.54� 1011

Pre-exponential factor of cathode exchange
current density, kcathode (Am�2)

2.35� 1011

Activation energy of anode exchange current
density, Eanode (kJmol�1)

140

Activation energy of cathode exchange current
density, Ecathode (kJmol�1)

137
javg ¼
1
L

Z0
L

jðzÞdz (36)

To evaluate the performance of the SOFC, the overall fuel utili-
zation (Uf) and the electrical power output (Psofc) are determined by

Uf ¼
javgLW

2F
�
4 _ninCH4

þ _ninH2
þ _ninco

� (37)

Psofc ¼ javgVAc (38)

where _nini is the inlet molar flow rate of gas species i and V repre-
sents the actual potentials.

As the SOFC operation is operated under isothermal conditions,
excess air is fed into the SOFC to maintain the operating tempera-
ture at a desired value. The difference in the inlet and outlet fuel cell
temperatures is limited to 100 K [36,37]. As a result, the amount of
the inlet air can be calculated from the energy balance around a fuel
cell control volume as

 X
i

_nini;an
_h
in
i;an

!
þ
 X

i

_nini;ca
_h
in
i;ca

!
�
 X

o

_nouti;an
_h
out
i;an

!

�
 X

o

_nouti;ca
_h
out
i;ca

!
� Psofc ¼ 0

(39)

where _ni is the inlet and outlet molar flow rates of species i through
the SOFC and _hi is the inlet and outlet enthalpies of formation of
species i which is a function of temperature.

The performance of the SOFC system is considered in terms of
the stack electrical efficiency, the system electrical efficiency (hel)
and the thermal efficiency (hth), which are defined as
Table 4
Validation of the SOFC model.

Kanga et al. [38] Model Error (%)

Gas composition at the outlet of the fuel channel (mole fraction)
Methane 0.0001 0.0001 0
Water 0.6772 0.6871 1.46
Hydrogen 0.1239 0.1215 1.94
Carbon monoxide 0.0349 0.0336 3.72
Carbon dioxide 0.1639 0.1577 3.78

Gas composition at the outlet of the air channel (mole fraction)
Oxygen 0.1872 0.1885 0.69
Nitrogen 0.8128 0.8115 0.16

SOFC performance parameters
Air ratio 7.5 7.5670 0.89
Average current density (A cm�2) 0.5 0.4988 0.24
Power density (W cm�2) 0.3291 0.3283 0.24
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Table 5
Values of operating conditions for SOFC system under nominal conditions.

Reformer
Operating temperature (K) 1073
Operating pressure (bar) 1
S/C 1.5

Solid oxide fuel cell
Cell operating temperature (K) 1173
Cell operating pressure (bar) 1
Net power output (kW) 150
Air composition 21% O2, 79% N2

Cell fuel utilization factor (%) 0.7
Fuel cell active area (m2) 55.2
Anode thickness, sanode (mm) 500
Cathode thickness, scathode (mm) 50
Electrolyte thickness, f selectrolyte (mm) 20
Fuel channel height, ha (mm) 1
Air channel height, ha (mm) 1
DC-AC inverter efficiency 96

Afterburner
Afterburner combustion efficiency (%) 98
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hel;sofc ¼
Psofc

_nH2
LHVH2

þ _nCOLHVCO þ _nCH4
LHVCH4

(40)

hel ¼
Psofc

_niLHVi
(41)

hth ¼
Qrec � Quse

_niLHVi
(42)

where _ni is the inlet molar flow rate of component i, LHVi is the
lower heating value of component i, Quse is the total thermal energy
used in the SOFC system and Qrec is the thermal energy obtained
from the afterburner. Note that the reference temperature of 100 �C
is given to determine an amount of heat that can be recovered from
the afterburner. The thermal efficiency defined as Eq. (42) indicates
the maximum theoretical thermal efficiency that the SOFC system
can achieve and no heat loss is assumed.

All of the system model equations describing the SOFC system
are coded and solved using Matlab. Table 2 shows the material
property parameters of the SOFC. To verify the SOFC model used
here, the modeling results are compared with the simulation data
of Kanga et al. [38] under the same operating conditions, as shown
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in Table 3. The results show that the model prediction agrees very
well with the published data (Table 4). The maximum error of
around 4% is found for predicting the fractions of CO and CO2 at the
outlet of the fuel channel. The predicted parameters of the SOFC
performance, such as average current density and power density,
are less than 1% different from the reported values.

The models used for other components of the SOFC system, such
as vaporizers, pre-heaters, the mixer and the afterburner, are
reported elsewhere [39]. In this study, the SOFC system is designed
for a net power output of 150 kW and a fuel utilization of 0.7.
The operating conditions for the SOFC system under nominal
conditions are given in Table 5.

3. Results and discussion

3.1. Hydrogen production from various fuels

In this section, hydrogen production via steam reforming using
ethanol, biogas and glycerol as fuels is investigated. Fig. 2 shows the
effect of operating temperature on hydrogen production from the
steam reforming of these three fuels. The results show a similar
trend for each fuel type; this behavior is also observed for other fuels,
such asmethane andmethanol [40,41]. An increase in the reforming
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temperature enhances the hydrogenyield due to the endothermicity
of the steam reforming reaction. Ethanol and glycerol provide
a higher hydrogen yield than biogas does. At atmospheric pressure,
glycerol provides a slightly higher hydrogen yield than ethanol at
temperatures below 973 K. When the steam reformer is operated at
high pressure, glycerol produces more hydrogen than ethanol at
temperatures below 1033 K. The operating pressure does not affect
the hydrogen yield at temperatures above 1073 K.

Fig. 3 shows the effect of the steam-to-carbon (S/C) ratio on
hydrogen yield at a pressure of 1 bar. At a low S/C ratio, glycerol
produces more hydrogen than ethanol does. However, ethanol gives
the highest hydrogen yield for higher S/C ratios. The use of biogas
provides the lowest hydrogen yield throughout the operational
range studied. Fig. 4 shows the ratio of the amount of gaseous
product to that of hydrogen produced from the steam reforming of
glycerol, ethanol and biogas at a temperature of 973 K and an S/C
ratio of 2. The glycerol reforming process yields the highest CO2
concentration because glycerol has a hydrogen-to-carbon ratio lower
than other fuels. The results also indicate that when ethanol is used
as a fuel, less CO is produced. The presence of CO may cause the
formation of carbon in the steam reforming process and the SOFC.

Fig. 5 shows the carbon formation boundary when glycerol,
ethanol and biogas are used to produce hydrogen. The carbon
Fig. 6. Distribution of energy consumption in an SOFC system fe
formation tendencies of the different fuels are similar, being lower
for high-temperature operation and high S/C ratios. Because the
steam reforming of biogas generates more carbon monoxide,
shifting the Boudouard reaction towards the products, this process
must be performed at a higher temperature and S/C ratio to avoid
carbon formation. Although the amount of carbon monoxide gen-
erated by the steam reformer fueled by ethanol is lower than that
fueled by glycerol, ethanol reforming exhibits a higher carbon
formation tendency than glycerol reforming because glycerol has
a higher oxygen-to-carbon ratio than ethanol. Thus, glycerol is
more likely than ethanol to be reformed to CO and CO2 rather than
carbon.

3.2. SOFC system

Next, the performance of the SOFC fed by the synthesis gas
obtained from the steam reforming of ethanol, glycerol and biogas
is investigated. The power output of the SOFC system is specified at
150 kW. Fig. 6 presents the fraction of the heat duty required for
each unit in the SOFC systems. The air preheater requires the most
heat input, 79e81% of the overall heat consumption of the SOFC
system, compared to other heat-requiring units. SOFCs are usually
operated at high temperatures, and the electrochemical reaction is
an exothermic reaction. These factors cause a temperature gradient
in the SOFC stack. Therefore, excess air is required to maintain the
SOFC temperature at a suitable level. The steam reformer also re-
quires a large amount of energy.

The energy consumptions for each unit of the SOFC system are
compared in Fig. 7 for different fuels. The results indicate that the
SOFC system run on biogas requires the most external energy,
whereas the ethanol-fueled SOFC system requires the least energy.
Biogas reforming requires the most energy (77.9 kW) because the
high CO2 content in biogas promotes a reverse water gas shift re-
action, which is an endothermic reaction. Although the energy
requirement of the glycerol steam reforming is lower, more heat is
needed for the evaporator due to the high boiling point of glycerol
(561.9 K).

Fig. 8 shows the SOFC stack efficiency and the thermal and
electrical efficiencies of the SOFC systems supplied by different
fuels. As observed in the figure, the SOFC system fueled by ethanol
gives the best performance in terms of the SOFC stack efficiency,
d by different fuels: (a) ethanol, (b) glycerol and (c) biogas.
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the electrical efficiency and the thermal efficiency due to the
superior performance of the ethanol steam reformer compared that
of other fuels, which translates into the greatest hydrogen pro-
duction. The ethanol-fueled SOFC system can achieve an electrical
efficiency of 51%, whereas the electrical efficiencies of the glycerol-
and biogas-fueled SOFC systems are 49% and 32%, respectively. The
use of biogas as a fuel for the SOFC system provides the worst
electrical efficiency because biogas mainly consists of carbon
dioxide, which dilutes the hydrogen fuel fed into the SOFC stack.
This dilution lowers the reversible cell voltage and increases the
concentration and activation overpotentials in the SOFC. The effi-
ciency of the SOFC stack is fairly independent of fuel type (42e43%).
The SOFC system fed by biogas shows the lowest thermal efficiency
at the desired power output of 150 kW because a large amount of
heat is lost to preheat carbon dioxide in the biogas feed.

Fig. 9 presents the amount of carbon dioxide released from the
SOFC system at a power output of 150 kW. The SOFC system fed by
ethanol minimizes the emission of carbon dioxide, whereas the
glycerol-fueled SOFC systemproduces themost carbon dioxide. The
carbon dioxide emission of the ethanol-fed SOFC system is less than
that of the other systems by 21.76% (glycerol) and 19.97% (biogas).
The simulation study indicates that ethanol is the most suitable of
the three renewable fuels studied for use in an SOFC system inte-
grated with an external steam reformer. The use of ethanol as fuel
provides the greatest SOFC stack efficiency, system electrical effi-
ciency and thermal efficiency and the least carbon dioxide emis-
sion.When biogas is used as a fuel for SOFC, the use of a purification
unit is suggested to remove carbon dioxide from the biogas, thereby
improving both the thermal and electrical system efficiencies.
Fig. 8. Efficiencies of the SOFC systems with different type of fuels.
4. Conclusions

The performance and efficiency of a steam reforming process
and solid oxide fuel cell (SOFC) integrated systemwas theoretically
analyzed in this study. Different renewable fuels, i.e., glycerol,
ethanol and biogas, were applied to generate hydrogen for SOFC.
The results showed that ethanol can produce the most hydrogen at
an operating temperature of 1073 K. The utilization of glycerol for
hydrogen production shows the least tendency toward carbon
formation. The SOFC system supplied by biogas requires the most
energy and has the lowest electrical and thermal efficiencies.
Ethanol is a suitable fuel for the SOFC system; it has the highest
electrical and thermal efficiencies of the three fuels, and it has low
carbon dioxide emission.
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A pressurized solid oxide fuel cellegas turbine hybrid system (SOFCeGT system) has been

receivedmuch attention for a distributed power generation due to its high efficiency. When

considering an energy management of the system, it is found that a heat input is highly

required to preheat air before being fed to the SOFC stack. The recirculation of a high-

temperature cathode exhaust gas is probably an interesting option to reduce the require-

ment of an external heat for the SOFCeGT system. This study aims to analyze the pres-

surized SOFCeGT hybrid system fed by ethanol with the recycle of a cathode exhaust gas

via a simulation study. Effect of important operating parameters on the electrical efficiency

and heat management of the system is investigated. The results indicate that an increase

in the operating pressure dramatically improves the system electrical efficiency. The

suitable pressure is in a range of 4e6 bar, achieving the highest system electrical efficiency

and the lowest recuperation energy from the waste heat of the GT exhaust gas. In addition,

it is found that the waste heat obtained from the GT is higher than the heat required for the

system, leading to a possibility of the SOFCeGT system to be operated at a self-sustainable

condition. Under a high pressure operation, the SOFCeGT system requires a high recir-

culation of the cathode exhaust gas to maintain the system without supplying the external

heat; however, the increased recirculation ratio of the cathode exhaust gas reduces the

system electrical efficiency.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction power generation which will become increasingly important
Decrease in fossil fuels and awareness in environmental is-

sues has stimulated the need to develop power generation

technologies that are environmentally friendly and highly

efficient to replace a conventional combustion-based power

system. A fuel cell is regarded as the promising technology for
emical Engineering, Fac
8 6877.
(A. Arpornwichanop).
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46
due to its low emissions, quiet operation, high efficiency and

high reliability. Among the various types of fuel cell, solid

oxide fuel cell (SOFC) is themost attractive fuel cell technology

that can be used in a wide range of commercial applications

[1]. SOFC is operated at high temperatures so that the exhaust

gas from the SOFC can be used as a heat source for other
ulty of Engineering, Chulalongkorn University, Bangkok 10330,

ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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heat-requiring units in the SOFC system, resulting in the

improvement of the system thermal efficiency. Moreover,

SOFC can be integrated with a gas turbine to generate more

electricity. At present, the power generation of an SOFCegas

turbine hybrid system (SOFCeGT) has been increasingly

receivedmuch attention because of its high system efficiency.

A number of researchers have studied and developed the

SOFCeGT system running on natural gas with the aim at sta-

tionary applications. However, for remote areas where a nat-

ural gas pipeline network cannot reach, the use of liquid fuels

seems to be suitable, especially for auxiliary power units [2]. In

comparisonwith other liquid fuel feedstocks, ethanol is a very

attractive green fuel for use in fuel cells. It has relatively high

hydrogen content and is easy to store, handle, and transport in

a safe way. Moreover, ethanol can be produced renewably

through the fermentation process of agricultural products and

thus, a promising alternative fuel for the SOFCeGT system.

In general, an SOFCeGT hybrid system can be run at either

atmospheric (non-pressurized system) or high pressure

(pressurized system) conditions. In the non-pressurized

SOFCeGT hybrid system, a gas turbine operation does not

depend directly on the SOFC leading to a simple cycle system.

Nevertheless, heat exchangers in the system have to be

operated at very high-temperature and pressure differences,

thereby requiring a highly effective material [3]. At present,

the pressurized SOFCeGT hybrid system has attracted more

attention because it can achieve higher system efficiency

[4e6]. A number of investigations on the pressurized

SOFCeGT system have been carried out in various aspects.

Some researchers studied the effect of parameters on the

SOFC system performance by performing energy and exergy

analyses to determine the optimum parameters for the sys-

tems that are operated under full and partial loads [7e10]. In

addition, a design of the pressurized SOFCeGT system was

proposed in order to improve the system efficiency. Yang et al.

[11] considered the effect of operating temperatures on the

performance of the pressurized SOFCeGT hybrid system that

is designed by supplying the additional air or fuel to a com-

bustor of the gas turbine system. Kuchonthara et al. [12]

developed the pressurized SOFCeGT system fuelled by a nat-

ural gas. Heat in the exhaust gas of the gas turbine was

recuperated and used for steam generation. The generated

steam is injected into a GT combustion chamber in order to

increase the GT power and the system efficiency. Park et al.

[13] analyzed the influence of steam generation by using the

gas turbine exhaust gas on the performance of both the non-

pressurized and pressurized SOFCeGT hybrid system.

Apart from the electrical efficiency, a heat management of

the SOFC system should also be considered [14]. Braun et al.

[15] focused on a design of the SOFC system for a residential

application taking into account a combined heat and power

(CHP). Jia et al. [16] investigated the SOFC power system with

cathode gas recycling. The results showed that the efficiency

of the SOFC system using a cathode gas recirculation can be

improved by a reduction of the energy supplied to the air pre-

heater. The SOFCeGThybrid systemwith cathode exhaust gas

recycling is an interesting and potential power system that

minimizes the system heat requirement and maximizes the

system efficiency. However, there are few studies that per-

form a detailed analysis of such a system. An understanding
of the effect of the cathode gas recirculation on both the SOFC

and gas turbine performanceswould lead to an optimal design

of the SOFCeGT system.

The aim of this study is to analyze the performance of

a pressurized SOFCeGT hybrid system with and without

a cathode gas recirculation. Ethanol is used as a fuel for

hydrogen production via a steam reforming process. An en-

ergy management of the SOFCeGT system is considered with

an aim to achieve the highest electrical generation and ther-

mal energy usage. Effect of the recirculation ratio of cathode

exhaust gas on the system efficiency is also investigated.
2. Description of SOFCeGT hybrid system

The schematic diagram of a pressurized SOFCeGT hybrid

system is illustrated in Fig. 1(a). The system consists of

a pump, evaporator, heat exchanger, fuel processor, SOFC,

combustor, gas turbine and compressor. The steam and

ethanol are pumped and then vaporized in the evaporator.

The mixture of ethanol and steam is preheated to a desired

temperature and converted into a synthesis gas in the steam

reformer. The synthesis gas is preheated and fed into the

SOFC. Hydrogen in the synthesis gas reacts with oxygen in the

compressed air to produce electrical power and steam via the

electrochemical reaction. In general, SOFC cannot be operated

at the full utilization of fuel. As a result, the residue fuel in the

SOFC outlet stream is combusted in the combustor and the

obtained exhaust gas is then fed into the gas turbine to gen-

erate more electricity. Due to its high temperature, the gas

turbine outlet can be used as a heat source for other heat-

requiring units. The heat management of the SOFC system

can reduce the requirement of an external heat. Fig. 1(b)

shows the SOFCeGT hybrid system in which a portion of the

cathode exhaust gas is recycled to mix with the compressed

fresh air via a blower. The retrofitted SOFCeGT hybrid system

wouldminimize the energy requirement of the air pre-heater.
3. Model of SOFCeGT hybrid system

Modeling of the SOFCeGT system is based on the following

assumptions: (i) the system is operated at steady state, (ii) heat

loss in each unit of the system is negligible, (iii) all gases

behave as ideal gases, (iv) the pressure and temperature of

each individual unit of the system are constant and (v) the

SOFC operating voltage is constant along the cell coordinate.

3.1. Fuel processor

Ethanol is converted into a synthesis gas with high hydrogen

content via a steam reforming process. The main reactions of

the ethanol steam reforming to produce hydrogen are as fol-

lows [17]:

C2H5OH þ H2O 4 4H2 þ 2CO (1)

CO þ H2O 4 H2 þ CO2 (2)

http://dx.doi.org/10.1016/j.ijhydene.2013.01.146
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Fig. 1 e Schematic diagram of an ethanol-fuelled SOFC system integrated with gas turbine: (a) a conventional SOFCeGT

system and (b) an SOFCeGT system with cathode gas recirculation.
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CO þ 3H2 4 CH4 þ H2O (3)

The composition of the synthesis gas obtained from the

ethanol steam reformer is assumed to be at equilibrium con-

dition. It can be determined based on a thermodynamic anal-

ysis using the stoichiometric approach in which the

equilibrium constants of all the reactions are computed by the

Van’t Hoff equation [18]. The heat used to maintain the steam

reformer at the constant temperature operation can be calcu-

lated from the energy balance around the reformer, given as:

QSR;r ¼
 X

o

_nout
i;r

_h
out

i;r

!
�
 X

i

_nin
i;r

_h
in

i;r

!
(4)

where _nin
i;r and _nout

i;r are the molar flow rate of species i at the

inlet and outlet and _h
in

i;r and
_h
out

i;r are the enthalpy of formation

of species i at the inlet and outlet, respectively.
3.2. SOFC model

The synthesis gas obtained from the ethanol steam reformer

is fed to the fuel channel of the SOFC and simultaneously, air

is fed to the air channel. The SOFC based on oxygen ion con-

ducting electrolyte is considered. Yttria-stabilized zirconia

(YSZ), strontium-doped lanthanum manganite (LSM) and

nickel/YSZ are used as the electrolyte, cathode and anode,

respectively. Hydrogen in the synthesis gas is consumed via

the electrochemical reaction to produce electricity; oxygen in

air is reduced into oxygen ions at the cathode side, which

move through the electrolyte to react with hydrogen to form

water and electron at the anode. Since the synthesis gas

contains some residual fuels such as methane and carbon

monoxide, it can be internally reformed to produce more

hydrogen via steam reforming andwater shift reactions at the

anode. These reactions can be occurred due to the high-

temperature operation of SOFC and the presence of SOFC

anode catalyst. All the reactions (i.e., electrochemical and

http://dx.doi.org/10.1016/j.ijhydene.2013.01.146
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reforming reactions) taking place at the anode and cathode

sides of the SOFC are summarized in Table 1. The distribution

of gas composition within the fuel and air channels along the

flow direction can be written as follows [19,20]:

Fuel channel (i ¼ CH4, H2O, CO, H2 and CO2):

dCi;f

dx
¼ 1

uf

X
j˛fðiÞ;ðiiÞ;ðvÞg

ni;jRj
1
hf

(5)

Air channel (i ¼ O2 and N2):

dCi;a

dx
¼ 1

ua
ni;ðvÞRðvÞ

1
ha

(6)

where Ci,f and Ci,a are the concentrations of species i in the fuel

and air channels, hf and ha are the height of fuel and air

channels and uf and ua are the inlet gas velocities of fuel and

air, which are defined by Eqs. (7) and (8).

uf ¼
F0
total;f RTAc

P
(7)

ua ¼
F0
total;aRTAc

P
(8)

where F0
total;f and F0

total;a are the total molar flow rates of fuel and

air at the inlet of fuel and air channels, T and P are the oper-

ating temperature and pressure of SOFC, respectively.

The inlet boundary conditions are defined as:

Fuel channel:

Ci;f

��
x¼0 ¼ C0

i;f (9)

Air channel:

Ci;a

��
x¼0 ¼ C0

i;a (10)

where C0
i;f and C0

i;a are the concentrations of species i at the

inlet of fuel and air channels. It is noted that the inlet gas

concentration at the air channel is determined from that of

fresh air mixed with recycled cathode exhaust gas.

The reversible cell voltage or the theoretical open-circuit

potentials that occurs from the difference in the thermody-

namic potentials of the electrode reactions can be expressed

by the Nernst equation:

EOCV ¼ E0 � RT
2F

ln

 
pH2O

pH2
p0:5
O2

!
(11)

where E0 is the open-circuit voltage at the standard pressure,

which is a function of the operating temperature, given as:

E0 ¼ 1:253� 2:4516� 10�4T ðKÞ (12)

In real fuel cell operation, the actual fuel cell voltage (V) is

decreased from its open-circuit voltage due to the internal
Table 1 e Reactions occurred within the SOFC.

(i) Steam reforming reaction CH4 þ H

(ii) Water gas shift reaction CO þ H2

(iii) Hydrogen oxidation reaction H2 þ O2

(iv) Oxygen reduction reaction 1/2O2 þ
(v) Overall cell reaction H2 þ 1/2
voltage losses, that is, ohmic loss (hohmic), concentration over-

potentials (hconc) and activation overpotentials (hact) (Eq. (13)).

V ¼ E� hact � hohmic � hconc (13)

The activation loss is caused by the sluggishness of the

electrochemical reaction at the electrodeeelectrolyte in-

terfaces and can be computed by solving the non-linear But-

lereVolmer equation (Eqs. (14)e(17)). The ohmic loss occurs

due to the resistance to the flow of ions in the electrolyte and

electrons through the electrode and is given by Eqs. (18) and

(19). The concentration loss is caused by a decrease in the

substance concentration at the electrodeeelectrolyte inter-

face due to the resistance to mass transport, as expressed by

Eqs. (20)e(25) [21,22].

Activation loss:

j ¼ j0;anode

"
pH2 ;TPB

pH2;f

exp

�
anF
RT

hact;anode

�

� pH2O;TPB

pH2O;f
exp

�
� ð1� aÞnF

RT
hact;anode

�# (14)

j ¼ j0;cathode

�
exp

�
anF
RT

hact;cathode

�
� exp

�
� ð1� aÞnF

RT
hact;cathode

��
(15)

j0;cathode ¼
RT
nF

kcathodeexp

�
� Ecathode

RT

�
(16)

j0;anode ¼
RT
nF

kanodeexp

�
� Eanode

RT

�
(17)

Ohmic loss:

hohm ¼ jRohm (18)

ROhm ¼
sanode
sanode

þ selectrolyst
selectrolyst

þ scathode
scathode

(19)

Concentration loss:

hconc ¼ hconc;anode þ hconc;cathode (20)

hconc;anode ¼
RT

2F
ln

 
pH2O;TPBpH2;f

pH2O;f pH2 ;TPB

!
(21)

hconc;cathode ¼
RT
4F

ln

 
pO2 ;a

pO2 ;TPB

!
(22)

pH2 ;TPB ¼ pH2 ;f �
RTsanode

2FDeff ;anode
j (23)
2O 4 3H2 þ CO
RðIÞ ¼ kactpCH4 ;fexp

 
�Eact

RTf

!

O 4 H2 þ CO2
RðIIÞ ¼ kWGSRpCO;f

 
1�

pCO2 ;f pH2 ;f

kshiftpCO;f pH2O;f

!
�4 H2O þ 2e�

2e�4 O2�

O2 4 H2O RðVÞ ¼
j
2F
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pH2O;TPB ¼ pH2O;f þ
RTsanode

2FDeff ;anode
j (24)

pO2 ;TPB ¼ P�
�
P� pO2 ;a

�
exp

�
RTscathode

4FDeff ;cathodep
j

�
(25)

Since the operating cell voltage (V) is pre-specified, the

average current density ( jave) can be calculated from a distri-

bution of the current density along the cell length (Eq. (26)),

which is obtained from the solution of the fuel cell model

mentioned above. The fuel and air compositions vary along

the fuel cell channel under a real operation due to fuel and

oxygen utilizations by the electrochemical reaction. The

overall fuel utilization (Uf) and the electrical power output

(Psofc) are defined by Eqs. (27) and (28), respectively.

javg ¼
1
L

Z0
L

jðzÞdz (26)

Uf ¼
javgLW

2F
�
4 _nin

CH4
þ _nin

H2
þ _nin

CO

� (27)

Psofc;dc ¼ javg � Ac � V (28)

As the SOFC generates a direct current (DC), an electrical

inverter is used to convert the DC to the alternating current

(AC). The dceac inverter efficiency is specified at 94% [7] and

thus, the AC power output of the SOFC is as follows:

Psofc;ac ¼ Psofc;dc � hinvert (29)

Because the SOFC is operated under isothermal condition

and no heat loss is assumed, heat generation from SOFC is

removed by using an excess air, so that the operating SOFC

temperature is maintained at a desired value. An amount of

the excess air can be calculated from an energy balance

around the fuel cell, given as:

 X
i

_nin
i;an

_h
in

i;an

!
þ
 X

i

_nin
i;ca

_h
in

i;ca

!
�
 X

o

_nout
i;an

_h
out

i;an

!

�
 X

o

_nout
i;ca

_h
out

i;ca

!
� Psofc ¼ 0

(30)

It is noted that as heat of formation is used to determine

inlet and outlet enthalpies, the heats of reforming and water

gas shift reactions are implicitly included in the energy bal-

ance. In this study, the difference in the temperature of the

SOFC inlet and outlet streams is limited by 100 �C to avoid

a fuel cell degradation problem [23,24].

3.3. Gas turbine and compressor

The exhaust gas from the SOFC stack is fed to the gas turbine

in order to generate more power. The power produced by the

gas turbine and the power consumed by the air compressor

can be computed from the energy balances around the gas

turbine and the compressor as follows:

Pt ¼
X
i

�
_nin
i;t

_h
in

i;t

�
�
X
i

�
_nout
i;t

_h
out

i;t

�
(31)

Pc ¼
X
i

�
_nin
i;c

_h
in

i;c

�
out
�
X
i

�
_nin
i;c

_h
in

i;c

�
in

(32)
The net electric power output of the gas turbine section can

be expressed as:

Pgt ¼ ðPt � PcÞhmhg (33)

where Pt is the power obtained from the gas turbine, Pc is the

power consumed by the compressor and hm and hg are the

mechanical and generator efficiencies, respectively.

The temperature of the gas turbine and compressor outlet

gases can be determined based on the isentropic efficiency

(Eqs. (34) and (35)) [7,25].

Tout
t ¼ Tin

t

�
1� ht

�
1�

�
pout
t

pin
t

�g�1
g
��

(34)

Tout
c ¼ Tin

c

�
1þ 1

hc

��
pout
c

pin
c

�g�1
g

� 1

��
(35)

where g is the ratio of the specific heat capacities at the con-

stant pressure and volume.
3.4. Other units

3.4.1. Pump
Pump is used to increase the mechanical energy of ethanol

and water before being fed to the mixer. The power con-

sumption is estimated based on the Bernoulli equation as

follows:

Wi;pum ¼

�
pout
i;pum � pin

i;pum

�
� _nin

i;pum

hpri
(36)

where pin
i;pum and pout

i;pum are the inlet and desired outlet pressure,
_nin
i;pum is the inlet molar flow rate of the substance i flowing

through the pump and hp is the pump efficiency, which is

specified at 75% in this study [26].

3.4.2. Vaporizer
Ethanol and water are changed from the liquid to the gas

phase in the vaporizer. The required heat for the operation of

the vaporizer can be expressed as:

QC2H5OH;vap ¼
�

_nout
C2H5OH;vap

_h
out

C2H5OH;vap

�
�
�

_nin
C2H5OH;liq

_h
in

C2H5OH;liq

�
(37)

QH2O;vap ¼
�

_nout
H2O;vap

_h
out

H2O;vap

�
�
�

_nin
H2O;liq

_h
H2O

liq

�
(38)

3.4.3. Pre-heaters
The SOFC system has three pre-heaters that are used to pre-

heat the feed streams of a mixture of ethanol and steam and

air. The energy required for running the pre-heaters can be

computed by the following equation:

Qph ¼
X
o

�
_nout
i;ph

_h
out

i;ph

�
�
X
i

�
_nin
i;ph

_h
in

i;ph

�
(39)

3.4.4. Mixer
For the SOFCeGT hybrid system with cathode gas recycling,

a portion of the cathode gas stream is recirculated to mix with

the fresh air in the mixer. The mixer outlet flow rate can be

calculated from the mass balance equation (Eq. (40)), whereas

http://dx.doi.org/10.1016/j.ijhydene.2013.01.146
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the outlet temperature of the mixer is determined by solving

the energy balance equation (Eq. (41)).

_nout
i;mix ¼ _nin

i;mix1 þ _nin
i;mix2 (40)

 X
i

_nin
i;mix1

_h
in

i;mix2

!
þ
 X

i

_nin
i;mix2

_h
in

i;mix2

!
�
 X

o

_nout
i;mix

_h
out

i;mix

!
¼ 0

(41)

3.4.5. Combustor
The residual gas from the anode outlet and the unused oxi-

dant gas from the cathode outlet are mixed and burnt in the

combustor. The combustion reactions occurred are as follows:

H2 þ 0.5O2 / H2O (42)
Yes

Guess the fuel molar flow rate ( fuelF
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Fig. 2 e A solution algorithm of the SOFC mode
CO þ 0.5O2 / CO2 (43)

The efficiency of the combustion process is set at 98% [7].

The composition of the combustor outlet gas can be computed

based on the mass balance equations, given as:

nout
H2 ;cb
¼ nout

H2 ;an
� _k1;cb (44)

nout
CO;cb ¼ nout

CO;an � _k2;cb (45)

nout
CH4 ;cb

¼ nout
CH4 ;an

(46)

nout
CO2 ;cb

¼ nout
CO2 ;an

þ _k2;cb (47)

nout
H2O;cb

¼ nout
H2O;an

þ _k1;cb (48)
) and Voltage (V )

rate ( i,rn )

2

f
O ,Rc ) and nitrogen (

2

f
N ,Rcn )

fc , fU , 

/C

No

No

del

d Q

•

•

l with a cathode exhaust gas recirculation.
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Table 2 e Values of structural and material property parameters for the SOFC.

Cell length, L (m) 0.4

Cell width, W (m) 0.1

Fuel channel height, hf (mm) 1

Air channel height, ha (mm) 1

Anode thickness, sanode (mm) 500

Cathode thickness, scathode (mm) 50

Electrolyte thickness, selectrolyte (mm) 20

Pre-exponential factor of anode exchange current density, ga (A m�2) 6.54 � 1011

Pre-exponential factor of cathode exchange current density, gc (A m�2) 2.35 � 1011

Activation energy of anode exchange current density, Eanode (kJ mol�1) 140

Activation energy of cathode exchange current density, Ecathode (kJ mol�1) 137

Anode diffusion coefficient, Deff,anode (m
2 s�1) 3.66 � 10�5

Cathode diffusion coefficient, Deff,cathode (m
2 s�1) 1.37 � 10�5

Anode electrical conductivity, sanode (U
�1 m�1) 4:2� 107

T
exp

�
�1200

T

�
Cathode electrical conductivity, scathode (U

�1 m�1) 9:5� 107

T
exp

�
�1150

T

�
Electrolyte ionic conductivity, selectrolyte (U

�1 m�1)
33:4� 103 exp

�
�10; 300

T

�
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nout
O2 ;cb
¼ nout

O2 ;ca
� 0:5 _k1;cb � 0:5 _k2;cb (49)

nout
N2 ;cb
¼ nout

N2 ;ca
(50)

where _k1;cb and _k2;cb are the extent of the hydrogen and carbon

monoxide combustion reactions, respectively.

The exit temperature of the combustor outlet gas can be

calculated from the energy balance as follows:

 X
i

_nin
i;an

_h
in

i;an

!
þ
 X

i

_nin
i;rca

_h
in

i;rca

!
�
 X

o

_nout
i;cb

_h
out

i;cb

!
¼ 0 (51)

The pressurized SOFCeGT system is analyzed based on the

SOFC system model mentioned above, which consists of

a system of differential and algebraic equations. The model

equations are implemented and solved by Matlab. To evaluate
Table 3 e Values of operating conditions used for
simulation of the SOFCeGT system under nominal
conditions.

Pre-reformer unit

Operating temperature (K) 973

Steam to ethanol ratio 3

Solid oxide fuel cell unit

Operating temperature (K) 1073

Average current density (A/cm2) 0.4

Air composition 21% O2, 79% N2

Fuel utilization 0.7

SOFC pressure loss (%) 2

dceac inverter efficiency (%) 94

Combustor pressure loss (%) 3

Combustor efficiency (%) 98

Gas turbine

Turbine isentropic efficiency (%) 82

Compressor isentropic efficiency (%) 78

Generator mechanical efficiency (%) 94

Pump efficiency (%) 80

Blower efficiency (%) 70
the SOFC system performance, the SOFC electrical efficiency

and the net electrical efficiency of the system are defined as:

SOFC electrical efficiency ¼
Psofc;ac

_nin
C2H5OHLHVC2H5OH

(52)

System electrical efficiency¼PSOFC;acþPGT�PH2O;pump�PC2H5OH;pump

_nin
C2H5OHLHVC2H5OH

(53)

For the SOFCeGT systemwith cathode exhaust gas recycling,

the numerical solution of the SOFC systemmodel is quite com-

plicated due to the interaction among the units in the SOFC

system. A solution algorithm of the SOFC model with cathode

exhaust gas recirculation is shown in Fig. 2. This study employs

the iterative procedure in which the gas compositions of the

cathode exhaust gas assumed to be unknown variables and the

SOFC system model is solved until the assumed variables are

recalculated. This procedure is iterative until the difference in

the values of the assumed and calculated variables satisfies

a desired accuracy (10�4). Tables 2 and 3 show the values of

materialproperties, cell geometryandoperatingconditionsused

for simulation of the SOFC system under nominal conditions.
4. Results and discussion

4.1. A pressurized SOFCeGT system

Firstly, the performance of a pressurized SOFCeGT hybrid

system is analyzed. Fig. 3(a) shows the effect of the operating

pressure on the electrical efficiency of the SOFCeGT system,

whereas its effect on the SOFC electrical efficiency and the

power ratio of gas turbine to SOFC (PGT/PSOFC) is given in

Fig. 3(b). It canbeseen that thesystemefficiency is considerably

improved when increasing the operating pressure from 2 to

4 bar. This is because the SOFC and GT can generate more

electrical power; the PGT/PSOFC ratio increaseswith increasing
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the operating pressure (Fig. 3(b)). The increased pressure in-

creases the partial pressure of H2 in the fuel channel and O2 in

the air channel. In addition, the transport of gases to the elec-

trolyteeelectrode interfaces is improved, thereby reducing the

concentration losses. These factors lead to the improvement of

fuel cell performance. However, it is found that the system ef-

ficiency decreases when the operating pressure is higher than

6 bar. This is caused by that the compressor consumes more

power at the high pressure operation, while the power pro-

duced by the GT slightly increases. As a result, the pressurized

SOFCeGT hybrid system should not be operated at a higher

pressure. Moreover, the high pressure operation of the SOFC

system causes a faster fuel cell degradation and higher capital

cost. From Fig. 3(a), the SOFCeGT system gives the maximum

electrical efficiency of 78.27%when operated at the pressure of

6 bar. The SOFC generates the power output at 60e75% of the

overall power produced by the SOFCeGT system.

When considering the GT operation, although the temper-

ature of the GT outlet gas decrease, it is still high enough and is

considered a useful heat source for supplying to other heat-

requiring units within the SOFC system. Fig. 4(a) shows the ef-

fect of the operating pressure of the SOFC system on the ther-

mal energy of the GT outlet gas, which is calculated based on

the reference temperature of 100 �C. It is found that the thermal
energy of the GT outlet gas reduces when the SOFC system is

operated at a higher pressure. This thermal energy depends on

the inlet gas flow to the GT, the GT inlet temperature and the

operating pressure of the GT. Fig. 4(b) shows the relation of the

operating pressure to theGT outlet temperature and the excess

air ratio. The results indicate that the temperature of the GT

http://dx.doi.org/10.1016/j.ijhydene.2013.01.146
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Fig. 6 e Distribution of heat used in the conventional

SOFCeGT hybrid system (P [ 6 bar).
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outlet decreases with increasing the operating pressure. Fur-

thermore, the excess air needed for supplying to the SOFC is

lowerwhen theSOFCsystemis runatahigherpressure, leading

to a decrease in the flow rate of gas fed into the GT.

Regarding the energy management of the SOFCeGT hybrid

system, the thermal energy in the turbine exhaust gas is gen-

erally utilized for pre-heating air fed to the SOFC. However, this

study focuses on the use of this remaining thermal energy for

supplying toall otherheat-requiringunits inorder to reduce the

requirement of the external heat. Fig. 5 shows the impact of the

operating pressure on the residual energy calculated from the

thermal energy of the GT exhaust gas subtracted by the system

heat requirement. The negative value of the residual energy

indicates that the thermal energy from the GT outlet gas is

insufficient to supply the SOFC system and thus the external

heat is needed. It is found that an increase in the operating

pressure reduces the external heat requirement because the

ethanol steamreformerneeds less energy. It is noted thatwhen

operated at the pressure of 20 bar, the SOFCeGT system can be

operated at a self-sustainable condition where the external

heat is unnecessary; however, at highpressure operation, a low

system electrical efficiency is obtained.

Fig. 6 shows the energy requirement in each part of the

pressurizedSOFCeGThybrid system. It canbedivided into three

parts, namely the energy used for pre-heating air, pre-heating

fuel and water and ethanol steam reformer. The air pre-

heating unit consumes the highest energy; it takes about

65e74% of the overall energy consumption of the SOFCeGT

system. Therefore, if the energy used for the air pre-heater

operation can be reduced, the requirement of the external heat

for supplying to the SOFC system would be minimized and the

energymanagement of the system would be probably better.
4.2. A pressurized SOFC/GT system with cathode gas
recirculation

In the previous section, it was found thatmost thermal energy

consumption in the SOFC system is caused by the air pre-

heater. To improve the system performance, a portion of the

cathode exhaust gas is recycled and then mixed with a fresh

air feed to reduce a heat duty of the air pre-heater. Regarding

the system electrical efficiency, the pressurized SOFCeGT

hybrid system is studied under a pressure range of 2e8 bar.

The influence of a recirculation ratio of the cathode exhaust
gas at different operating pressures on the system electrical

efficiency, SOFC electrical efficiency and the PGT/PSOFC ratio

is illustrated in Fig. 7(aec), respectively. The system electrical

efficiency decreases with increasing the recirculation ratio of

the cathode exhaust gas at all the operating pressure consid-

ered, and the SOFC efficiency and the PGT/PSOFC ratio show

similar trends. The results also indicate that the recirculation

ratio has impact on the performance of the GT more than the

SOFC. The electrical efficiency of the SOFC slightly declines

with increasing the recirculation ratio of the cathode exhaust

gas (0.1e0.7); however, the decrement of the SOFC efficiency is

http://dx.doi.org/10.1016/j.ijhydene.2013.01.146
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obviously observed at the recirculation ratio of higher than

0.7. This is because the oxygen feed is dilutedwhen increasing

the recirculation ratio and consequently, a larger concentra-

tion loss in the SOFC appears. An increase in the cathode gas

recycle also decreases the PGT/PSOFC ratio as the gas inlet

flow to the GT drop and thus the GT power is less generated.

Fig. 8 showsthevariations in theGT inlet temperatureandthe

thermal energy of the GT outlet gas as a function of the recircu-

lation ratio of the cathode gases at different operating pressures.

An increase in the cathode gas recycle results in the elevated

temperature of the GT inlet because the air stream fed to the

combustor decreases while the fuel in the anode exhaust gas is

still constant. It is noted that the fuel utilization of the SOFC is

kept constant at 70% in all case studies. Although the increased

temperatureof theGT inlet enhances theperformanceof theGT,

the GT inlet temperature should not exceed the endurance limit

ofGTmaterials. Ingeneral, themaximumGTinlet temperature is

1400K [27].Takingthisconstraint intoconsideration, thecathode

recirculation ratio should not be higher than 0.7e0.8, depending

on the operating pressure (Fig. 8(a)). When considering the

thermal energy of theGT exhaust gas (Fig. 8(b)), it decreaseswith

the increased recirculation ratio because a decrease in the GT

inlet feed flow has more effect on the thermal energy of the GT

outlet gas than an increase in the GT inlet temperature.

Fig. 9 shows the effect of the cathode gas recirculation on

the residual thermal energy of the SOFCeGT system. When
the system is operated at a higher recirculation of the cathode

gas, it is found that the SOFC system generates the thermal

energy higher than its consumption. This result indicates

a possibility of the SOFCeGT system with cathode gas recir-

culation to be operated at the self-sustainable condition. At

high recirculation ratio of the cathode exhaust gas, the

requirement of the fresh air fed to the SOFC reduces, resulting

in the decreased heat duty of the air pre-heater. Because the

recirculation of the cathode gas has a positive effect on the

thermal management of the pressurized SOFCeGT hybrid

system but decreases the system electrical efficiency. There-

fore, the recirculation ratio of the cathode exhaust gas should

be carefully selected. In this study, it is found that the pres-

surized SOFCeGT hybrid system should be operated at pres-

sure of 6 bar because the highest electrical efficiency can be

achieved and the cathode gas recirculation ratio of 0.3 is

selected. At this condition, the SOFC system can be self-

sustainable and the system electrical efficiency slightly de-

creases (3%).
5. Conclusions

A pressurized solid oxide fuel cell and gas turbine hybrid

system (SOFCeGT) fed by ethanol is studied. The perfor-

mance of the SOFC system in terms of the electrical efficiency

and thermal management is analyzed with respect to the

operating pressure and recycle ratio of a cathode exhaust gas.

The simulation results show that the optimal operating

pressure of the pressurized SOFC system is in a range of

4e6 bar. Under this condition, the system can achieve the

highest electrical efficiency, whereas the recuperation of the

waste heat from the GT exhaust gas is minimized. The

recirculation of the cathode exhaust gas in the SOFC system

can reduce the external heat requirement of an air pre-

heater. However, the electrical efficiency of the SOFC sys-

tem with cathode gas recycling is lower than the conven-

tional SOFC system. In addition, it is found that the SOFC

system with cathode gas recycling can be operated at a self-

sustainable condition.
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Nomenclature

Ac cell active area, m2

Ci molar concentration of component i, mol m�3

Deff,anode effective gaseous diffusivity through the anode,

m2 s�1

Deff,cathode effective oxygen diffusivity through the cathode,

m2 s�1

EOCV open-circuit voltage, V

E0 open-circuit voltage at the standard pressure, V

Eact activation energy for reforming reaction, kJ mol�1

Eanode activation energies of the anode, kJ mol�1

Ecathode activation energies of the cathode, kJ mol�1

F Faraday constant, C mol�1

_h enthalpy, kJ mol�1

ha air channel height, m

hf fuel channel height, m

j current density, A m�2

j0,anode exchange current density at the anode, A m�2

j0,cathode exchange current density at the cathode, A m�2

kact pre-exponential constant for reforming reaction,

mol s�1 m�2 bar�1

kanode pre-exponential factor of the anode, A m�2

kcathode pre-exponential factor of the cathode, A m�2

kWGSR pre-exponential constant for reforming reaction, e

L cell length, m

LHVC2H5OH low heating value of ethanol, mol s�1

n number of electrons transferred
_n molar flow rate, mol s�1

pi partial pressures of the component i, bar

P electrical power, W

Q thermal energy, kJ s�1

Qrec amount of thermal energy from the SOFC system,

kJ s�1

Quse total amount of thermal energy used in system,

kJ s�1

R Gas constant, kJ mol�1 K�1

Rj rate of reaction j, mol m�2s�1

Rohm total internal resistance, U�1 m2

T temperature, K

ua air velocity, m s�1

uf fuel velocity, m s�1

V operating cell voltage, V

W cell width, m

Uf fuel utilization factor, e

Greek symbols

a transfer coefficient, e

g pre-exponential factor

hact activation overpotentials, V

hconc concentration overpotentials, V
hg generator efficiency, %

hm mechanical efficiency, %

hohmic ohmic loss, V

hp pump efficiency, %

hinvert dceac inverter efficiency, %

lair excess air ratio, e

ni stoichiometric coefficient of component i, e

ri density of component i, kg m�3

sanode electronic conductivity of the anode, U�1 m�1

scathode electronic conductivity of cathode, U�1 m�1

selectrolyte ionic conductivity of the electrolyte, U�1 m�1

sanode thickness of anode, m

scathode thickness of cathode, m

selectrolyte thickness of electrolyte, m

Superscript

in inlet

out outlet

Subscripts

a air channel

an anode side

avg average

ac alternating current

c compressor

ca cathode side

cb combustor

conc concentration overpotentials

dc direct current

elec electrochemical reaction

f fuel channel

gt gas turbine

i chemical component

j reaction

liq liquid

mix mixer

ohm ohmic loss

ph pre-heater

pum pump

r reformer

sofc solid oxide fuel cell

SR steam reforming reaction

t turbine

TPB three-phase boundary

vap vaporizer

WGS water gas shift reaction
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� PEMFC systems with a glycerol steam reformer for stationary application are studied.
� Performance of HT-PEMFC and LT-PEMFC systems is compared.
� HT-PEMFC system shows good performance over LT-PEMFC system at a high current density.
� HT-PEMFC system with water gas shift reactor shows the highest system efficiency.
� Heat integration can improve the efficiency of HT-PEMFC system.
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a b s t r a c t

A high-temperature polymer electrolyte membrane fuel cell (HT-PEMFC) has a major advantage over a
low-temperature polymer electrolyte fuel cell (LT-PEMFC) demonstrated by a tolerance to a higher CO
content in the hydrogen feed and thus a simpler fuel processing. In this study, a direct comparison
between the performance of HT-PEMFC and LT-PEMFC systems integrated with a glycerol steam reformer
with and without a water gas shift reactor is shown. Under pure hydrogen operation, the LT-PEMFC per-
formance is superior to the HT-PEMFC. However, the HT-PEMFC system shows good performance over
the LT-PEMFC system when operated under high current density and high pressure (3 atm) and using
the reformate gas derived from the glycerol processor as fuel. At high current density, the high concen-
tration of CO is the major limitation for the operation of HT-PEMFC system without water gas shift reac-
tor, whereas the LT-PEMFC suffers from CO poisoning and restricted oxygen mass transport. Considering
the system efficiency with co-heat and power generation, the HT-PEMFC system with water gas shift
reactor shows the highest overall system efficiency (approximately 60%) and therefore one of the most
suitable technologies for stationary applications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the need for clean energy and efficiency technology,
great efforts have focused on fuel cells’ research for electricity gen-
eration. The high current density, low operating temperature and
rapid start up of a polymer electrolyte membrane fuel cell (PEMFC)
make it a promising candidate for transportation and stationary
power generation [1–4]. In general, a conventional PEMFC, oper-
ated at temperatures below 373.15 K, has a serious water manage-
ment challenge and requires pure hydrogen fuel with no CO to
avoid catalyst poisoning. To overcome some limitations of the
low-temperature PEMFC (LT-PEMFC), a high-temperature PEMFC
(HT-PEMFC) has been developed using a phosphoric acid doped
polybenzimidazole membrane. CO poisoning (adsorption) on the
surface of a platinum catalyst decreases by increasing the operat-
ing temperature. The higher temperatures allow the use of refor-
mate gas directly from a fuel processor to feed HT-PEMFCs with
simple purification processes [5]. In the case of LT-PEMFC based
on Nafion membranes, the reformate gas must be treated by water
gas shift and preferential oxidation processes in order to reduce CO
content below 10 ppm [6,7]. These treatments will cause hydrogen
and parasitic losses. Another advantage of HT-PEMFC is that it does
not rely on water for proton transport and can be operated at dry

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apenergy.2013.04.009&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2013.04.009
mailto:Amornchai.A@chula.ac.th
http://dx.doi.org/10.1016/j.apenergy.2013.04.009
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


Nomenclatures

Ec activation energy, J mole�1 K�1

Ecell cell voltage, V
Er reversible cell potential, V
F faraday constant, 96,485 C mol�1

H enthalpy, J mol�1

Km proton conductivity of LT-PEMFC, S cm�1

Lc catalyst loading, mg cm�2

LHV lower heating value, kJ mol�1

m molar flow rate, mol s�1

P pressure, atm
PFC power output of fuel cell, W
Pparasitic power used in auxiliary unit, W
PT target power output, W
Q heat flow, J s�1

R gas constant (=8.314), J mol�1 K�1

T cell temperature, K
i current density, A m�2

i0 exchange current density, A m�2

lm membrane thickness, m

Greek letters

a transfer coefficient
a transfer coefficient
c reaction order
k water content
hCO CO coverage
hH H2 coverage
rm proton conductivity, S cm�1

gohmic ohmic loss, V
gact activation loss, V
gsys system efficiency
gsys,co cogeneration system efficiency

Subscripts and superscripts
a anode
c cathode
m membrane
i, j components ‘‘i’’ and ‘‘j’’
in inlet stream
out outlet stream

S. Authayanun et al. / Applied Energy 109 (2013) 192–201 193
condition [8], allowing for a further simplification with the re-
moval of humidifiers. However, the complexity of the integrated
system depends on the fuel used and the requirement of each
application as well [9].

Until a suitable hydrogen infrastructure and storage are readily
available, reformate gas from fuel processors is a promising alterna-
tive hydrogen source for PEMFC. Among the various types of fuel,
glycerol is considered a potential feedstock for producing hydrogen
and one of the most attractive fuels for sustainable development of
hydrogen production [10–13]. It is a by-product of biodiesel process
via the transesterification of vegetable oil and alcohol. The use of
glycerol to produce high-value added products can also reduce the
biodiesel production cost. In addition, it is a liquid phase at room
temperature and thus can easily be stored and transported. A carbon
formation from the reforming of glycerol is lower than that of non-
oxygen-containing hydrocarbon fuels [10].

In general, fuel cell systems’ design depends greatly on their
applications and desired efficiency. For automotive applications,
weight and size of the overall system are critical. The fast starting
up is also preferred and thus the autothermal reforming is suitable
for this application more than steam reforming [14]. On the other
hand, stationary applications require high overall efficiency with-
out specific weight or size restrictions [15]. Heat and power cogen-
eration is favourably suited for stationary application as an
effective way to improve the overall system efficiency combined
with the highly efficient steam reforming [16]. For low-tempera-
ture fuel cells, high system efficiency can be achieved when low
quality heat released from fuel cell is applied to household usage
[17]. The PEMFC cogeneration system is considered an effective
system, which meets both electrical and thermal demands of resi-
dential applications [18].

This study focuses on the performance analysis and design of a
HT-PEMFC system for a stationary power generation. The efficiency
of the HT-PEMFC system with different fuel processors is investi-
gated and compared with a LT-PEMFC system. The HT-PEMFC sys-
tem considered here can be divided into two cases. The first one
involves the HT-PEMFC and a glycerol reformer without a CO re-
moval process; whereas in the second one, a water gas shift reactor
is included to improve further its overall system efficiency. The CO
impact, performance and overall system efficiency of LT-PEMFC
and HT-PEMFC systems are compared under pure hydrogen and
reformate gas from glycerol fuel processor. The integrated system
is studied as a combined heat and power (CHP) for stationary
application, where the waste heat generated during fuel cell oper-
ation is utilized in producing hot water for household use.
2. PEMFC systems for stationary applications

A fuel steam reforming (SR) is regarded as a suitable process to
produce hydrogen for stationary application of fuel cells because
of its high hydrogen yield [19]. The heat integration of a fuel proces-
sor and a fuel cell is preferred to enhance the overall efficiency. As
shown in Fig. 1a–c, the excess un-reacted hydrogen and oxygen
from the fuel cell are sent to a burner to supply heat for the glycerol
steam reforming. In addition, water is recovered from hot reformate
gas and flue gas and used in the steam reformer and humidifier.

Due to a high CO tolerance of HT-PEMFCs, it is possible to use
the reformate gas obtained directly from the glycerol reformer
without further CO removal. This system is presented in Fig. 1a.
Generally, to increase hydrogen yield in endothermic steam
reforming processes, high reforming temperature and excess
steam feed are required. However, this will also result in the un-
desired increase of CO content. With the aim at direct use of the
reformate gas, the operating temperature of the steam reformer
needs to be reduced to satisfy the operational constraint of the
HT-PEMFC. Similarly, excess steam is necessary to enhance the
hydrogen yield at the low-temperature operation of the reformer
shifting the equilibrium of the steam reforming reaction toward
the product side (hydrogen production). However, this will lead
to a higher energy requirement to preheat excess steam, sacrificing
the overall system efficiency. To improve the HT-PEMFC perfor-
mance, the fuel processing subsystem, i.e., a water gas shift reactor
(WGS), is added to the steam reformer (Fig. 1b) to maximize the
hydrogen content and reduce CO fraction. It should be noted that
the large size of the water gas shift reactor is the main restriction
in the use of PEMFC systems for automotive applications, but not
for stationary applications [20].

For LT-PEMFCs, they are operated at low temperatures and re-
quire reformate fuel with less CO to avoid catalyst poisoning. The



SR

HT-PEMFC
Burner

Pump

Pump

Compressor/
Blower

Water

Fuel

Anode off gas

Air

anode

cathode
Exhaust gas Electricity

Household

Flue gas

Heat Heat

Heat

Water

Water

Hot water

SR WGS

HT-PEMFC
Burner

Pump

Pump

Compressor/
Blower

Water

Fuel

Anode off gas

Air

anode

cathode
Exhaust gas Electricity

Household

Flue gas

Heat Heat Heat

Heat

Water

Water

Hot water

(a)

(b)

(c)

SR WGS PROX

LT-PEMFC
Burner

Pump

Pump

Compressor/
Blower

Compressor/
Blower

Water

Fuel

Anode off gas

Air

Air

Humidifier/
Heat exchanger

anode

cathode
Exhaust gas Electricity

Flue gas

Household

Heat Heat Heat Heat

Heat Water

Water

Hot water
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content of CO in a hydrogen feed for LT-PEMFC is limited to be less
than 10 ppm. Therefore, both water gas shift and preferential oxi-
dation (PROX) processes are added to the fuel reforming process
for the LT-PEMFC system. Typical fuel processing system for LT-
PEMFCs is demonstrated in Fig. 1c. In the WGS reactor, CO is
reduced and at the same time, more hydrogen is generated. None-
theless, the reformate gas obtained from this process still has CO
exceeding the acceptable level of LT-PEMFC. Therefore, the refor-
mate gas should be further treated by the PROX reactor to reduce
the concentration of CO to a satisfactory level. The oxidation reac-
tions occurring in this process cause loss of hydrogen and parasitic
loss from a compressor (for feeding air to the reactor).
Apart from the CO purification process, the main difference be-
tween the LT-PEMFC and HT-PEMFC systems involves the use of a
humidifier unit. Due to the fact that HT-PEMFC can be operated at
dry condition, the humidification is unnecessary for this type of
PEMFC, contrast to LT-PEMFC where humidification is essential
to prevent drying out of a Nafion membrane. However, when oper-
ated using the reformate gas, LT-PEMFC does not require further
anode humidification, as the reformate gas is already saturated
with water (from the reforming process).

A designed configuration of the PEMFC systems investigated in
this study is shown in Table 1. The target power output of both the
HT-PEMFC and LT-PEMFC systems for a stationary application is



Table 1
Designed configuration of the PEMFC systems.

Stationary application
(household)

Power output 3 kW
Heat integration between fuel cell and fuel

processing
Included

Water recovery Included
Type of reforming process Steam reformer
Cogeneration system Included
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3 kW, which is sufficient for small household. The released heat
from the fuel cell will be used to generate hot water for a boiler
heating system.
3. Modeling of PEMFC systems

3.1. Fuel processing

The equilibrium composition of a reformate gas obtained from
the steam reforming of glycerol is calculated from the direct min-
imization of Gibbs free energy. The external heat used to maintain
the glycerol reformer at isothermal condition is determined by
considering the enthalpy change between reactants and products
of the reformer when inlet and outlet temperatures are equal to
the reforming temperature. The WGS reactor is also modeled as
an equilibrium reactor and its operating temperature is specified
at 473.15 K [20]. The reaction occurring in the WGS reactor in-
volves a water gas shift reaction. For PROX process, the conversion
reactor model is chosen. It is operated at oxygen to CO ratio of 1.5
and temperature of 423.15 K. The CO conversion is fixed at 95%
[21] and the remaining oxygen will react with hydrogen. In addi-
tion, the sequentially two stages of the PROX reactor are applied
to reduce the CO concentration lower than 10 ppm (in case of
the LT-PEMFC system).
3.2. PEMFC

The basic relation of voltage and current density for PEMFC is
described in Eq. (1). The cell voltage (Ecell) can be calculated by sub-
tracting the reversible cell potential (Er), the maximum voltage
that can be achieved by a fuel cell at specific operating condition,
by various voltage losses.

Ecell ¼ Er � gact;a � gact;c � gohmic ð1Þ

where gact,a is the activation loss at the anode, gact,c is the activation
loss at the cathode and gohmic is the ohmic loss. Detail of the model
describing the voltage losses of the HT-PEMFC based on a phospho-
ric acid doped polybenzimidazole membrane and the LT-PEMFC
using a Nafion membrane is given in Table 2. It is noted that since
the concentrations of hydrogen and oxygen at the catalyst surface
Table 2
Voltage loss models used in simulation of HT-PEMFC and LT-PEMFC.

Voltage loss HT-PEMFC Ref.

Anode activation gact;a ¼ RT
aF sinh�1 i

2i0ð1�hCOÞ2

� �
[22]

Cathode activation gact;c ¼ RT
aF sinh�1 i

2i0

� �
[22]

i0 ¼ iref
0;cac;cLc;c

CPt
Cref ;c

� �c
exp � Ec;c

RT 1� T
Tref;c

� �h i
Ohmic loss gohmic ¼ rm

lm

� �
i [22]

rm ¼ A
T exp �B

RðTÞ

� �
are used to determine the reversible cell potential and activation
loss, concentration losses do not appear in Eq. (1).

The reversible cell potential is described by Nernst equation:

Er ¼ �
DHT

nF
� TDST

nF

� �
þ RT

nF
ln
ðRTÞ1:5CH2�PtC

0:5
O2�Pt

aH2O

" #
ð2Þ

where aH2O is the water activity defined by the ratio of water partial
pressure to its saturation pressure.

Table 3 shows the parameters used for calculating the activa-
tion loss at the cathodes of HT-PEMFC and LT-PEMFC. The model
parameters of the LT-PEMFC are estimated from experimental data
[25] and the validation of the LT-PEMFC model with the experi-
mental data [25,26] is shown in Fig. 2. For HT-PEMFC, its model
parameters reported by Mamlouk et al. [22] are employed in this
work and the validation of the HT-PEMFC model can be seen in
our previous work [27]. Due to the fact that the fuel used at the an-
ode is a reformate gas from the fuel processor section, the effect of
CO poisoning is included in the anode activation loss model of both
the HT-PEMFC and LT-PEMFC. The CO poisoning model of LT-PEM-
FC, which is proposed by Bhatia and Wang [23], is used in this
work. For HT-PEMFC, the exchange current density of hydrogen
oxidation in the presence of CO is iCO

0 instead of i0 (for pure hydro-
gen). The iCO

0 can be calculated from CO coverage (hCO) assuming
the bridge model of CO adsorption on Pt as follows:

iCO
0 ¼ i0ð1� hCOÞ2 ð3Þ

The CO coverage of the HT-PEMFC is described as follows [27]:

hCO ¼ a � ln
½CO�
½H2�

þ b � lnðiÞ � ln
½CO�
½H2�

þ c ð4Þ

a ¼ �0:00012784 � T2 þ 0:11717499 � T � 26:62908873
b ¼ 0:0001416 � T2 � 0:12813608 � T þ 28:852463626
c ¼ �0:00034886 � T2 þ 0:31596903 � T � 70:11693333

The concentration of hydrogen and oxygen at catalyst surface is
determined from the Stefan Maxwell equation and the Fick’s law
which represent the diffusion model of the reactant in the gas dif-
fusion layer and film electrolyte [22]. It is noted that the concentra-
tions of all components along the gas flow channels are assumed to
be constant and determined from the average concentrations of
the feed and outlet gas composition. The outlet gas compositions
are calculated from a fuel utilization.

Diffusion of multi-component gas streams through the porous
carbon electrode can be described by using the Stefan–Maxwell
equation in:

dXi

dz
¼ RT

P

XXiNj � XjNi

Deff
ij

ð5Þ

where N is the molar flux of each component at the anode and cath-
ode sides of HT-PEMFC and LT-PEMFC, X is the mole fraction of each
component, Deff

ij is the diffusion coefficient calculated by using the
LT-PEMFC Ref.

gact;a ¼ RT
aF sinh�1 i

2kehhH

� �
[23]

gact;c ¼ RT
aF sinh�1 i

2i0

� �
This work

i0 ¼ iref
0;cac;cLc;cð CPt

Cref ;c
Þc exp � Ec;c

RT 1� T
Tref;c

� �h i
gohmic ¼ Kmem

lm

� �
i [24]

Kmem ¼ ð0:5139k� 0:326Þ exp 1268 1
303� 1

T

� �� 	
� 100



Table 3
Value of the parameters used to compute the cathode activation loss.

Parameters HT-
PEMFC

LT-PEMFC

Cell operating pressure at anode, P (atm) 3 3

Cathode reference exchange current density, iref
0;c

(A m�2)

0.0004 4.2 � 10�4

Cathode catalyst surface area, ac,c (m2 g�1) 64 54
Cathode catalyst loading, Lc,c (mg cm�2) 0.4 0.4
Transfer coefficient at the cathode, ac (–) 0.75 0.45
Reaction order, c (–) 1.375 1.3
Cathode reference concentration, cref,c (mol cm�3) 0.0004 2.03 � 10�7

Cathode activation energy, Ec,c (J mol�1 K�1) 72,400 66,000
Cathode reference cell temperature, Tref,c (K) 373.15 298.15
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Fig. 2. Validation of the LT-PEMFC model and experimental data [25,26].
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Slattery–Bird correlation [28] and corrected to account for the
porosity/tortuosity effects using the Bruggeman correlation [8].

Deff
ij ¼

a
P
ð Tffiffiffiffiffiffiffiffiffiffiffiffiffi

Tc;iTc;j

p ÞbðPc;iPc;jÞ1=3ðTc;iTc;jÞ5=12 1
Mi
þ 1

Mj

� �1=2

es ð6Þ

where Tc and Pc are the gas critical temperature and pressure,
respectively, M is the molecular weight, e and s are the porosity
and the tortuosity. It is noted that a equals to 0.0002745 for di-
atomic gases and 0.000364 for water vapor and b equals to 1.832
for di-atomic gases and 2.334 for water vapor.

To find H2 and O2 concentrations at the catalyst surface, Fick’s
law is applied (Eqs. (7) and (8)). Gaseous reactants need to diffuse
through the electrolyte film layer before arriving at the catalyst ac-
tive surface [22].

NO2

SPt�cathode
¼
�DO2 CO2�pt � CO2ðdissolveÞ

� �
dcathode

ð7Þ

NH2

SPt�anode
¼
�DH2 CH2�pt � CH2ðdissolveÞ

� �
danode

ð8Þ

where N is the molar flux, CPt is the reactant concentration on the
catalyst surface, Cdissolve is the equilibrium reactant concentration
in the electrolyte film at the studied temperature, SPt is the real
platinum surface area and d is the film thickness.

The concentration of H2 and O2 dissolving at the film electrolyte
layer boundary can be calculated from their solubility (Cdissolved

i ) as
follows:

CH2ðdissolveÞ ¼ Cdissolved
H2

� XH2 � P ð9Þ
CO2ðdissolveÞ ¼ Cdissolved
O2

� XO2 � P ð10Þ

where XH2 and XO2 are the mole fraction of H2 and O2 at the GDL/
electrolyte film interface.

It is noted that the solubility (Cdissolved
i ) and diffusion coefficient

(Di) of HT-PEMFC can be calculated from the correlation reported
by Mamlouk et al. [22], whereas the solubility (Cdissolved

i

(mol dm�3)) and diffusion coefficient (Di (m2 s)) of LT-PEMFC at
the cathode side can be calculated as follows:

ln Cdissolved
i ¼ 662:50

T
� 7:2805 ð11Þ

ln Di ¼
�2983:6

T
� 12:442 ð12Þ

This correlation is obtained from experimental data of oxygen
solubility and diffusion at different temperatures using Nafion
membrane [29]. The gas diffusion via film electrolyte at the anode
is neglected in this work.

The power output of fuel cell (PFC) and target power output (PT)
can be calculated from current density (i), Ecell and parasitic loss
(Pparasitic) as follows:

PFC ¼ i � A � n � Ecell ð13Þ

PT ¼ PFC � Pparasitic ð14Þ

where A is the cell active area and n is the number of cell.

3.3. Auxiliary units

To supply fuel for the fuel processor and PEMFC, a pump and a
compressor are used as auxiliary units. Therefore, the required
power of pump and compressor is taken into account for calculat-
ing the system efficiency. Here, the efficiencies of the pump and
compressor are specified at 0.7. Furthermore, the heat manage-
ment in the integrated systems is carried out by using a heat ex-
changer and a burner. The heat from the product streams of the
reformer and the anode and cathode off gases are recovered via
heat exchangers. The recovered heat will be utilized to preheat
and vaporize water for the glycerol reformer. The amount of energy
recovered from the heat exchanger is calculated from the enthalpy
change between the inlet and outlet of hot and cold streams. To
keep the fuel cell temperature at a desired level, water is used as
a cooling medium to remove the excess heat from PEMFC. The
hot water obtained can be used in a boiler heating process for
the cogeneration system. The heat recovery from the fuel cell can
be calculated by

Q thermal ¼ ma;inHa;in þmc;inHc;in �ma;outHa;out �mc;outHc;out

� PFC ð15Þ

For the LT-PEMFC system, a humidifier is needed to produce a
humidified air for the cathode and the amount of heat required
for this unit is determined by:

Qhum ¼ mair;outHair;out �mair;inHair;in �mH2O;inHH2O;in ð16Þ
3.4. System efficiency

Considering the heat integration of PEMFC and reforming pro-
cesses, the required energy for the reforming process is partially
supplied by the heat recovered from the anode and cathode ex-
haust gases. The system efficiency is calculated by

gsys ¼
PFC � Pparasitic

mglycerol � LHVglycerol þ Q ref � Q rec
ð17Þ



Fig. 3. Flow diagram of the numerical solution of PEMFC system models.
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where mglycerol is the molar flow rate of glycerol used for producing
hydrogen for PEMFC (the molar flow rate of glycerol depends on the
cell operating current). LHVglycerol is the lower heating value of glyc-
erol. Qref is the energy required for the humidifier (in case of the LT-
PEMFC system) and steam reforming process accounting for the
heat of vaporization, specific heat to heat up the reactants to the de-
sired temperature and the heat needed for maintaining the refor-
mer at an isothermal operation level. Qrec is the recovered heat
from the anode and cathode exhaust gases as well as from the high
temperature product gas of the glycerol reformer. Pparasitic is the re-
quired power used in auxiliary units, namely compressor and
pump. When the heat integration is not considered, the recovered
heat (Qrec) accounts for only the heat that recovered from the high
temperature product gas of the reformer. It is also noted that the
recovered heat from WGS and PROX units are included in the deter-
mination of the system efficiency when these units involve the
PEMFC system.

For the power and heat cogeneration of the PEMFC system, both
the electrical and thermal output are included in the calculation of
the cogeneration system efficiency, as defined by Eq. (18). The
thermal output (Qthermal) is the heat recovery from the fuel cell,
which can be used to produce hot water for household usage via
a boiler heating system.

gsys;co ¼
PFC � Pparasitic þ Q thermal

mglycerol � LHVglycerol þ Q ref � Q rec
ð18Þ

Furthermore, since the fuel processor consumes steam and at
the same time, the fuel cell produces some steam, the steam bal-
ance between the steam recovered from the fuel cell exhaust gas
and that required for the reforming process is considered in this
study.

3.5. Numerical solution

In this work, the mathematical models of LT-PEMFC and HT-
PEMFC systems integrated with a glycerol fuel processor process
are solved by Matlab. A flow diagram of the numerical solution is
shown in Fig. 3. At design conditions, the composition of the refor-
mate gas fed to PEMFC can be calculated from the reformer model
for HT-PEMFC (case 1), the reformer and WGS models for HT-PEM-
FC (case 2) and the reformer, WGS and PROX models for LT-PEMFC
(case 3). The cell performance (V–I curve) is then determined from
the Stefan Maxwell, Fick’s law and electrochemical model. The CO
poisoning model is included in computing the anode activation
loss. Finally, the system efficiency is calculated by considering
the heat recovery and parasitic loss from auxiliary units.
4. Results and discussion

4.1. HT-PEMFC and LT-PEMFC performances

4.1.1. Pure hydrogen operation
Fig. 4 shows the performance of HT-PEMFC and LT-PEMFC run-

ning on pure hydrogen and air when the inlet temperature of
water, fuel and air is specified at the fuel cell temperature. Under
the atmospheric pressure operation, the simulation results show



Table 4
Mole fraction of hydrogen at each unit of the HT-PEMFC and LT-PEMFC systems operated at pressure of 3 atm.

System S/
C

Reformer temperature
(K)

Fuel cell temperature
(K)

Hydrogen (mole fraction)

Glycerol steam reforming (wet
basis)

WGS (wet
basis)

PROX (wet
basis)

Humidifier/heat
exchanger

HT-PEMFC:
case 1

4 900 448.15 0.3014 – – 0.6513 (RH = 0)

HT-PEMFC:
case 2

2 1000 448.15 0.4135 0.5164 – 0.6882 (RH = 0)

LT-PEMFC 2 1000 353.15 0.4135 0.5164 0.5076 0.5704 (RH = 1)

Table 5
Composition (dry basis) of other gaseous products containing in hydrogen feed
stream for HT-PEMFC and LT-PEMFC systems.

System CO CO2 CH4 N2

HT-PEMFC: case 1 0.0663 0.2584 0.0240 –
HT-PEMFC: case 2 0.0023 0.3003 0.0093 –
LT-PEMFC 6 ppm 0.2999 0.0092 0.0101
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Fig. 5. Effect of CO on HT-PEMFC performance.
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that the LT-PEMFC has a higher performance, compared with the
HT-PEMFC at current densities lower than 6000 A m�2. Although
the exchange current density at Nafion/Pt interface is higher than
that of H3PO4/Pt, low oxygen permeability and strong phosphate
adsorption (phosphoric acid is required for HT-PEMFCs operation)
are the main reasons for the observed slower oxygen reduction
kinetics in HT-PEMFCs cathodes even at the higher operating tem-
perature [30].
However, the performance of the HT-PEMFC improves signifi-
cantly and becomes comparable to that of LT-PEMFC when the fuel
cell pressure is increased to 3 atm. Increasing the operating pres-
sure causes a higher hydrogen and oxygen partial pressures, result-
ing in enhanced kinetics and mass transport. The increase in
pressure has larger impact on the HT-PEMFCs in comparison to
the LT-PEMFCs due to the lower permeability of oxygen in phos-
phoric acid in comparison to that in Nafion. Nevertheless, in com-
parison with the HT-PEMFC, the LT-PEMFC seems to have a
superior performance under a practically operational range (volt-
age of 0.5–0.7) when pure hydrogen is used as a fuel feed.
4.1.2. Reformate operation
A reformate gas that is derived from the glycerol steam reform-

ing process contains H2, CO, CO2, CH4, H2O and some trace of N2 (in
case of applying a PROX unit in the glycerol processor). The oper-
ating condition of the glycerol processor is chosen by considering
the operational constraints (i.e., CO contamination) of HT-PEMFCs
and LT-PEMFCs (see Table 4). The corresponding hydrogen fraction
from the glycerol processor is given in Table 4 for different PEMFC
systems, whereas the fraction of other gaseous components con-
taining in the reformate gas is reported in Table 5. The CO fraction
coming from PROX in the glycerol processor at a desired condition
is lower than 10 ppm in case of LT-PEMFC system. The perfor-
mance of HT-PEMFC running on the reformate gas with different
%CO is shown in Fig. 5. It is found that at cell temperature of
448.15 K, the current density generated insignificantly changes un-
der the studied voltage range when the reformate gas contains CO
less than 5% because of the high CO tolerance of HT-PEMFC, which
is operated under high temperatures. However, when cell temper-
ature is reduced to 423.15 K, a drop in the current density is ob-
served if the HT-PEMFC is run at the voltage less than 0.6.

Considering the HT-PEMFC system without the WGS reactor
(case 1), the optimal condition of the reformer providing the high-
est system efficiency is used in this study when CO fraction is
about 7% [24]. It is noted that although the steam reformer oper-
ated at the conditions providing low CO content will show a better
performance in term of hydrogen yield, but the reformer efficiency
is lower due to a high energy requirement for producing more
steam for the reformer. For the HT-PEMFC system including the
WGS reactor (case 2), the CO fraction in the synthesis gas obtained
from the WGS reactor operated under the defined reformer and
WGS reactor conditions is lower than 0.25% [31]. The simulation
results (Table 4) show that the hydrogen fraction in the anode feed
is in order: HT-PEMFC (case 2) > HT-PEMFC (case 1) > LT-PEMFC.

From the simulation result in Fig. 6, it can be seen that when
operated at 1 atm, the HT-PEMFC system without a WGS reactor
(case 1) has the same performance as that with the WGS reactor
(case 2) at a low current density operation. However, the perfor-
mance of the HT-PEMFC without a WGS reactor decreases sharply
at high current densities because of poisoning effect of the in-
creased CO concentration in reformate gas towards the end of
the anode channels at high current densities (hydrogen is
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Table 6
Value of the parameters used for the efficiency analysis of HT-PEMFC and LT-PEMFC.

Parameters Value Unit

System pressure 3 atm
Active area 250 cm2

Number of cell
� HT-PEMFC (case 1) 115 –
� HT-PEMFC (case 2) 81 –
� LT-PEMFC 71 –

Cell temperature
� HT-PEMFC 448.15 K
� LT-PEMFC 353.15 K

Anode stoichiometry 1.25 –
Cathode stoichiometry 2 –
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consumed). For LT-PEMFC system, superior performance is ob-
tained at current densities up to 5000 A m�2 beyond which the cell
performance drops sharply. At high pressure (3 atm) operation, the
HT-PEMFC with a WGS reactor shows the highest performance
among the studied systems at high current density above
4000 A m�2, whereas LT-PEMFC system shows superior perfor-
mance at lower current densities known as the kinetic region
(see Fig. 6). The limited performance of LT-PEMFC system operated
on reformate gas at high current densities results from the CO poi-
soning effect on anode and oxygen starvation at the cathode
caused by flooding and low oxygen partial pressure (humidified
air). However, the LT-PEMFC performance at high current density
can be improved by using air bleeding technique to suppress CO
poisoning effect. Fig. 7 shows the individual voltage loss in HT-
PEMFC and LT-PEMFC operated on the reformate gas. As expected
the CO poisoning problem is more pronounced in LT-PEMFC than
HT-PEMFC resulting in larger anode over-potentials of LT-PEMFC
in comparison to that of HT-PEMFC. The ohmic loss in HT-PEMFC,
on the other hand, is marginally greater than that in LT-PEMFCs as
Nafion exhibits higher ionic conductivities at fully humidified con-
ditions. The cathode activation loss in LT-PEMFCs is smaller than
that of HT-PEMFCs. This is due to the higher exchange current den-
sity at Nafion/Pt interface in comparison to that of H3PO4/Pt. As
cathode current density increases, mass transport limitation in
LT-PEMFCs becomes pronounced at current densities as low as
4000 A m�2 when operated with air. The decrease of oxygen partial
pressure due to cathode steam humidification, cathode flooding
and slower oxygen diffusion in the gaseous phase in comparison
to HT-PEMFCs (higher operating temperature) is the main reason
for the observed limitation. These behaviors explain why the per-
formance of HT-PEMFC surpasses that of LT-PEMFC at high current
density (>4000 A m�2).
4.2. Comparison of HT-PEMFC and LT-PEMFC system efficiencies

To compare the efficiency of HT-PEMFC and LT-PEMFC systems
for small stationary application, the power output target is speci-
fied at 3 kW and the PEMFC systems is operated at pressure of
3 atm. The efficiency of LT-PEMFC and HT-PEMFC system is inves-
tigated at the same power output (3 kW) and voltage (0.65 V). The
parameters used for efficiency analysis in this work are shown in
Table 6. The main purpose of examining LT-PEMFC and HT-PEMFC
for small household electricity generation is to determine the sys-
tem that will achieve the maximum possible overall efficiency. In
order to improve the system efficiency, the cogeneration system
of heat and power is also considered.

The system efficiency of individual integrated PEMFC system at
full (3 kW) and partial loads (50%, 1.5 kW) is shown in Table 7. It is
found that the highest system efficiency is obtained when using
HT-PEMFC system with WGS reactor (case 2) followed closely by
LT-PEMFCs. While the HT-PEMFC system without the WGS reactor
(case 1) provides the lowest system efficiency among the studied
systems. Without WGS, a higher steam to carbon ratio is required
to reduce the fraction of CO in the reformate gas and thus, high



Table 7
System efficiency and water balance of the designed PEMFC systems.

Parameters Full load Partial load

Net power (kW) 3 1.5

Voltage (V)
� HT-PEMFC system (case 1) 0.65 0.716
� HT-PEMFC system (case 2) 0.65 0.723
� LT-PEMFC system 0.65 0.766

Current (A)
� HT-PEMFC system (case 1) 5621 2487
� HT-PEMFC system (case 2) 5619 2458
� LT-PEMFC system 5639 2300

Parasitic loss (W)
� HT-PEMFC system (case 1) 665 261
� HT-PEMFC system (case 2) 653 281
� LT-PEMFC system 652 278

Glycerol flow rate (mol/s)
� HT-PEMFC system (case 1) 0.0065 0.0029
� HT-PEMFC system (case 2) 0.0055 0.0024
� LT-PEMFC system 0.0056 0.0023

System efficiency (%)
� HT-PEMFC system (case 1) 27.55 30.96
� HT-PEMFC system (case 2) 32.98 37.48
� LT-PEMFC system 29.03 35.30

Water balance (mole/s)
� HT-PEMFC system (case 1) 0.0074 0.0033
� HT-PEMFC system (case 2) 0.0076 0.0033
� LT-PEMFC system 0.0097 0.0040
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Table 8
The released heat from fuel cell and the flow rate of produced hot water (323.15 K) in
each system.

System Released heat
from fuel cell (W)

Molar flow rate
of hot water (L/min)

HT-PEMFC system (case 1) 3126 1.816
HT-PEMFC system (case 2) 3080 1.790
LT-PEMFC system 3297 1.916
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energy is required to generate steam for this system. In addition, in
the HT-PEMFC system (case 1), the reformate gas obtained from
the glycerol processor contains a lower hydrogen fraction and a
higher CO fraction, compared to the HT-PEMFC system with WGS
(case 2). Additionally, the high CO fraction results in a large anode
activation loss (case 1). When the system is operated at partial load
condition (1.5 kW), a higher efficiency is achieved (from 33% to
37.5% for HT-PEMFC case 2) on the expense of lower power output
(50%). In addition, the water balance of all the systems shows a po-
sitive value even at the half load condition. This means water
recovered from the PEMFC system is sufficient and exceeds the re-
quired amount for reformer and humidifier operation (for LT-PEM-
FC system).

The system efficiency with and without heat integration be-
tween PEMFC and reforming process (gsys,int and gsys,noint) as well
as cogeneration system efficiency (gsys,co) of individual integrated
system are shown in Fig. 8. It is found that the PEMFC system with-
out heat integration between PEMFC and the reforming process
provides low overall efficiency around 20–25%. However, the sys-
tem efficiency increases to 28–33% when heat recovered from an-
ode and cathode exhaust gas is used to maintain the endothermic
reforming process. The results show that this integrated system
provides higher efficiency than a conventional electrical generator
like a gas turbine. The efficiency (based on a lower heating value)
of a glycerol combustion engine is around 19–29% depending on
operation conditions of gas turbine. It is noted that the predicted
system efficiency is in the same range of the achieved efficiency re-
ported in other works: HT-PEMFC system [32] and LT-PEMFC sys-
tem [33]. In addition, it is found that the system efficiency
increases further to 50–60% (cogeneration system efficiency) when
the released heat from the electrochemical reaction is utilized to
heat up water for household usage. The LT-PEMFC shows higher
cogeneration system efficiency than HT-PEMFC system (case 1)
and has a similar efficiency to the HT-PEMFC system (case 2). This
is because at a given operating voltage (0.65), the current density
of LT-PEMFC and HT-PEMFC system (case 2) is higher than HT-
PEMFC system (case 1). Therefore, the heat released from the elec-
trochemical reaction and cogeneration efficiency (see Eq. (17)) of
LT-PEMFC and HT-PEMFC systems (case 2) are higher. In addition,
the released heat from fuel cell and the molar flow of produced hot
water (323.15 K) are shown in Table 8.
5. Conclusions

The system efficiency of HT-PEMFC systems with different fuel
processors for a small 3 kW stationary application is investigated
and compared with a LT-PEMFC system. The HT-PEMFC system
integrates a glycerol reformer with and without a CO removal pro-
cess using a water gas shift reactor. For pure hydrogen operation,
LT-PEMFC shows higher performance than HT-PEMFC at a practical
operation (cell voltage of 0.5–0.7). However, for reformate gas
operation, the HT-PEMFC system with the water gas shift reactor
provides higher performance than the LT-PEMFC system when
the system operating pressure is 3 atm and the fuel cell is operated
at current density higher 4000 A m�2 (cell voltage less than 0.6 V).
Considering the system efficiency, it is found that HT-PEMFC sys-
tem with water gas shift reactor shows the highest value, followed
by the LT-PEMFC system and the HT-PEMFC system without the
water gas shift reactor. The highest efficiency obtained from HT-
PEMFC system is approximately 33% and 37.5% at full load and par-
tial load conditions, respectively. Furthermore, the efficiency can
be increased up to 60% in case of HT-PEMFC system with the water
gas shift reactor and LT-PEMFC system when the heat generated in
the fuel cell is used to produce hot water for cogeneration system
(household usage).
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The PEMFC (proton exchange membrane fuel cell) is expected to play a significant role in next-generation
energy systems. Because most hydrogen that is used as a fuel for PEMFCs is derived from the reforming of
natural gas, the use of renewable energy sources such as biomass to produce this hydrogen offers a
promising alternative. This study is focused on the performance analysis of an integrated biomass
gasification and PEMFC system. The combined heat and power generation output of this integrated
system is designed for residential applications, taking into account thermal and electrical demands. A
flowsheet model of the integrated PEMFC system is developed and employed to analyze its performance
with respect to various key operating parameters. A purification process consisting of a wateregas shift
reactor and a preferential oxidation reactor is also necessary in order to reduce the concentration of CO in
the synthesis gas to below 10 ppm for subsequent use in the PEMFC. The effect of load level on the
performance of the PEMFC system is investigated. Based on an electrical load of 5 kW, it is found that the
electrical efficiency of the PEMFC integrated system is 22%, and, when waste heat recovery is considered,
the total efficiency of the PEMFC system is 51%.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The PEMFC (proton exchange membrane fuel cell) has received
growing attention as an efficient power generation device due to its
low emissions, potentially high energy density, compactness,
modularity, light weight, fast start-up and fast response to load
changes. For residential applications, PEMFCs can be employed as
either primary or backup energy sources; a PEMFC can produce
about 5 kW of power or 120 kWh of energy per day as a cogene-
ration system [1].

Pure hydrogen is an ideal fuel for PEMFCs; however, it is not
available in nature and must be extracted from various fuels via
reforming technologies. Most fuels considered to be hydrogen
sources are based on hydrocarbon compounds [2]. These include
Engineering, Faculty of Engi-
ailand. Tel.: þ66 2 218 6878;

rnwichanop).

All rights reserved.
coal [3], natural gas [4] and methanol [5], all of which contain
carbon, hydrogen and oxygen. Since hydrocarbon fuels are derived
from petroleum, which is an inherently limited source of energy,
the use of renewable fuels such as biomass to produce hydrogen
has been widely explored [6]. Several types of biomass are
considered to be valuable feedstocks for hydrogen production
processes [7]. Among the various fuel production processes avail-
able, gasification is accepted as an efficient technology for the
conversion of biomass to synthesis gas [8]. Using steam as a major
gasifying agent seems to be an effective method for producing
hydrogen-rich gas [9]; however, in practice, air is generally fed into
the gasifier in order to enhance the combustion reaction [10] and to
enable self-sustainable operation of the system [11]. Because syn-
thesis gas obtained from gasification contains a high CO fraction
that can deteriorate PEMFC performance, a purification process is
necessary to decrease the content of CO to an acceptable of 10 ppm
or less to avoid catalyst poisoning [12,13].

PEMFC-based cogeneration systems have higher efficiencies
than traditional power generation systems because heat and elec-
tricity are generated and utilized closer to the user. Various studies
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on PEMFC systems have been performed over the past several de-
cades. The chemical and thermodynamic aspects of the electrical
characteristics of a PEMFC were studied by Yan et al. [14] and Asl
et al. [15]. Although the design and analysis of fuel cell-based CHP
(combined heat and power) systems are subjects of interest [1,16],
only limited information is available regarding PEMFC systems in-
tegrated with biomass gasification. Toonssen et al. [17] studied the
integration of PEMFC and biomass gasification. The results of this
study indicated that the efficiency of such an integrated system is
around 30%. The effect of the purity level of hydrogen on the effi-
ciency of the cogeneration system was investigated without
considering the effect of the operating parameters on the gasifi-
cation process and the fuel cell.

It is known that the performance of heat and power cogenera-
tion systems depends on their operating conditions. Thus, a
comprehensive understanding of a biomass gasification system
coupled with PEMFC is essential for achieving efficient system
operation. The goal of this study is to analyze the performance of an
integrated biomass gasification and PEMFC system. The simulation
of this integrated system is carried out using a process flowsheet
simulator to investigate system performance with respect to key
operating parameters, including air and steam feed rate, gasifica-
tion temperature, biomass composition and load change. The
PEMFC integrated system studied in this work is designed to supply
an electrical load of 5 kW to cover a power demand for residential
applications. The efficiency of the PEMFC system including heat
recovery is also considered.

2. Integrated biomass gasification and PEMFC system

Fig. 1 shows a schematic diagram for the integrated biomass
gasification and PEMFC system. It consists of twomain sections: (1)
the hydrogen production and purification system, inwhich biomass
is converted into an H2-rich gas via a fluidized bed gasifier; and (2)
the PEMFC stack, in which electricity is generated from the elec-
trochemical reaction of hydrogen and oxygen. This goal of this
study is to design and analyze this integrated PEMFC system. A
systematic model-based procedure is shown in Fig. 2. First, models
of the hydrogen production process and PEMFC are developed and
the reliability of the developed models is verified by comparing the
modeling results against data reported in the literature. The next
Ash

Biomass

Air
Steam

Biomass
Gasifier Cyclone

Separator

HTS

H2-rich gas

Fig. 1. Schematic diagram of the airesteam bioma
step involves parametric analysis. For the biomass gasification
process, the effect of the operating conditions is investigated to find
optimal conditions at which a maximum quantity of H2 is pro-
duced. Finally, performance of the PEMFC integrated system is
analyzed to determine the electrical, thermal and overall effi-
ciencies. In this study, the PEMFC system is designed with a power
generation of 5 kW.

2.1. Hydrogen production from biomass gasification

This section describes the hydrogen production system for the
integrated PEMFC system, which is based on a biomass gasification
process. The goal of this system is to produce H2-rich gas with the
required quality and in the required quantity to satisfy the demands
of the PEMFC. This system plays a key role in the PEMFC integrated
system because of the complexity of the biomass conversion pro-
cesses, including the biomass gasification and hydrogen purifica-
tion processes. The hydrogen production system consists of three
major units: (1) a biomass gasifier, which converts biomass into H2-
rich gas; (2) high- and low-temperature wateregas shift reactors
(HTS and LTS), which remove CO via reactionwith steam to produce
CO2 and additional H2; and (3) a PROX (preferential oxidation
reactor) in which the remaining CO in the H2 feed is reduced to an
acceptable level for PEMFC applications (less than 10 ppm).

The reactions that take place in the hydrogen production system
are summarized in Table 1. In this study, all gaseous products ob-
tained from each unit are at chemical equilibrium. All gasifier and
purification reactors are operated at steady-state, isothermal and
isobaric conditions. The compositions of the gaseous streams
associated with the gasifier, wateregas shift reactors and prefer-
ential oxidation reactor, which contain H2, CO, CO2, CH4, N2, and
H2O, are determined by minimizing the Gibbs free energy using a
flowsheet simulator (Aspen Plus). Various types of biomass feed-
stock have been used as a carbon source in gasification process such
as sewage sludge [18], crop residues [19] and wooden waste [16].
Wooden waste like sawdust, which is widely available in Thailand,
is selected as a model biomass feedstock.

Fig. 3 shows the flowsheet for the hydrogen production process
based on biomass gasification. The stream BIOMASS is specified as a
nonconventional stream. Biomass is fed to DECOMP (RYield), where
thermal decomposition occurs and volatile matter, such as H2, N2,
PEMFC Stack

Loads

e- e-

PROXLTS

Air

Air

Exhaust

Exhaust

ss gasification and PEMFC integrated system.
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Fig. 2. A systematic model-based analysis of the PEMFC integrated system.
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O2 and S (sulfur), solid particles (carbon) and ash, are generated.
This unit is modeled by specifying the distribution of the product
yields based on the ultimate analysis of the biomass feedstock. The
enthalpy of the product steam is balanced by inserting the heat
stream Q-DECOMP. Gasifying agent streams representing steam
and air are fed into the GASIF1 reactor (RGibbs). The product gas the
GASIF2 reactor (RGibbs) is then sent to ASHSEP (SEP) to remove ash.
The unit CYCLONE (SEP) represents a cyclone separator. The re-
sidual solid carbon (SOLID) is removed and subsequently fed to the
Table 1
Reactions involved in the hydrogen production process.

Biomass gasification
Heterogeneous reactions
Char partial combustion C þ 0:5O2 4 CO DH0

298 ¼ �111 kJ/mol
Boudouard C þ CO2 4 CO DH0

298 ¼ þ172 kJ/mol
Wateregas C þ H2O4 CO þ H2 DH0

298 ¼ þ131 kJ/mol
Methanation C þ 2H2 4CH4 DH0

298 ¼ �75 kJ/mol
Homogeneous reactions
CO partial combustion CO þ 0:5O24 CO2 DH0

298 ¼ �283 kJ/mol
H2 partial combustion H2 þ 0:5O24 H2O DH0

298 ¼ �242 kJ/mol
Wateregas shift CO þ H2O4 CO2 þ H2 DH0

298 ¼ �41 kJ/mol
Steamemethane reforming CH4 þ H2O4CO þ 3H2 DH0

298 ¼ þ206 kJ/mol
Wateregas shift reactor (HTS, LTS)
Wateregas shift CO þ H2O4 CO2 þ H2 DH0

298 ¼ �41 kJ/mol
Preferential oxidation reactor (PROX)
CO oxidation CO þ 0:5O24 CO2 DH0

298 ¼ �283 kJ/mol
unit CSEP (SEP), from which the solid carbon is circulated back to
the gasification process. The stream CWASTE carries 2% of the total
solid carbon obtained from the biomass. This stream is mixed with
ash in a mixing unit (forming the stream ASH-C).

The operating parameters of the gasification process are ob-
tained from Li et al. [20]. It is assumed that the residual carbon
loss to ash in the gasifier is 2% and that the heat loss from the
gasifier is equal to 3% of the heat input. The efficiency of the
cyclone separation is 85% [21]. In the HTS and LTS reactors (HTS
and LTS), the wateregas shift reaction between CO and steam
occurs. The HTS (high-temperature wateregas shift reactor) is
operated at 400 �C and the LTS (low temperature wateregas shift
reactor) is operated at 200 �C [22]. The CO-selective oxidation
reaction takes place in the preferential oxidation reactor,
represented by the unit PROX in Fig. 3. This reactor is operated at
150 �C [22].

2.2. PEMFC stack

The PEMFC represents one of the most promising power
generation technologies for converting the chemical energy
contained in hydrogen into electrical power in a single step. A
PEMFC system consists of a polymer electrolyte membrane
sandwiched between two electrodes: an anode and a cathode.
The electrochemical reactions that take place in the fuel cell stack
are as follows:



Fig. 3. Flowsheet of the hydrogen production system based on the gasification process.
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Anode : H2/Hþ þ 2e�

Cathode : 0:5O2 þHþ þ 2e�/H2O
Table 2
Design specifications and operating conditions for the PEMFC.

Number of cells 50 cells
Active area 0.072 m2/cell
Electrical power 5 kW
Operating voltage 0.7 V/cell
Operating temperature 80 �C
Operating pressure 1 atm
Fuel utilization [30] 80 %
Oxygen utilization [18,30] 50 %
Overall : H2 þ 0:5O2/H2O

In this study, the electrochemical model used to describe the
electrical characteristics of the PEMFC is derived from Springer
et al. [23] under the following assumptions: steady-state and
isothermal conditions, ideal gas behavior, and no membrane
swelling. Anode losses in the fuel cell are not considered due to the
fast kinetics of the hydrogen oxidation reaction [24]. The overall cell
voltage is obtained by determining the reversible cell potential and
then subtracting the voltage losses, such as the kinetic voltage
losses at the cathode and the Ohmic resistances of membrane and
electrodes. This relationship is described in Eq. (1),

Ecell ¼ Erev � hc � iR; (1)

where Ecell represents the overall cell voltage, Erev is the reversible
cell potential or thermodynamic voltage, hc is the cathode potential
loss and iR is the Ohmic resistance loss.

The reversible voltage can be estimated by using the Nernst
equation (Eq. (2)),

Erev ¼ E0rev þ
RT
nF

ln

"
PH2

�
PO2

�0:5
aH2O

#
; (2)

where E0rev is the reversible voltage at standard temperature and
pressure, T is the operating temperature, R is the ideal gas constant
(¼8.314 J mol�1 K�1), n is the number of moles of electrons trans-
ferred (¼2), F is the Faraday constant, PH2

is the partial pressure of
H2, PO2

is the partial pressure of O2 and aH2O is the water activity.
In order to calculate the cathode potential losses, the Butlere

Volmer equation (Eq. (3)) is employed:

i ¼ i0

�
exp

�
�acF
RT

hc

�
� exp

�
aaF
RT

hc

��
; (3)

where i is the current density, i0 is the exchange current density, ac
is the transfer coefficient of the cathodic reaction (¼0.5) and aa is
the transfer coefficient of the anodic reaction (¼0.5).

The Ohmic resistance loss depends on the proton conductivity
through the membrane (Nafion�) and electrodes. In this study,
values for the proton conductivity of Nafion� and the membrane
resistance (R) are taken from the work of Springer et al. [23].

At steady-state conditions, the quantity of H2 ðNH2
Þ that is

consumed by the electrochemical reactions can be derived from the
following equation:
NH2
¼ i

nF
(4)

In general, the operating voltage of a PEMFC has a direct impact
on the current and power generation. Typically, a PEMFC is oper-
ated at 0.6e0.8 V, compromising its power output [25,26]. In this
study, it is assumed that the nominal cell voltage for a single cell of
a PEMFC is 0.7 V at full load [27]. Table 2 shows the specifications
and operating conditions of a PEMFC stack designed for 5 kW of
electrical power. To determine the performance of the PEMFC, the
fuel cell stack efficiency is defined as shown in Eq. (5):

Stack efficiencyð%Þ ¼ PeðWÞ
mH2

�HHVH2

� 100; (5)

where Pe is the electrical power that is generated from the fuel cell
stack, mH2

is the flow rate of H2 that is actually supplied to the fuel
cell and HHVH2

is the higher heating value of H2.

2.3. Model validation

The models of the biomass gasification and PEMFC systems
described in the previous section are validated to confirm their
reliability before they are used to investigate the performance of
the integrated PEMFC system for power generation. Fig. 4 shows
the model prediction for the product gas composition obtained
from the gasification process compared with experimental results
obtained under the same conditions reported by Karatas et al. [28].
In the study of Karatas et al. [28], a fluidized-bed gasifier was used
to gasify tire waste with different gasifying agents: CO2, air and
steam. Considering the airesteam gasification using commercial
tire scraps as an input fuel, these authors reported various exper-
imental results. Experiment number 2 (T#2) from their work [28]
was chosen for the model validation. The input data for T#2 are
as follows: the gasifying agent consists of air and steam, the gasi-
fication agent temperature is 230 �C and the steam-to-air ratio is
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0.239. Fig. 4 shows that the model predictions are found to be in
good agreement with the experimental results.

The PEMFC model is validated against the experimental data of
Yan et al. [14], who investigated the performance of a PEMFC stack
at both steady-state and transient conditions. Yan et al. [14] re-
ported five experimental runs at steady-state to investigate the
effect of operating temperature. For model validation, experi-
mental data for a PEMFC stack with an operating temperature of
80 �C, an H2 stoichiometry of 1.2, an air stoichiometry of 2, an
anode humidity of 100% and a cathode humidity of 100% were
selected. The results indicate that the model predictions and
experimental results for the polarization curve are in good
agreement (Fig. 5).
Fig. 5. Comparison of the cell potential obtained from the model predictions and from
data reported in the literature by Yan et al. [14].
3. Results and discussion

In this section, the performances of the biomass gasification
system for hydrogen production and the PEMFC system for po-
wer generation are investigated. Synthesis gas from the gasifi-
cation process is treated to reduce the quantity of CO it contains
to an acceptable level for PEMFC operation. Key operating pa-
rameters of the biomass gasifier studied here include the
biomass source, the oxygen ER (equivalence ratio), the gasifica-
tion temperature, and the steam-to-biomass ratio. The perfor-
mance of the PEMFC is examined by considering the polarization
curve. Electrical and thermal efficiencies of the integrated system
are also considered. The ER is defined as the ratio of air fed into
the gasifier to the stoichiometric amount of air required for
complete combustion.

3.1. Effect of biomass source

The effect of biomass composition on the gas produced by the
gasification process is studied. The biomass feedstocks considered
in this study are wood waste (sawdust), sugarcane bagasse, corn
straw, rice husks and rice straw. Table 3 shows the proximate and
ultimate analyses and the heating value for each biomass source.
The results shown in Fig. 6 indicate that, at the same operating
condition, all product gases from the gasification, regardless of the
biomass source, contain primarily H2 and CO2. The quantities of
these major gasification products present in the synthesis gas
do not differ significantly among different feedstocks. This results
from the similar compositions of all feedstocks, as observed in the
results of the ultimate analysis. However, it is expected that the
content of H2 in the synthesis gas could increase if biomass with a
high carbon fraction and low ash fraction were used.

3.2. Effect of oxygen equivalence ratio

Since steam gasification is a highly endothermic reaction, air is
introduced into the gasifier in order to enhance the combustion of
oxygen and solid carbon in the biomass, thereby utilizing the
combustion heat to maintain the steam gasification reaction. The
amount of air fed into the gasifier is represented by the oxygen
equivalence ratio (ER). Fig. 7 shows that when the gasifier is
operated at a higher ER, less H2 is generated. This is because a large
quantity of solid carbon is lost as a result of the partial combustion
with O2. Additionally, the partial combustion of CO and H2 is more
pronounced, decreasing the fractions of H2, CO and CH4. It is also
observed that the fraction of N2 in the synthesis gas product in-
creases. This is the major drawback of introducing air into the
gasifier. The N2 dilution effect lowers the heating value of the
product gas, as shown in Fig. 8. Furthermore, reductions in the H2
Table 3
Biomass compositions.

Material Proximate
analysis (wt.%)

Ultimate analysis (wt.%) HHV
(MJ/kg)

VM FC Ash C H N O S

Sawdusta 79.50 16.80 3.70 44.13 6.50 e 45.73 0.08 18.47c

Sugarcane
bagasseb

83.66 13.15 3.20 45.48 5.96 45.21 0.15 e 18.73

Corn strawb 73.15 19.19 7.65 44.73 5.87 0.60 40.44 0.70 17.68
Rice husksb 61.81 16.95 21.24 38.50 5.20 e 34.61 e 14.69
Rice strawb 65.47 15.86 18.67 38.24 5.20 0.87 36.26 0.18 15.09

VM ¼ volatile matter and FC ¼ fixed carbon.
a Tan and Zhong [31].
b Yin [32].
c Calculated by modified Dulong’s equation [33].
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and CO yields with increasing ER reduce the heating value of the
synthesis gas; a low-quality product gas is therefore obtained.

As mentioned previously, in the airesteam gasification process,
the heat of the combustion reaction is used for the endothermic
gasification reaction. As a result, it is possible to balance the
combustion and gasification reactions by adjusting the air supply
such that a self-sustaining energy condition is reached at which an
external heat input is unnecessary. The simulation results show
that the gasifier can be operated at self-sustaining conditions
when air is fed at an ER of 0.28. It should be noted that the demand
for air can be reduced when useful heat in the high-temperature
product gas is recovered to preheat the air before it is fed to the
gasifier.
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3.3. Effect of gasification temperature

Gasification temperature is one of the most important parame-
ters affecting theH2 yield. Fig. 9 presents theH2 yield as a function of
the gasification temperature for different values of ER. At ER¼ 0.28,
the H2 yield initially increases with increased gasification temper-
ature, reaches amaximumat a temperature around650 �C, and then
slightly decreases. When the gasification temperature is increased,
the extents of the Boudouard, wateregas shift and reforming re-
actions are all increased, resulting in an increase in thequantity ofH2
generated. However, at temperatures higher than 650 �C, the H2
yield is reduced as a result of the reverse wateregas shift reaction.

3.4. Effect of steam-to-biomass ratio

Steam plays a key role in the production of hydrogen-rich gas
from the gasification process, because it affects the wateregas shift,
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wateregas and reforming reactions. Fig. 10 shows the effect of the
S/B ratio (steam-to-biomass) on the composition of the product gas.
When a larger fraction of steam is added to the gasifier, the con-
centrations of H2 and CO2 increase, but those of CO and CH4
decrease. However, when the gasifier is operated at a higher S/B, a
higher energy input is needed for increased steam production.
Under the conditions studied, the optimal value for the S/B is in the
range of 0.8e1.2. Within this range, synthesis gas with an H2 frac-
tion of 30 mol.% is generated.

3.5. Hydrogen purification process

Since the product gas from the biomass gasifier contains a CO
fraction in excess of the maximum specification for PEMFC opera-
tion, the product gas is passed through high- and low-temperature
wateregas shift reactors (HTS and LTS) and a preferential oxidation
reactor (PROX). The product gas compositions at the outlets of the
gasifier, HTS reactor, LTS reactor and PROX reactor are shown in
Fig. 11. The final product gas used as a fuel for the PEMFC stack is
composed of 33mol.% H2 with a CO concentration less than 10 ppm.
The efficiency of the hydrogen-production system for converting
the energy in biomass into H2-rich gas is 57.50%.

3.6. PEMFC performance

The performance of the PEMFC is evaluated using a polarization
curve showing the relationship between current density, cell po-
tential and power. Fig. 12 shows that the cell potential decreases
with increasing current density because larger voltage losses are
observed at higher current densities. The maximum power that the
PEMFC can generate is around 10 kW at 0.45 V. At this condition,
the stack efficiency of the PEMFC is quite low; it is not suitable to
operate the PEMFC at its maximumpower. Typically, a cell potential
of around 0.7 V is chosen as an operating point [30]. Under the
design conditions for which the PEMFC is operated at 0.7 V, the
generated current density is equal to 198 mA/cm2 and 5 kW of
electrical power is produced.

In general, the fuel cell stack efficiency is directly related to the
fuel cell potential. An increase in the load level results in a decrease
in both the fuel cell potential and stack efficiency, as shown in
Steam-to-biomass ratio (S/B)
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Fig. 10. Effect of steam-to-biomass ratio on the product gas composition
(temperature ¼ 650 �C, ER ¼ 0.28).
Fig. 13. This implies that, for the required load level, the PEMFCmay
be operated at a higher efficiency but at a significantly lower power
output. At the chosen design condition (5 kWof power generation),
the stack efficiency is 47.23% based on the energy content of the
hydrogen fed to the stack. By examining the energy contained in
the exhaust gas leaving the PEMFC stack, it is found that the ther-
mal energy obtained from the PEMFC stack is around 7.7 kW. This
value is computed from the enthalpy of the exhaust gas using the
reference temperature of 25 �C. This thermal energy can be utilized
for space heating or water heating.

3.7. Performance of the PEMFC integrated system

The biomass gasification and PEMFC integrated system is
designed based on a combined heat and power generation
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approach. This system involves the recovery of waste thermal en-
ergy back into the system as a useful thermal power. The perfor-
mance of this integrated system is defined by its ability to convert
the chemical energy contained in biomass into electrical and
thermal power. The electrical and thermal efficiencies of the PEMFC
integrated system are defined by Eqs. (6) and (7) [29,30]:

Systemelectrical efficiencyð%Þ ¼ PeðWÞ
mbiomass � HHVbiomass

�100;

(6)

System thermal efficiencyð%Þ ¼ Ph
mbiomass �HHVbiomass

�100;

(7)
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Fig. 14. Efficiency of the PEMFC integrated system.
wherembiomass is the mass flow rate of the biomass and HHVbiomass
is the higher heating value of the biomass.

The overall efficiency of the system is determined from Eq. (8),
which represents the ratio of usable energy (electricity and heat) to
the energy input [29]:

Overall efficiencyð%Þ ¼ Pe þ PhðWÞ
mbiomass � HHVbiomass

� 100: (8)

In this study, it is found that changes in the load levels have an
impacton the systemperformance, as shown in Fig.14. The electrical
efficiency is increased with increasing load level because a higher
fraction of the energy in the biomass is converted into electricity to
meet the power demand. When the system is operated at a higher
load level, more hydrogen is consumed and the quality of the
exhaust gas fromthePEMFC stack is therefore reduced, resulting in a
reduction in thermal efficiency. Under the optimal operating con-
ditions described earlier, the PEMFC integrated system has an
electrical efficiency of 22% and a thermal efficiency of 29%. Thus,
when the waste thermal energy is recovered within the system, the
overall efficiency of this integrated system is increased to 51%.

4. Conclusions

In this study, an integrated biomass gasification and PEMFC
system was proposed for combined heat and power cogeneration.
Simulations of the integrated PEMFC system using sawdust as the
major feedstock were performed to analyze the effect of the oper-
ating parameters on its performance. Biomass gasification was
coupled with a wateregas shift reactor and a preferential oxidation
reactor to purify the synthesis gas obtained from the gasifier. It was
found that when the gasifier is operated at an optimal operating
temperature in the range of 600e650 �C, a steam-to-biomass ratio
of 0.8e1.2 and an oxygen equivalence ratio of 0.28, the synthesis
gas obtained contains approximately 33mol.% H2 and the efficiency
of the gasifier in converting biomass is around 57%. The PEMFC
stack generates electricity and low-grade heat with an efficiency of
47e60%. The total efficiency of the PEMFC integrated system
operated at the design condition is around 51%.
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a  b s  t  r  a  c  t

This study presents a performance analysis of a proton-conducting SOFC (SOFC-H+) with internal reforming of

methane.  The autothermal reforming within the SOFC-H+ stack is considered to be a potential solution of the car-

bon  formation problem facing in operation of internal steam reforming SOFC-H+. A one-dimensional, steady-state

model  of the SOFC-H+ coupled with a detailed electrochemical model is employed to investigate its performance in

terms  of power density and fuel cell efficiency. The simulation results show that when SOFC-H+ is operated under

an  autothermal reforming environment, the presence of carbon monoxide, which is a major cause of carbon forma-

tion,  in the fuel cell stack decreases. Effect of key operating parameters, such as temperature, steam-to-carbon and

oxygen-to-carbon  feed ratios, current density and fuel utilization, on the SOFC-H+ performance in terms of electrical

efficiencies  and energy demand is also investigated. The results indicate that operating temperatures have strong
influence  on SOFC-H+ performance, carbon monoxide production and heat generation.
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(D‘Epifanio  et al., 2008), it is possible to use SOFC-H+ for vehicu-
lar  applications with an acceptable start-up time (Zamfirescu
1.  Introduction

A solid oxide fuel cell (SOFC) has attracted considerable inter-
est  for distributed power sources due to its higher efficiency,
compared with other types of fuel cell. Typically, SOFC is oper-
ated  under high temperatures (800–1000 ◦C) and thus, a waste
gas  released from SOFC stack at high temperatures can be used
as  a heat source for cogeneration applications and bottom-
ing  cycles to further enhance the overall efficiency of a power
system  (Akkaya et al., 2008; Santin et al., 2010). In addition,
various hydrocarbon fuels, e.g., methane, ethanol, methanol,
ammonia  and biogas, can be directly fed to the SOFC anode
side  where hydrogen is generated through reforming reactions
and  used for power generation (Arpornwichanop et al., 2009,
2010;  Shiratori et al., 2010; Vakouftsi et al., 2011; Hajimolana
et  al., 2012; Leone et al., 2012). This operation is referred to
as  a direct internal reforming SOFC (DIR-SOFC). The benefits
of  DIR-SOFC are that no external reformer is needed and the
∗ Corresponding author. Tel.: +66 2 3298360; fax: +66 2 3298360x4.
E-mail  address: kpyaneep@kmitl.ac.th (Y. Patcharavorachot).
Received  29 September 2012; Received in revised form 3 May 2013; Ac

0263-8762/$ – see front matter © 2013 The Institution of Chemical Engi
http://dx.doi.org/10.1016/j.cherd.2013.05.008
overall system efficiency is higher as well as the operating cost
can  be reduced (Arpornwichanop et al., 2010).

In general, there are two types of electrolyte (i.e., oxygen-
ion  and proton-conducting electrolytes) possible for use in
SOFCs.  For a conventional SOFC based on an oxygen-ion
conductor (SOFC-O2−), oxygen ions migrate through the elec-
trolyte  from the cathode to the anode and react with hydrogen
at  the anode side to produce water and electrons. Water
generated at the anode always dilutes the concentration of
hydrogen,  and thereby decreasing fuel cell efficiency. In case
of  an SOFC based on a proton conductor (SOFC-H+), protons are
formed at the anode side, move  to the cathode side and react
with  oxygen to produce electrons and water. As a result, the
performance of SOFC-H+ is not influenced by a dilution effect.
In  addition, because SOFC-H+ exhibits a high proton con-
ductivity at intermediate temperature operations (300–700 ◦C)
cepted 9 May 2013
neers. Published by Elsevier B.V. All rights reserved.
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Nomenclature

A cross section area of reactor (m2)
Cp,i heat capacity of component i (J/mol K)
Ci molar concentration of component i (mol m−3)
Dan,eff effective gas diffusion coefficient in the anode

side (m2 s−1)
Dca,eff effective gas diffusion coefficient in the cathode

side (m2 s−1)
Ea activation energy (kJ/mol)
Ea,j activation energy of reaction j (J/mol)
EOCV open-circuit voltage (OCV) (V)
E0 OCV at standard temperature and pressure (V)
F  Faraday’s constant (C mol−1)
Fair molar flow rate of air (mol s−1)
Ffuel molar flow rate of the fuel (mol s−1)
ha air channel height (m)
hf fuel channel height (m)
�Hads,i adsorption heat of components i
Hj heat of reactions j (J/mol)
jave,j average and local current density (A m−2)
j0,electrode exchange current density (A m−2)
Keq equilibrium constant for water gas shift reac-

tion
k0 pre-exponential constant for reforming reac-

tion (mol s−1 m−2 bar−1)
kj rate constant of reactions j (mol/kg s)
koj pre-exponential factor of rate constant for reac-

tions j (mol/kg s)
Keq,j equilibrium constant of reactions j
Ki adsorption coefficient of component i
K0

i
adsorption coefficient of component i for oxi-
dation reaction

Koi van’t Hoff parameters of component i
kWGSR pre-exponential factor for water gas shift reac-

tion (mol s−1 m−3 Pa−2)
L cell length (m)
LHV  lower heating value (kJ/mol)
n  number of electrons participating in the elec-

trochemical reaction
P  absolute pressure (kPa)
pi partial pressure of component i (kPa)
PSOFC power density (W m−2)
Rohm ohmic resistance (� m2)
�  gas constant (kJ mol−1 K−1)
Rj rate of reaction j (mol m−2 s−1)
T  temperature (K)
Ufuel fuel utilization
ua air velocity (m s−1)
uf fuel velocity (m s−1)
V  operating cell voltage (V)
W cell width (m)
yi mole fraction of component i

Greek symbols
˛  transfer coefficient
ε  porosity of catalyst
εSOFC fuel cell efficiency (%)
�act activation overpotential (V)
�con concentration overpotential (V)
�ohm ohmic overpotential (V)

�ele conductivity of electrolyte (�−1 m−1)
�an anode thickness (m)
�ca cathode thickness (m)
�ele electrolyte thickness (m)
�j effectiveness factor of reactions j
�cat density of catalyst (kg/m3)
	ij stoichiometric coefficient of component i in

reaction j

Superscripts
I  electrode|electrolyte interface
in feed inlet condition

Subscripts
a  air channel
an anode
ca cathode
cat catalyst
ele electrolyte
f fuel channel
i  component
j reaction
k channel
and Dincer, 2009). Due to the advantages of SOFC-H+, many
researchers have concentrated on development of a proton-
conducting electrolyte for SOFC-H+ (Taherparvar et al., 2003;
Jamsak  et al., 2009; Ni et al., 2008; Zamfirescu and Dincer, 2009;
Arpornwichanop et al., 2010; Patcharavorachot et al., 2010;
Ding  et al., 2011; Bavarian and Soroush, 2012); however, works
on  design and analysis of SOFC-H+ in either stack or system
levels  are quite limited, especially on the SOFC-H+ with DIR
operation  (Jamsak et al., 2009; Ni et al., 2008; Arpornwichanop
et al., 2010).

Theoretically, the reforming process for the DIR operation
of  SOFCs involves an endothermic steam reforming reaction to
which the heat released from electrochemical reactions in fuel
cell can supply. However, the high endothermicity of steam
reforming  reaction and the unbalance of reaction heats may
cause  a large temperature gradient across the SOFC stack. This
factor leads to high internal stresses in the cell component
and  consequently, a mechanical failure (Aguiar et al., 2004;
Vijay  et al., 2012). In addition, a complete internal reform-
ing  of fuel may  lead to a carbon deposition at the anode side,
resulting  in loss of the SOFC performance (Chen et al., 2011).
It  is also reported that when the SOFC-H+ is operated under
the  internal steam reforming of methane, high content of
carbon  monoxide (25 mol.%) exists in the fuel channel and
would  cause a carbon formation, according to the Boudouard
reaction (2CO → C + CO2), thereby hindering the SOFC-H+ per-
formance  (Arpornwichanop et al., 2010). To overcome such a
difficulty, oxygen or air is fed to the SOFC-H+ coupled with
methane and steam feed streams. The combination of steam
reforming  and partial oxidation, also known as an autother-
mal  reforming operation, provides efficient heat balance and
can  decrease the requirement of an external heat for the reac-
tion  (Hiei et al., 1996; Authayanun et al., 2010; Dokmaingam
et  al., 2008). Furthermore, it was reported in the literature
that the addition of air to the steam reforming reaction sup-
presses  the carbon formation (Laosiripojana et al., 2007; Halabi

et  al., 2008). To improve its performance and achieve its
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Fig. 1 – Schematic diagram of the SOFC-H+ with internal
autothermal reforming of methane.

rate  of reaction j, uf and ua are the fuel and air velocities, and
optimal design, the SOFC-H+ with internal autothermal
reforming should be further studied and analyzed. Operating
conditions should also be carefully determined to compromise
the  SOFC-H+ performance and operation.

This  study aims to perform a detailed analysis of a DIR-
SOFC-H+ in which the autothermal reforming of methane
is  carried out. A DIR-SOFC-H+ stack model coupled with a
detailed  electrochemical model taking into account all volt-
age  losses is employed for steady state simulations. Effect of
key  operating parameters, e.g., temperature, steam-to-carbon
and  oxygen-to-carbon feed ratios and fuel utilization on the
DIR-SOFC-H+ performance in terms of power density, cell effi-
ciency  and carbon formation is investigated. In addition, the
net  heat produced from the DIR-SOFC-H+ is also considered.

2.  SOFC-H+ with  internal  autothermal
reforming of  methane

A single planar anode-supported SOFC-H+ has three main
parts:  the fuel channel, the air channel and the solid part that
consists  of anode, proton-conducting electrolyte and cath-
ode,  as shown in Fig. 1. The most common materials used
for  the electrodes and electrolyte of the SOFC-H+ are Pt and
SrCe0.95Yb0.05O3−� (SCY), respectively. The SCY electrolyte is
established as a proton-conducting material with relatively
high  proton conductivity and has been used in several studies
(Taherparvar et al., 2003; Potter and Baker, 2006; Pekridis et al.,
2007).

2.1.  SOFC-H+ operation

When SOFC-H+ is operated under the internal autothermal
reforming of methane, a gas mixture of methane, steam and
oxygen  is fed into a fuel channel. There are main four reac-
tions  occurred within the SOFC-H+: the oxidation (Eq. (1)), the
methane  steam reforming (Eq. (2)), the water gas-shift (Eq. (3))
and the reverse methanation (Eq. (4)).

CH4 + 2O2 → CO2 + 2H2O �H298K = −802.7 kJ/mol (1)
CH4 + H2O ↔ CO + 3H2 �H298K = 206.2 kJ/mol (2)
CO + H2O ↔ CO2 + H2 �H298K = −41.1 kJ/mol (3)

CH4 + 2H2O ↔ CO2 + 4H2 �H298K = 164.9 kJ/mol (4)

Hydrogen produced from these reactions is oxidized to pro-
duce  protons and electrons at the anode side. The electrons
flow  from the anode to the cathode through the external cir-
cuit  while the protons move  through the electrolyte to the
interface  where they react with oxygen molecules in the oxi-
dant  fed to the cathode side and here the water is produced.
The  overall electrochemical reaction in the SOFC-H+ is shown
below:

H2 + 0.5O2 → H2O (5)

2.2.  SOFC-H+ model

A mathematical model of SOFC-H+ consists of two mass bal-
ances  around the fuel and air channels and an electrochemical
model that relates the fuel and air compositions and tem-
perature  to the fuel cell voltage, current density and voltage
losses.  The assumptions used to develop the model of the
DIR-SOFC-H+ are as follows: (1) steady state operation, (2)
one-dimensional variation in a gas flow direction, (3) uni-
form  operating temperature and pressure over the fuel cell
geometry,  (4) all gas components have ideal gas behavior, (5)
hydrogen  is only electrochemically oxidized and (6) constant
fluid  properties. Although the temperature profiles developed
along  the gas channel can be different, it is rational to assume
that  the SOFC can be operated under the isothermal condition
as  a single cell with an efficient heat management system was
considered  in this study. However, the predicted performance
of  the SOFC operated under the isothermal condition would
be  higher than the non-isothermal operation (Vakouftsi et al.,
2011). In addition, the velocities of fuel and air are assumed to
be constant along the channels. Arpornwichanop et al. (2010)
investigated the effect of changing fuel velocity on the SOFC-
H+ performance and showed that although simulations with
the  isochoric assumption cause the error in the prediction of
the  SOFC-H+ performance, it is in the acceptable range.

2.2.1.  Mass  balances
By performing mass balances, the differential equations
describing the changes in the concentration of gas in fuel and
air  channels along the axial direction can be written as:

Fuel  channel

dCi,f

dx
= 1

uf

∑
j ∈{(1)−(5)}

	i,jRj
1
hf

i ∈
{

CH4, H2O(an), O2(an), CO, H2, CO2
} (6)

Air channel

dCi,a

dx
= 1

ua

∑
j ∈{(5)}

	i,jRj
1
ha

i ∈
{

H2O(ca), O2(ca), N2
} (7)

where “an” and “ca” stand for the anode and cathode sides,
respectively, Ci,f and Ci,a represent the molar concentration of
component  i in fuel and air channels, respectively, vi,j is the
stoichiometric coefficient of component i in reaction j, Rj is the
hf and ha are the height of fuel and air channels, respectively.
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Table 1 – Reaction equilibrium constants and Arrhenius kinetic parameters.

Reaction koj(mol/kgcats) Ea,j(kJ/mol) koj Hj

1 k1,a 8.11 × 105 bar−2 86.00
k1,b 6.82 × 105 bar−2 86.00

2 k2 1.17 × 1015 bar0.5 240.10 5.7 × 1012 11,476
3 k3 5.43 × 105 bar−1 67.13 1.2 × 10−2 −4639

14 0.5 243.90 7.24  × 1010 21,646
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Table 2 – Van’t Hoff parameters for species adsorption.

Component koj �Hads,i(J/mol)

CH4 (combustion) 1.26  × 10−1 bar−1 −27.23
O2 (combustion) 7.87  × 10−7 bar−1 −92.80
CH4 6.65 × 10−4 bar−1 −38.28
CO 8.23 × 10−5 bar−1 −70.65
H2 6.12 × 10−9 bar−1 −82.90
H2O 1.77 × 105 88.68
4 k4 2.83 × 10 bar

.2.2.  Kinetic  model
he kinetic rate equations for the oxidation, steam reforming,
ater  gas-shift reactions and reverse methanation reactions

re  obtained from Halabi et al. (2008) as follows:

1 = k1apCH4 pO2

(1 + Kox
CH4

pCH4 + Kox
O2

pO2 )2
+ k1bpCH4 pO2

1 + Kox
CH4

pCH4 + Kox
O2

pO2

(8)

2 =
k2/p2.5

H2
(pCH4 pH2O − p3

H2
pCO/Keq,2)

(1 + KCOpCO + KH2 pH2 + KCH4 pCH4 + KH2OpH2O/pH2 )2
(9)

3 = k3/pH2 (pCOpH2O − pH2 pCO2 /Keq,3)

(1 + KCOpCO + KH2 pH2 + KCH4 pCH4 + KH2OpH2O/pH2 )2
(10)

4 =
k4/p3.5

H2
(pCH4 p2

H2O − p4
H2

pCO2 /Keq,4)

(1 + KCOpCO + KH2 pH2 + KCH4 pCH4 + KH2OpH2O/pH2 )2
(11)

here rj is the rate of reaction j (Eqs. (1)–(4)), kj is the kinetic
ate  constant of reactions j, Keq,j is the equilibrium constant
f  reaction j, KC

i
is the adsorption constant of component i

i  = CH4 and O2) in the oxidation reaction. The reaction equi-
ibrium  constants and Arrhenius kinetic parameters are listed
n  Table 1. The Van’t Hoff parameters for species adsorption
re  given in Table 2.

To  account for the intraparticle transport limitation, aver-
ge  reaction rates are determined by multiplying the reaction
ates  (Eqs. (8)–(11)) with the effectiveness factor (�) that are
1 = 0.05, �2 = 0.07, �3 = 0.7, and �4 = 0.06, respectively (Halabi
t  al. (2008)).

Table 3 – Electrochemical model of SOFC-H+.

Open-circuit voltage (EOCV):

EOCV = E0 + �T

2F
ln

(
pH2(an)p

0.5
O2(ca)

pH2O(ca)

)
Operating voltage (V):
V  = EOCV − �act,an − �conc,an − �ohm − �act,ca − �conc,ca

Ohmic loss (�ohm):
�ohm = jRohm whereRohm = �ele/�ele

Activation overpotential (�act):

j  = j0,electrode

[
exp
(

˛nF

�T
�act,electrode

)
− exp

(
− (1  − ˛)nF

�T
�act,electrode

)]
Concentration overpotential (�conc):

�conc,an = �T

2F
ln

(
pH2(an)

pI
H2(an)

)

�conc,ca = �T

2F
ln

((
pO2(ca)

pI
O2(ca)

)0.5
pI

H2O(ca)

pH2O(ca)

)

wherepI
H2(an) = P − (P − pH2(an)) exp

( �T�an

2FDan,effP
j

)
pI

O2(ca) = pO2(ca) − �T�ca

2FDca,eff
j 

pI
H2O(ca) = pH2O(ca) + �T�ca

4FDca,eff
j 
The rate expression of the electrochemical reaction based
on  the amount of H2 and O2 consumed and H2O produced is
related  to the electric current density (j) as:

R5 = j

2F
(12)

2.2.3.  Electrochemical  equations
The electrochemical equations describing the mechanism of
fuel  conversion to electricity are employed to predict the per-
formance  of SOFC by correlating current density with cell
voltage  and voltage losses found in the fuel cell. Under an
ideal  condition, the SOFC can achieve the maximum voltage,
referred  to as an open circuit voltage (EOCV). However, in real
operation, the cell voltage at the closed-circuit condition (V)
is always lower than EOCV due to the presence of various volt-
age  losses. In general, there are main five loss mechanisms
at  a given current density. They are: (1) activation loss at the
anode  (�act,an), which is the voltage loss caused by the hydro-
gen  oxidation at the anode side, (2) concentration loss at the

anode  (�conc,an), which is caused by the transport of gaseous
fuel through porous anode, (3) ohmic loss (�ohm), which is due

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)
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Table 4 – Electrochemical parameters for simulating the
SOFC-H+ performance.

Electrolyte
protonic
conductivity, �ele

225.92 exp(− 6.3 × 103/T) �−1 m−1

Electrode
exchange current
density, j0,electrode

800 A m−2

Effective gas
diffusion
coefficient in the
anode  side, Dan,eff

8.98 × 10−5 m2 s−1

Effective gas
diffusion
coefficient in the
cathode  side,
Dca,eff

6.31 × 10−6 m2 s−1

Table 5 – Comparison of the maximum power density of
SOFC-H+ obtained from model prediction and
experimental data (Taherparvar et al., 2003).

T (◦C) Maximum power density,
PSOFC,max (mW/cm−2)

Error (%)

Taherparvar et al. (2003) Model

600 2.14 2.27 6.07
700 3.56 4.04 12.92
to the resistance to the flow of protons in the electrolyte, (4)
activation  loss at the cathode (�act,can), which is the voltage
loss caused by the oxygen reduction at the cathode side and
(5)  concentration loss at the cathode side (�conc,ca), which is
caused  by the transport of gaseous oxidant through porous
cathode.  The electrochemical equations of the SOFC-H+ (Eqs.
(13)–(21))  used in this study were reported in our previous work
(Patcharavorachot et al., 2010), as summarized in Table 3.

For SOFC-H+, the protonic conductivity of the SCY elec-
trolyte  as a function of temperature is extracted from the
experimental results of Potter and Baker (2006). In this study,
the  electrode exchange current density (j0,electrode) is assumed
to  be constant since the rate expression is not available. The
effective  gas diffusivity coefficients used in the calculation of
partial  pressure of substances at the interface depend on a
microstructure of the porous electrodes (porosity, pore size
and  tortuosity) and the operating conditions (temperature and
pressure),  as described in our previous work (Patcharavorachot
et  al., 2010). It is noted that the effective gas diffusivity coef-
ficient  in the anode (Dan,eff) is calculated from the effective
diffusivity coefficient of H2, whereas that in the cathode
(Dca,eff) is calculated from the effective diffusivity coefficient
of  O2 and H2O averaged by its mole fraction. Table 4 presents
the  electrochemical parameters for the SOFC-H+. The values
of  Dan,eff and Dca,eff in Table 4 is calculated based on the fol-
lowing conditions and parameters: T = 750 ◦C, P = 1 bar, ε = 0.4,
r  = 0.5 �m and � = 5.

2.2.4.  SOFC  performance
In order to evaluate the steady-state fuel cell performance, the
model  equations of the SOFC-H+ consisting of mass balances
and  electrochemical equations as well as the kinetic reaction
equations are simultaneously solved by using MATLAB. The
average  current density (jave), the fuel utilization factor (Uf)
and  the air ratio (
a) have to be pre-specified to determine the
molar  flow rate of fuel (Ff) and air (Fa) supplied to the fuel cell.
The  output parameters showing the SOFC performance are
the  power density (PSOFC) and the fuel cell efficiency (εSOFC) as:

Uf = javeLW

2F(4yin
CH4

)Ff

(22)


a =
2F(yin

O2
)Fa

javeLW
(23)
PSOFC = javeV (24)
800 7.70 7.95 3.25

εSOFC = PSOFCLW

(yin
CH4

LHVCH4 )Ff

× 100% (25)

It is noted that in this study, SOFC-H+ is assumed to be
operated under isothermal condition; therefore, the heat duty
of  the fuel cell (QSOFC) can be calculated based on the energy
balance around the fuel cell stack as:

QSOFC =
( ∑

in,anode

niHi −
∑

out,anode

niHi

)

+
( ∑

in,cathode

niHi −
∑

out,cathode

niHi

)
− PSOFC (26)

where ni and Hi denote the molar flow rate (mol s−1) and the
enthalpy (kJ/mol) of component i, respectively.

2.2.5.  Model  validation
To verify the SOFC-H+ model used in this study, the modeling
results  are compared with experimental data of Taherparvar
et  al. (2003) who investigated the electrochemical characteris-
tics  of SOFC-H+ fueled by hydrogen–oxygen. The experiment
was  carried out at temperatures of 600–800 ◦C using proton-
conducting Yb-doped SrCeO3 as electrolyte and platinum as
electrode.  The fuel and oxidation used in the experiment were
10%  H2 (∼3% H2O) and dry air (<0.1% H2O), respectively. The
comparison of the model prediction and experimental data in
terms of the maximum power density at different operating
temperatures is shown in Table 5. The results show that the
maximum  power density obtained from the model prediction
is  higher than that from the experiment. The maximum error
of  ∼10% is found when the SOFC-H+ was  operated at 700 ◦C.

3.  Results  and  discussion

Table 6 shows the values of operating condition, cell geom-
etry  and material property for simulation of the SOFC-H+

with internal autothermal reforming of methane. Under the
standard  conditions, the DIR-SOFC-H+ is fed by methane,
steam and air at the steam-to-carbon ratio (S/C) of 2 and
oxygen-to-carbon ratio (O/C) of 0.2 at the fuel channel while
the  dry air (∼0.1% H2O) is fed at the air channel. The proposed
models as described in the previous section are employed
to  predict the distribution of gas composition along the fuel
and  air channels and all the electrochemical-related variables
(e.g.,  open-circuit voltage, activation, ohmic, and concentra-
tion  overpotential and cell voltage) as well as the fuel cell
efficiency and power density.

Fig. 2(a) and (b) shows the molar flow rate profiles of all
components in the fuel and air channels along the cell length.

As  seen in Fig. 2(a), CH4, O2 and H2O are consumed suddenly at
the  inlet of the fuel channel while the generation of H2, CO and
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Table 6 – Input model parameters used for simulation of
SOFC-H+.

Operating conditions
Operating  temperature, T 750 ◦C
Operating  pressure 1.0 bar
Air feed 0.1% H2O, 20% O2, 79% N2

Fuel composition S/C = 2, O/C = 0.2
Average current density 5000 A m−2

Fuel utilization 0.75
Air ratio 8.5

Dimensions of fuel cell elements
Cell  length, L 0.4 m
Cell width, W 0.1 m
Fuel channel height, hf 1 mm
Air channel height, ha 1 mm
Anode thickness, �an 500 �m
Cathode thickness, �ca 50 �m
Electrolyte thickness, �ele 20 �m

Material properties
Catalyst  density, �cat 1870 kg/m3
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Fig. 2 – (a) Profiles of gas compositions at fuel channel, (b)
Profiles  of gas compositions at air channel and (c)

the  cathode side, the H O molecules hinder the transport of
O2 can be observed. This is because the oxidation and steam
eforming  reactions are much  faster reactions. When most
H4 is completely consumed, H2 decreases along the length of

uel  cell because the electrochemical reaction becomes impor-
ant.  Regarding the SOFC-H+ operation, H2O is produced at the
athode  side as shown in Fig. 2(b), thereby the amount of H2O
n the fuel channel is relatively constant. At the exit of the
OFC-H+, the compositions of the fuel stream are 38.89% H2O,
.52%  O2, 11.04% CO, 23.7% H2 and 20.84% CO2, whereas the
xidant  stream consists of 4.91% H2O, 18.07% O2 and 77.02%

2. From the simulation result, it is obvious that the DIR-
OFC-H+ with autothermal reforming of methane can reduce
he  content of CO compared to that with steam reforming
peration (Arpornwichanop et al., 2010). For the DIR-SOFC-
+ with steam reforming, H2O is required to shift the steam

eforming toward and convert CO to H2. However, due to the
eneration  of H2O at the cathode side, there are less amount
f  H2O appeared at the anode side and thus, the high content
f  CO is observed. Unlike the DIR-SOFC-H+ with steam reform-

ng  operation, use of the autothermal reforming can suppress
he  CO formation. The addition of oxygen in the fuel channel
ncreases the methane conversion and more  H2 and H2O are
enerated  by the oxidation (Eq. (1)) and steam reforming (Eq.
2)).  H2O produced from these reactions is sufficient to convert
O  and thus, the amount of CO in the exit fuel stream of the
IR-SOFC-H+ with autothermal reforming is lower.

In this study, the average current density (jave), correspond-
ng to the fuel utilization factor (Uf) and the air ratio (
a), was
re-specified to determine the molar flow rate of fuel (Ff) and
ir  (Fa) supplied to the fuel cell. Fig. 2(c) shows the distribution
f  current density along the cell length. It can be seen that
he  current density sharply increases at the inlet and contin-
ously  decreases toward the fuel cell outlet. This is related to
he local H2 concentration in the fuel channel and the local O2

nd H2O in the air channel.
Under the standard conditions, the cell voltage, power den-

ity  and fuel cell efficiency predicted are 0.53 V, 0.26 W cm−2

nd 37.95%, respectively. When considering individual volt-
ge  losses, it is found that the activation losses (�act,an

nd �act,ca = 0.3274 V) represent a major loss in the SOFC-H+,
ollowed  by the ohmic loss (�ohm = 0.207 V), cathode concen-
ration loss (� = 0.10052 V) and anode concentration loss
conc,ca

�conc,an = 0.0008 V). It is noted that the anode activation loss
distribution of current density.

is equal to the cathode activation loss because the exchange
current densities of the anode and cathode are assumed to be
the same (Table 4). The results also indicate that the anode
concentration loss can be negligible, compared to the cathode
concentration loss. This is due to the fact that there is only
H2 at the anode side, thereby it is easily to transport to the
reaction  site, leading to a lower concentration loss. Unlike the
anode  side, there are the reactant O2 and the product H2O in
2

O2, resulting in a higher concentration loss. In addition, the
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Table 7 – The range of operating conditions considered in the performance analysis of SOFC-H+.

Parameter Unit Level

1 2 3 4 5

T ◦C 600 650 700 750 800
S/C – 2 3 4 5 6
O/C – 0.05 0.10 0.15 0.20 0.25
jave A cm−2 0.3 – 0.5 – 0.7
Ufuel – 0.65 – 0.75 – 0.85
simulation result reveals that under the isothermal condition,
the  SOFC-H+ generates the net heat of 0.16 kJ/s.

In the next subsection, the effect of key operating condi-
tions,  e.g., operating temperature (T), steam-to-carbon ratio
(S/C),  oxygen-to-carbon ratio (O/C), average current den-
sity  (jave) and fuel utilization (Ufuel) on the DIR-SOFC-H+

performance is examined. Table 7 summarizes a range of
operating  conditions studied here. Fig. 3 presents the influ-
ences  of operating temperature, S/C and O/C on the power
density,  cell efficiency, CO content as well as the net heat pro-
duced  by the SOFC. Furthermore, the results of changing in
the  average current density and fuel utilization are shown in
Fig.  4.

3.1.  Effect  of  operating  temperature

In order to study the effect of operating temperatures on
SOFC-H+ performance, CO content and net heat generation
as  shown in Fig. 3(a)–(d), the operating temperature are varied
from  600 to 800 ◦C, according to the level of operating con-
ditions  (1–5) given in Table 7, whereas the other parameters
reported in Table 6 are kept constant. The DIR-SOFC-H+ per-

formance  is improved when operating temperatures increase.
A  raise in the operating temperature strongly increase the

Fig. 3 – Effect of operating temperatures, S/C and O/C feed ratios 

(d) net heat generation (the number showing on the x-axis is refe
rate  of chemical reactions; more  hydrogen produced from the
reforming  reactions (Eqs. (1)–(4)) is highly consumed by the
electrochemical reaction (Eq. (5)) and thus, the cell voltage
is  higher. Moreover, a higher temperature operation causes a
reduction of the ohmic loss and consequently, the power den-
sity  (Fig. 3(a)) and the cell efficiency (Fig. 3(b)) are enhanced.
However, the increment of the operating temperature results
in  a higher content of CO in the fuel stream, as illustrated in
Fig.  3(c). This is mainly because the water gas-shift reaction
(Eq.  (3)) is favored at a lower temperature operation.

In general, the DIR-SOFC-H+ with autothermal reform-
ing  operation, which is a mildly exothermic reaction, should
generate  more  heat when operating at higher temperatures.
However, the simulation result shows a decrease in the
net  heat produced by the DIR-SOFC-H+ (Fig. 3(d)). This can
be  explained that when oxygen is completely reacted with
methane  via the oxidation reaction, the steam reforming reac-
tion  is more  pronounced and its reaction rate increases with
the  increased operating temperature. Thus, the reaction heat
released  by the electrochemical reaction is more  consumed to
accomplish the reforming reaction. It is noted that the amount
of  oxygen fed to the DIR-SOFC-H+ is generally limited for a

safety  reason. From the simulation results, it can be further
observed that the CO generation can be reduced when the

on: (a) power density, (b) cell efficiency, (c) CO content and
rred to the level of operating conditions as given in Table 7).
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Fig. 4 – Effect of operating current density and fuel utilization on: (a) power density, (b) cell efficiency, (c) CO content and (d)
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perating temperature is lower. However, under this opera-
ion,  the SOFC-H+ performance in terms of the power density
nd  cell efficiency is also greatly decreased. As a consequence,
he  operating temperature should be carefully selected to be

 good compromise between the cell performance and the CO
ormation.

.2.  Effect  of  steam-to-carbon  and  oxygen-to-carbon
eed ratios

n this section, the effect of S/C and O/C feed ratios on the
ower  density, cell efficiency, CO production and net generated
eat  is investigated. As seen in Fig. 3(a) and (b), the increases
f  S/C and O/C have insignificant effect on the fuel cell perfor-
ance.  Increasing S/C (at constant O/C = 0.2) causes a slight

ecrease  in the power density and cell efficiency due to the
ilution  effect of H2. However, the use of excess H2O is benefi-
ial  to the decrease of CO, as demonstrated in Fig. 3(c), because
n  addition of H2O can promote the water gas-shift reaction.

Likewise, the DIR-SOFC-H+ operated at a higher O/C ratio
at  constant S/C = 2) can reduce the generation of CO. Adding

2 strongly affects the methane conversion through the oxi-
ation  reaction and a significant increase in H2O generation is
bserved instead of H2. As a consequence of the H2O produc-
ion,  the presence of CO in the fuel channel reduces (Fig. 3(c)).
he  addition of O2 along with CH4 and H2O, however, should
e  carefully determined. It is also found that the increases of
/C  and O/C feed ratios have less influence on the net heat
btained  from the SOFC-H+ (Fig. 3(d)).

.3.  Effect  of  average  current  density

n this study, the average current density and fuel utiliza-

ion  factor, which are used to determine the molar flow rate
f  fuel and air supplied to the fuel cell, are key parameters
d to the level of operating conditions as given in Table 7).

having an effect on the SOFC operation. It is found from the
results  that an increase in average current density results in
the  increased power density even the voltage losses increase
(Fig.  4(a)). Unlike the power density, the cell efficiency is hin-
dered  when the SOFC-H+ is operated at a higher operating
current density (Fig. 4(b)). Under this operating condition, the
molar  flow rate of fuel fed to the fuel cell is much  higher and
thus,  the cell efficiency is strongly reduced. Fig. 4(c) shows that
the  increment of average current density hardly affects the CO
formation. Since an increase in the average current density
cause  a higher electrochemical reaction rate, the DIR-SOFC-H+

generates more  heat to the surrounding (Fig. 4(d)).

3.4.  Effect  of  fuel  utilization

As mentioned above, the fuel utilization is a key parameter to
indicate the performance of SOFC. For operation of the SOFC-
H+ under high fuel utilization, a concentration loss becomes
the  dominant loss due to the large reduction of H2 fuel at the
fuel  channel, resulting in the reduced power density (Fig. 4(a)).
However,  at high fuel utilization, the chemical energy of the
fuel  can be converted into electricity, leading to the improved
fuel  cell efficiency (Fig. 4(b)). Furthermore, it is noticed that the
content  of CO reduces when the SOFC-H+ is operated at higher
fuel  utilization. Due to a higher consumption of H2, water gas-
shift  reaction is shifted toward the product side and thus, a
lower  amount of CO is present. (Fig. 4(c)). In addition, the net
heat  obtained from the SOFC-H+ can be raised by increasing
the  fuel utilization (Fig. 4(d)) as can be explained in a similar
way  with the effect of the average current density.

4.  Conclusions
In this study, a performance of a SOFC-H+ with internal
autothermal reforming of methane is analyzed based on a
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one-dimensional, steady-state model of the SOFC-H+ cou-
pled  with a detailed electrochemical model. The results show
that  the DIR-SOFC-H+ operated at 750 ◦C and 1 bar with the
average  current density of 0.5 A cm−2, fuel utilization of 0.75
and  air ratio of 8.5 gives the power density of 0.26 W cm−2

and fuel cell efficiency of 38%. Interestingly, the introduction
of  oxygen to a steam reforming environment, known as an
autothermal  reforming is beneficial to the SOFC-H+ opera-
tion;  the presence of CO, which is related to the possibility of
carbon  formation, in the fuel cell is reduced. The simulation
results show that CO generation can be significantly reduced
by  increasing the S/C and O/C feed ratios as well as decreasing
the  operating temperature. Furthermore, the SOFC-H+ with
internal  autothermal reforming release heat, which can be
used  for other energy-demanding units in the SOFC system.
From  the simulation results, it can be concluded that operat-
ing  temperature, S/C and O/C feed ratios, current density and
fuel  utilization have greatly effect on the cell performance, CO
formation and net heat generation. The operating conditions
of  the SOFC-H+ should be carefully determined by considering
both  the cell performance and the CO formation.
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� Energy and exergy analysis of ethanol reforming processes for SOFC are preformed.
� Steam reforming, partial oxidation and autothermal reforming are considered.
� The possibility of carbon formation in different ethanol reformings are examined.
� Use of ethanol reforming for fuel cell applications is discussed.
� The best ethanol reforming process for SOFC applications is identified.
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a b s t r a c t

The fuel processor in which hydrogen is produced from fuels is an important unit in a fuel cell system.
The aim of this study is to apply a thermodynamic concept to identify a suitable reforming process for
an ethanol-fueled solid oxide fuel cell (SOFC). Three different reforming technologies, i.e., steam reform-
ing, partial oxidation and autothermal reforming, are considered. The first and second laws of thermody-
namics are employed to determine an energy demand and to describe how efficiently the energy is
supplied to the reforming process. Effect of key operating parameters on the distribution of reforming
products, such as H2, CO, CO2 and CH4, and the possibility of carbon formation in different ethanol refor-
mings are examined as a function of steam-to-ethanol ratio, oxygen-to-ethanol ratio and temperatures at
atmospheric pressure. Energy and exergy analysis are performed to identify the best ethanol reforming
process for SOFC applications.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

A solid oxide fuel cell (SOFC) is considered the most promising
technology for power generation for residential and stationary
applications. Presently, hydrogen is a primary fuel for SOFC stacks.
It can be produced from a wide range of fossil and renewable fuels
via thermal-chemical and biological processes (Lin et al., 2013).
Among the various renewable fuels, ethanol is a very attractive
green fuel as it is produced by fermentation of agricultural prod-
ucts and easy to handle as a liquid fuel (Cardona and Sánchez,
2007). There are several methods to produce hydrogen rich gas
from ethanol. A steam reforming is among the widely used pro-
cesses due to its high hydrogen yield; however, this process in-
volves a highly endothermic reaction and requires high energy
supply. To minimize the external heat input, partial oxidation
and autothermal reforming are alternative routes for hydrogen
production (Rabenstein and Hacker, 2008). Because SOFC is oper-
ated at high temperatures and a waste heat recovery is generally
included in the SOFC system to enhance its performance, a selec-
tion of appropriate fuel processing technology should also take
an efficient energy usage into account.

Regarding the first law of thermodynamics, an energy balance
can be used to determine the energy requirement in the forms of
matter streams, heat and work, but fails to provide accurate infor-
mation on how efficiently the supplied energy is used in a system.
This is due to the fact that such an energy analysis cannot identify
the real thermodynamic inefficiencies associated with the energy
conversion system. On the other hand, an entropy balance deter-
mines entropy generation within the system, which is the indicator
of its inefficient energy usage. However, since the entropy still
fails to account for the quality of energy, the true thermodynamic
value (quality) of an energy carrier is characterized by its exergy.
Exergy destruction which is one of the exergy-based variables
represents the exergy destroyed by an irreversibility (entropy
generation) process within the system (El-Emam and Dincer,
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2011). The irreversibility is caused by chemical reaction, heat
transfer through a finite temperature difference, mixing of matter
and unrestrained expansion and friction. In the past, there are
few studies concerning about a comparison of hydrogen produc-
tion from ethanol using different reforming processes. The investi-
gation of the ethanol processing, i.e., steam reforming, partial
oxidation and autothermal reforming, and the range of optimal
operating conditions for each process was given. However, based
on their results, it is difficult to determine exactly the suitable
operational policy of the reforming processes. Furthermore, the
process performance in terms of the energy demand was only fo-
cused (Rabenstein and Hacker, 2008). The thermodynamic analysis
of different ethanol reforming processes was also studied (Sun
et al., 2012). The optimal conditions for operating the ethanol
reformer were proposed. It was found that the partial oxidation
of ethanol provides the lowest H2 yield with high possibility of
coke formation, so it is not a suitable process for hydrogen produc-
tion. However, the benefit of the partial oxidation process is to give
useful heat, which can improve the system thermal management.

It is known that the first law of thermodynamics gives informa-
tion about the conservation of energy within the process, whereas
the second law of thermodynamics can be used to assess and im-
prove the process, leading to a better understanding of the process
energy usage. This meaningful information of the process opera-
tion cannot be attained by an energy analysis alone (Rosen et al.,
2008). Even though, some researchers focused on an exergy analy-
sis of the hydrogen production from ethanol (Douvartzides et al.,
2004; Song et al., 2005; Casas et al., 2010), only the steam reform-
ing process was chosen without comparing to other reforming pro-
cesses. To date, exergatic information of each ethanol reforming
process has not been clearly reported. The effect of the reforming
factor on the exergetic efficiency of the solid oxide fuel cell (SOFC)
power plant based on an external ethanol steam reforming was
analyzed (Douvartzides et al., 2004). It indicated that the maxi-
mum exergy destruction rate is found in a combustion process.
The study of the ethanol-fueled proton exchange membrane fuel
cell for automobile applications can be concluded that the utiliza-
tion of excess steam results in an increase of the overall exergy
destruction and lowers the plant efficiency (Song et al., 2005). Re-
cently, the model based energy–exergy analysis of the SOFC power
plant was performed (Casas et al., 2010). The study suggested that
the efficient use of waste heat in the SOFC combined cycle can re-
duce the irreversibility of the system, resulting in increases in the
energy and exergy efficiencies.

In this study, the first and second laws of thermodynamics are
applied to analysis of an ethanol reforming process to produce
hydrogen fuel. Three different reforming methods, i.e., steam
reforming, partial oxidation and autothermal reforming, are consid-
ered. Effects of key operating parameters, such as reactant feed ra-
tio and operating reforming temperatures, on the equilibrium
composition of reforming products are also presented. The perfor-
mance assessment of each ethanol reforming process in terms of
product yield, carbon-free operational region and energy usage is
carried out in detail with the aim to optimize the process operation.
Based on the second law of thermodynamics, the comprehensive
analysis of an exergy destruction in different ethanol reforming
processes is also discussed. Finally, the application of the ethanol
reforming to produce hydrogen for SOFC is commented.

2. Methods

2.1. Ethanol reforming processes

Ethanol is regarded as a promising renewable resource for
hydrogen production. Today, a fuel-to-hydrogen rich gas conver-
sion technology has been received considerable interest according
to the advancement of a fuel cell technology for power generation.
In general, ethanol can be converted to hydrogen through different
reforming processes: (i) steam reforming (SR), (ii) partial oxidation
(POX) and (iii) autothermal reforming (ATR) (Rabenstein and Hack-
er, 2008). Each reforming process has its own operational method;
thereby the composition and quality of the produced synthesis gas
and the energy demand vary. Thus, finding the most suitable eth-
anol reforming process is important for commercialization. At
present, ethanol steam reforming is the most widely used process
because it provides a higher hydrogen yield and a lower rate of side
reactions. This process, however, has some limitations, e.g., slow
start-up time, high energy consumption and severe catalyst deac-
tivation. Ethanol steam reforming is an endothermic process that
combines ethanol and steam over catalysts at high temperatures
as (Benito et al., 2005):

C2H5OHþH2O$ 2COþ 4H2 ð1Þ

However, there are several reaction pathways that could occur
in the ethanol/water system, depending on types of catalyst used.
Various kinds of intermediate by-products, such as acetaldehyde
and ethylene, are usually formed (Vaidya and Rodrigues, 2006).
In general, the feasible reactions of the ethanol/water system are
ethanol dehydrogenation, acetaldehyde decomposition, ethanol
dehydration, methane steam reforming and water gas shift reac-
tion as shown in Eqs. (2)–(6), respectively.

C2H5OH$ CH3CHOþH2 ð2Þ

CH3CHO$ CH4 þ CO ð3Þ

C2H5OH! C2H4 þH2O ð4Þ

CH4 þH2O$ COþ 3H2 ð5Þ

COþH2O$ CO2 þH2 ð6Þ

The steam reforming reaction, which gives the maximum
hydrogen yield, is given by the following reaction:

C2H5OHþ 3H2O$ 2CO2 þ 6H2 ð7Þ

The partial oxidation of ethanol is an exothermic process in
which ethanol and oxygen are reacted in proportions to partially
combust ethanol into a gaseous mixture of H2 and CO. The advan-
tages of the ethanol partial oxidation are fast start-up and less sys-
tem complexity because it does not need an external heat source
and a water balance. However, this process provides low hydrogen
yield (Wang and Wang, 2008; Pereira et al., 2011). The ethanol oxi-
dation reaction is shown in Eq. (8)

C2H5OHþ 3
2

O2 $ 2CO2 þ 3H2 ð8Þ

The autothermal reforming of ethanol, also known as an oxida-
tive steam reforming, is almost a thermoneutral process. This type
of the reforming method combines the steam reforming and the
partial oxidation reactions in a single process. The autothermal
reforming reaction is shown in Eq. (9), which 0.61 mole of oxygen
is needed to react with one mole of ethanol (Graschinsky et al.,
2012).

C2H5OHþ 1:78H2Oþ 0:61O2 $ 2CO2 þ 4:78H2 ð9Þ

It is noted that in addition to the reforming products, carbon
may be occurred under ethanol reforming environmental condi-
tions, as shown in Eqs. (10)–(14). The formation of carbon causes
catalyst deactivation, lowering hydrogen production efficiency.

2CO$ CO2 þ C ð10Þ

CH4 $ 2H2 þ C ð11Þ
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COþH2 $ H2Oþ C ð12Þ

CO2 þ 2H2 $ 2H2Oþ C ð13Þ

C2H4 ! polymer! 2H2 þ 2C ð14Þ
Table 1
The standard molar chemical exergy of selected substances at reference
states (T� = 298.15 K, P� = 101.325 kPa) (Szargut et al., 1988).

Substance State Exergy [kJ/kmol]

C2H6O g 1363900
l 1357700

CH4 g 831650
CO g 275100
CO2 g 19870
H2 g 236100
H2O g 9500

l 900
O2 g 3970
N2 g 720
C s, graphite 410260
2.2. Thermodynamic analysis

Thermodynamic analysis of ethanol reforming processes is per-
formed based on steady-state simulation data (e.g., mass, energy,
entropy, and exergy) obtained from a process flowsheet simulator
(Aspen Plus). The equilibrium composition of the reforming prod-
ucts is determined by the minimization of a total Gibbs free energy
(a non-stoichiometric approach). It is assumed that the reformer is
run at atmospheric pressure and a pressure drop is neglected; heat
required for the reforming process is supplied by an external source
and there are no heat losses to the surrounding; Peng–Robinson
equation of state is employed to compute the thermodynamic
properties of substances in the process. The primary components
involved the ethanol reforming processes are C2H5OH, H2O, O2,
CH3CHO, C2H4, H2, CH4, CO2, CO, and C (Lima da Silva et al.,
2009). To analyze the carbon formation from thermodynamic point
of view, it is assumed that pure carbon is present in the graphitic
form. Changes in kinetic and potential exergies are neglected to
perform the exergy analysis.

2.2.1. Energy and exergy analysis
Under the steady-state condition, a conservation balance equa-

tion around each unit operation in the reforming process can be
written as follows (Cohce et al., 2011):

Mass balance:

XN

i¼1

mi;in ¼
XN

i¼1

mi;out ð15Þ

Energy balance:

XN

i¼1

ni;inhi;in þ _Q system ¼
XN

i¼1

ni;outhi;out ð16Þ

Entropy balance:

XN

i¼1

ni;insi;in þ
_Q
T

 !
system

þ _Sgen ¼
XN

i¼1

ni;outsi;out ð17Þ

where _Sgen is the entropy generation associated with process irre-
versibility ( _Sgen = 0 for a reversible process and _Sgen > 0 for an irre-
versible process). A change in the system entropy is due to an
entropy generation from internal irreversibility. Although the en-
tropy change of the system and its surroundings may individually
increase, decrease or remain constant, the total entropy change or
the total entropy generation cannot be less than zero for any pro-
cess as:

_Sgen ¼
XN

i¼1

ni;outsi;out �
XN

i¼1

ni;insi;in � D _Ssystem P 0 ð18Þ

Exergy balance:

XN

i¼1

ni;inExi;in �
XN

i¼1

ni;outExi;out ¼ _Exdest ð19Þ

where Exi;in and Exi;out are the total exergy flows of stream i entering
and leaving the system, respectively. In general, the exergy de-
stroyed depends on a nature of the process and it accounts for the
inherent process irreversibility. The exergy destruction demon-
strates an important main difference between energy and exergy;
energy is conserved while exergy, a measure of energy quality,
can be consumed.

The exergy analysis focuses on the exergy transfer in three
forms; exergy of heat (ExQ), physical (Exphys) and chemical exergy
(Exchem). The exergy associated with the heat transfer is governed
by the Carnot efficiency:

ExQ ¼ Q � 1� T0

T

� �
ð20Þ

The specific physical exergy can be defined as:

Exphys ¼ ðh� h0Þ � T0ðs� s0Þ ð21Þ

The standard chemical exergy of relevant substances is reported
in Table 1 (Szargut et al., 1988) and the specific chemical exergy
contribution can be calculated as follows:

Exchem ¼
X

i

xiðExchem;i � RT0 ln xiÞ ð22Þ

Energy and exergy efficiencies are evaluated as a ratio of prod-
ucts to inputs. For the overall electrical efficiency, the energy effi-
ciency g is evaluated as:

g ¼ net energy output with electricity
energy input

ð23Þ

and the exergy efficiency w as:

w ¼ net exergy output with electricity
exergy input

ð24Þ
2.2.2. SOFC model
The simulation of a SOFC unit is separated into two parts; the

first one is anode in which the reactions occur inside the cell and
the second one is cathode which supplies oxygen as an oxidant
to the anode side. The anode and cathode are represented by an
equilibrium reactor module and a separator module, respectively.
Because SOFC is operated at high temperatures (1073 K), the direct
oxidation of CO and CH4 contained in the reformate gas is feasible
in the SOFC without a catalyst. However, this reaction is less fa-
vored than the water gas shift of CO to H2 and the reforming of
CH4 to H2. In this study, it was assumed that only the electrochem-
ical reaction of hydrogen is present because the driving force for
the anodic oxidation of CO and CH4 is lower than that for the oxi-
dation of hydrogen, as shown by the higher open circuit voltage of
the hydrogen oxidation. Moreover, the kinetic of hydrogen oxida-
tion on the anode is faster than that of CO and CH4 oxidations.

A generalized steady state model is considered in order to
investigate the performance of a SOFC system integrated with
reforming process (Aguiar et al., 2004). The theoretical open-circuit
cell voltage, which is the maximum voltage under specific operat-
ing conditions, can be calculated from the following equations:
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E ¼ E0 þ RT
2F

ln
PH2 P0:5

O2

PH2O

 !
ð25Þ

where E0 is the reversible open-circuit potential at standard pres-
sure and is a function of the operating temperature (Ni et al.,
2007) as:

E0 ¼ 1:253� 2:4516� 10�4T ð26Þ

The actual voltage is determined from the theoretical open-cir-
cuit voltage subtracted by the various voltage losses as:

V ¼ E� ðgact þ gohmic þ gconcÞ ð27Þ

The activation loss at the electrodes (i.e., anode and cathode)
(gact) is caused by the electrochemical reaction and can be ex-
plained by the Butler–Volmer equation:

i ¼ i0;electrode exp
anF
RT
ðgact;electrodeÞ

� �
� exp �ð1� aÞnF

RT
ðgact;electrodeÞ

� �� �
ð28Þ

i0;electrode ¼
RT
nF

kelectrode exp �Eelectrode

RT

� �
ð29Þ

where i is the current density (A/m2), a is the transfer coefficient
and i0 is the exchange current density (A/m2). The pre-exponential
factor and the activation energy of the anode and the cathode used
for the calculation of i0,electrode are shown in Table 2 (Aguiar et al.,
2004).

The concentration voltage loss (gconc) occurs when reactants are
rapidly consumed at the electrode via the electrochemical reaction
so that the concentration gradients are established. Eq. (30) is used
to compute this type of voltage loss.

gconc ¼
RT
2F

ln
pH2O;TPBpH2

pH2OpH2 ;TPB

 !
þ RT

4F
ln

pO2

pO2;TPB

 !
ð30Þ

where pH2 ;TPB, pH2O;TPB, and pO2 ;TPB represent the partial pressures of
hydrogen, water, and oxygen at the electrode and electrolyte inter-
face, respectively. Their diffusion transport in a porous electrode
can be described by Fick’s model as given by:

pH2 ;TPB ¼ pH2
� RTsanode

2FDeff;anode
i ð31Þ

pH2O;TPB ¼ pH2O þ
RTsanode

2FDeff;anode
i ð32Þ

pO2 ;TPB ¼ P � ðP � pO2
Þ exp

RTscathode

4FDeff;cathodeP
i

 !
ð33Þ

The diffusion coefficients of anode (Deff ;anode) and cathode
(Deff ;cathode) are 33.4 � 10�5 and 1.37 � 10�5 m2s�1, respectively. It
is noted that the first term on the right-hand side of Eq. (30) refers
to the anodic concentration overpotential (gconc;a) and the second
one refers to the cathodic concentration overpotential (gconc;c).

The ohmic loss (gohmic) is due to resistances to the flow of ions in
the electrolyte and the flow of electrons through the conductive
fuel cell components. This loss can be expressed by Ohm’s law:
Table 2
Pre-exponential factor and activation energy for computing the activation loss in
SOFC (Aguiar et al., 2004).

Anode Cathode

kanode 6.54 � 1011 X�1m�2 kcathode 2.35 � 1011 X�1m�2

Eanode 140 kJ mol�1 Ecathode 137 kJ mol�1
gohm ¼ iRohm ð34Þ

where Rohm is total cell internal resistance (X cm2), which is calcu-
lated from the conductivity of individual layers as given by:

ROhm ¼
sanode

ranode
þ selectrolyst

relectrolyst
þ scathode

rcathode
ð35Þ

where sanode, selectrolyte and scathode represent the thickness of the an-
ode, electrolyte, and cathode layers of 500, 20, and 50 lm, respec-
tively, ranode and rcathode are the electronic conductivity of the
anode and cathode of 80 � 103 and 8.4 � 103 X�1m�1, respectively,
and relectrolyst is the ionic conductivity of the electrolyte, which de-
pends on the cell operating temperature as 33.4 � 103

exp(�10,300/T) X�1m�1. It is noted that the SOFC electrolyte, anode
and cathode are based on yttria-stabilized zirconia (YSZ), nickel-YSZ
cermet and strontium-doped lanthanum manganite (LSM), respec-
tively (Arpornwichanop et al., 2009; Petruzzi et al., 2003).

The SOFC efficiency (gSOFC) is evaluated by the ratio of fuel cell
power to the total energy that could be produced if hydrogen
entering into the cell is completely burned:

gSOFC ¼
PowerSOFC

nETOH;in � LHVETOH
� 100 ð36Þ

where PowerSOFC is the power output of the SOFC and nETOH;in and
LHVETOH are the inlet molar flow rate and the lower heating value
of ethanol.

The SOFC model mentioned above is included in the flowsheet
simulation using a calculation block option.

2.2.3. Model validation
Here, the simulation model used to predict the equilibrium

composition of ethanol reforming processes is validated with
experimental and simulation data reported in literatures.
Fig. 1(a) shows the model prediction of H2 yield from the steam
reforming compared with experimental data (Biswas and Kunzru,
2007). In their experiment, the reforming of ethanol was carried
out using Ni/ZrO2. It is observed from Fig. 1(a) that the model
can reliably predict the H2 product under different operating tem-
peratures. Fig. 1(b) compared the H2 yield of the ethanol partial
oxidation process obtained from the simulation and the studies
by Sun et al. (2012) and Wang and Wang (2008). The model predic-
tion agrees very well with the reported data. Comparison of the
modeling result and experimental data of the ethanol autothermal
reforming based on RhPt/ZrO2 catalyst (Gutierrez et al., 2011) is
shown Fig. 1(c) and a good agreement of the model prediction
and experimental data of the H2 yield is observed. Fig. 2 shows a
comparison of the SOFC model prediction and experimental data
(Zhao and Virkar, 2005) in term of the cell voltage at different cur-
rent densities and operating temperatures. In their experiment, the
inlet fuel consists of 97% H2 and 3% H2O and inlet oxidant com-
prises of 21% O2. The thickness of anode, cathode, and electrolyte
were 1000, 20, and 8 lm, respectively. It indicates that the model
prediction shows good agreement with experimental data reported
in literature.

3. Results and discussion

3.1. Product distribution

In order to find the optimal operating conditions of the ethanol
reforming, providing the highest SOFC performance without facing
a carbon formation problem, an analysis of the effect of key design
parameters on the reformer performance is first performed. Table 3
shows a range of operating conditions under consideration in this
study (Rabenstein and Hacker, 2008; Sun et al., 2012). Effects
of reforming temperatures, steam-to-ethanol (S/E) ratio and



Fig. 1. Comparison of hydrogen yield obtained from the model prediction and reported data in literatures: (a) steam reforming, (b) partial oxidation and (c) autothermal
reforming.

Fig. 2. V–I curve obtained from the SOFC model and experimental data.

Table 3
Range of operating conditions for different ethanol reforming processes.

Ethanol reforming processes Temperature (K) S/E O/E

Steam reforming 700–1200 0–10 –
Partial oxidation 700–1400 – 0–3
Autothermal reforming 700–1200 0–10 0–3
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oxygen-to-ethanol (O/E) ratio on the product yields of the ethanol
reforming processes, i.e., steam reforming, partial oxidation and
autothermal reforming, are given in Fig. 3(a)–(c), respectively. A
carbon free region of reformer operation is also presented in the
figure, so that it will be easy to choose the reforming operational
conditions without the formation of carbon. The results clearly
indicate that the carbon formation is prone to be occurred when
the reformer is operated at low ratio of the reforming reagents
for all operating temperatures. It is noted that the intermediate
by-products, such as acetaldehyde and ethylene, appears to be a
very low content compared with other reforming products.

For the ethanol steam reforming process, H2 yield increases
with the increased temperature and S/E ratio. Severe operating
conditions are required to avoid the carbon formation. At temper-
atures higher than 800 K, CH4 is nearly converted to other reform-
ing products, whereas CO, one of the carbon promoters, is not
present in the reforming products at low-temperature operation
as a result of the exothermicity of the water gas shift reaction. In
order to maximize the SOFC performance, the optimal operating
conditions for the reformer is chosen to give high hydrogen frac-
tion without the formation of carbon. When considering the partial
oxidation of ethanol, the maximum H2 and CO yields are found at
high operating temperatures (T = 1200–1400 K) and low oxygen-
to-ethanol ratio operation (O/E < 0.5); however, the formation of
carbon is unavoidable under these conditions. Thus, it seems that
the partial oxidation of ethanol is not a suitable process for hydro-
gen production. In case of the ethanol autothermal reforming
process, oxygen is introduced to the reformer at the oxygen-
to-ethanol ratio of 0.61, according to the stoichiometric ratio of
the reaction (Eq. (9)). Fig. 3(c) shows that the product distribution
of the autothermal reforming process is similar to that of the steam
reforming process and the maximum H2 yield is obtained under
the operating temperature above 900 K and the S/E higher than
6; however, high CO2 is observed under these conditions. A prom-
ising advantage of this process is a lower carbon formation activity.
When the operating temperature is higher than 1100 K, there is no
carbon formation.



Fig. 3. Effect of temperatures and feed ratio on the product yields: (a) steam reforming, (b) partial oxidation and (c) autothermal reforming (grey area is the carbon formed
region and a number on the line is the amount of gaseous products (mole/mole of ethanol feed)).
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3.2. SOFC efficiency and reformer heat duty

Fig. 4 shows the effects of feed ratio of ethanol to reforming re-
agents and operating temperatures on the SOFC efficiency and heat
duty required by the reformer. It shows that an increase in the
reforming reagents (i.e., H2O and/or O2) degrades the efficiency of
SOFC because the excess of water causes a fuel dilution effect and
the presence of more oxygen enhances the CO oxidation, leading
to a decrease in hydrogen fuel. The steam reforming process oper-
ated at high temperatures requires more heat duty (Fig. 4(a)). To
achieve the maximum SOFC efficiency (�67.5%), the steam refor-
mer should be operated at temperatures higher than 1000 K and
S/E ratio of 1.5; however, under these conditions, the system needs
the high level of energy input and faces the carbon formation prob-
lem. Thus, the reformer is suggested to be run at a lower tempera-
ture (T = 980 K) and more steam input is required (S/E = 1.8) to
move the operating point to a carbon free region (star symbol in
Fig. 4(a)). Regarding the partial oxidation process as shown in
Fig. 4(b), the reformer heat duty depends on the quantity of O2 feed.
If the oxygen-to-ethanol ratio increases, high heat will be released
due to the exothermicity of the partial oxidation reaction. However,
the SOFC fed by the synthesis gas from the partial oxidation reactor
generates less electricity power than that from other reforming
processes. When considering the performance of SOFC and the
avoidance of carbon formation in the reactor, the partial oxidation
reformer is selected to be operated at the temperature of 1150 K
and the O/E ratio of 0.6. Fig. 4(c) shows effect of the amount of
reforming agents, i.e., steam and oxygen, on the heat duty of the
autothermal reformer (operated at 1000 K) and the efficiency of
SOFC. The SOFC efficiency is enhanced when less oxygen is intro-
duced to the autothermal reformer. In general, a heat duty of the
autothermal reforming is a key operational factor for this process.
The results indicate that the endothermic steam reforming and
the exothermic partial oxidation can be balanced by adjusting oxy-
gen feed to reach a thermal-neutral operation, which an external
heat input is unnecessary. To achieve the maximum efficiency
while minimizing the energy demand, the autothermal reformer
should be operated at temperature of 1000, S/E ratio of 1.5 and
O/E ratio of 0.5 and thus, the SOFC efficiency of 56% is obtained.
The selected operating conditions of different ethanol reforming
processes are summarized in Table 4.

3.3. Energy and exergy analysis

A comparison of the energy demand for the ethanol reforming
processes operated at their optimal conditions is shown in



Fig. 4. Effect of temperatures and feed ratio on SOFC efficiency and reformer heat duty: (a) steam reforming, (b) partial oxidation and (c) autothermal reforming.
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Fig. 5(a). It is found that the steam reforming of ethanol requires
the highest energy consumption process because of extremely
endothermic operation, whereas the partial oxidation process
needs the lowest one. In the partial oxidation process, the heater
is a unit that needs the highest energy because preheating air re-
quires high amount of energy. However, the heat requirement in
the evaporator is lower than the other two reforming processes be-
cause only liquid ethanol is evaporated. When considering the total
energy demand of the fuel processor including the evaporator, hea-
ter and reformer, the partial oxidation process seems to be oper-
ated at a thermoneutral condition. A steam requirement of the
steam reforming and autothermal reforming processeses causes a
higher heat load in the evaporator.

Fig. 5(b) shows the exergy destruction in each unit of the
ethanol reforming processes. In general, a process unit involved
Table 4
Optimal conditions for each ethanol reforming process.

Ethanol reforming processes T (K) S/E

Steam reforming (SR) 980 1.8
Partial oxidation (POX) 1150 –
Autothermal reforming (ATR) 1000 1.5
chemical reactions affects the overall process irreversibility be-
cause chemical reactions are related to the motion of electrons
during forming and breaking chemical bonds between atoms. High
frequency of molecular collisions causes an increase in entropy
within the system, resulting in high exergy destruction. For the
reforming processes to produce hydrogen, the ethanol reformer
dominates the total rate of exergy destruction. The partial oxida-
tion reactor is the unit that causes the highest exergy destruction
because its flow of exergy is associated with a large difference in
heat transfer between reactant feed (input) and synthesis gas
product (output). In other words, exothermic or combustion
processes lose more the exergy of heat. In addition, the partial
oxidation is operated at higher temperature than other processes.
For this reason, reactant and product gases will spread quickly
and collide with each other frequently, so the entropy is more
O/E SOFC efficiency (%) Reformerheat duty (kW)

– 66.89 61.20
0.6 55.60 �7.22
0.5 56.36 �0.32



Fig. 5. Comparison of (a) energy demand and (b) exergy destruction in different
ethanol reforming processes at the optimal operating conditions.

Table 5
Energy and exergy efficiencies of ethanol reforming processes and their exergy
destruction in the SOFC system.

Ethanol reforming processes Efficiency (%) Exergy destruction

Energy Exergy (kW)

Steam reforming (SR) 66.89 60.60 21.11
Partial oxidation (POX) 55.60 50.37 41.24
Autothermal reforming (ATR) 56.36 51.06 38.58
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generated and then destroys some exergy. On the other hand, the
steam reformer can maintain the quality of energy as shown in a
reformer part of the steam reforming process (Fig. 5(b)). The results
also indicate that in the evaporator, high value of the energy demand
turns into an excellent exergetic performance. The total exergy
destruction in the ethanol reforming processes follows in order:
partial oxidation > autothermal reforming > steam reforming.
3.4. Ethanol reforming process for solid oxide fuel cell applications

Based on the thermodynamic analysis, an implementation of
the ethanol reforming processes for SOFC applications is addressed
from a practical point of view. It is found that the ethanol steam
Fig. 6. Ethanol steam reforming integrat
reforming process requires high energy consumption and thus its
integration with the SOFC is preferable as the high quality of an ex-
haust gas from the anode and afterburner can be employed in the
steam reforming process, e.g., evaporation and heating units, as
shown in Fig. 6. The SOFC system consists of three main parts:
(1) fuel processor where ethanol is converted into hydrogen-rich
gases, (2) SOFC where electricity is generated from the electro-
chemical reaction of hydrogen and oxygen and (3) afterburner
where the residual fuel from the SOFC is combusted in order to
generate useful heat for other heat requiring parts of the SOFC sys-
tem. The autothermal reforming process can be managed without
the need for external heat sources, leading to a simpler design and
higher reforming efficiency. Therefore, it would be more suitable
for automobile, residential and portable applications (Lin et al.,
2007; Dawes et al., 2009). From the thermodynamic viewpoint,
the partial oxidation of ethanol is not a good option for hydrogen
production. Although, this process requires less energy demand,
its exergetic efficient is low due to the high-temperature operation.
In addition, it generates the reformate gas with high CO content
and thus, needs a purification process to give more pure hydrogen.
It is noted that the autothermal reforming and the partial oxidation
of ethanol have lower energy and exergy efficiencies, even though
exhaust gases from the anode and afterburner are used in evapora-
tion and heating units. Table 5 summarizes the energy and exergy
efficiencies of the ethanol reforming processes and their exergy
destruction in the SOFC system.
4. Conclusion

Thermodynamic analysis of different ethanol reforming pro-
cesses was performed. The optimal operating conditions of each
reforming process to maximize the SOFC efficiency were identified.
Energy and exergy analysis were also carried out to find the best
ethanol reforming process. Although the steam reforming process
provides the highest hydrogen yield, it is the highest energy requir-
ing process. The exergy analysis showed that the highest exergy
destruction is found in the partial oxidation process. The integration
ed with solid oxide fuel cell system.
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of ethanol steam reformer operated at temperature of 980 K and
steam-to-ethanol ratio of 1.6 and solid oxide fuel cell provides
the best energetic and exergetic performances.
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a b s t r a c t

High-temperature proton exchange membrane fuel cells (HT-PEMFCs) have received substantial atten-
tion due to their high CO (carbon monoxide) tolerance and simplified water management. The hydrogen
and CO fractions affect the HT-PEMFC performance and different fuel sources for hydrogen production
result in different product gas compositions. Therefore, the aim of this study is to investigate the
theoretical performance of HT-PEMFCs fueled by the reformate gas derived from various fuel options (i.e.,
methane, methanol, ethanol, and glycerol). Effects of fuel types and CO poisoning on the HT-PEMFC
performance are analyzed. Furthermore, the necessity of a water-gas shift (WGS) reactor as a CO
removal unit for pretreating the reformate gas is investigated for each fuel type. The methane steam
reforming shows the highest possibility of CO formation, whereas the methanol steam reforming pro-
duces the lowest quantity of CO in the reformate gas. The methane fuel processing gives the maximum
fraction of hydrogen (z0.79) when the WGS reactor is included. The most suitable fuel is the one with
the lowest CO poisoning effect and the maximum fuel cell performance. It is found that the HT-PEMFC
system fueled by methanol without the WGS reactor and methane with WGS reactor shows the highest
system efficiency (z50%).

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Traditionally, a combustion process of petroleum-derived fuel,
which is a limited resource, is used for power generation. However,
this process has low efficiency and releases greenhouse gases,
which are the major cause of global warming. Because of the need
for clean energy and an efficient method for clean energy produc-
tion, substantial effort has been directed toward the development
of fuel cell technology for electricity generation. Fuel cells have
been continuously developed to supply considerable energy de-
mand. In addition to electricity, fuel cells generate only water and
heat as by-products and are thus environmentally friendly and
sustainable [1].

Among the several types of fuel cells, polymer electrolyte
membrane or proton exchange membrane fuel cells (PEMFCs) are
very attractive for automobile, residential and portable applications
þ66 2 218 6877.
rnwichanop).
because they are operated at low temperatures of approximately
333e353 K, which allows them to start up very quickly. In addition,
they exhibit a good response to changes in power demand and high
current density [2]. However, there are some difficulties in the
operation of PEMFCs that need to be solved for real applications. In
general, high-purity hydrogen with few contaminants, especially
carbonmonoxide (CO), is required for PEMFC. The presence of CO in
the hydrogen feed will poison the Pt catalysts at the anode of the
PEMFC, reducing the active sites available for electrochemical re-
actions. Therefore, a complex CO removal process of the hydrogen
feedstock is needed to reduce the CO concentration to less than
10 ppm [3]. Another important problem influencing PEMFC oper-
ation is water management because of the low operating temper-
atures and the specific characteristics of the membrane used in the
PEMFC [4,5]. The fuel must be saturated with water to avoid the
dry-out condition of the polymer membrane. Nevertheless, the
excess water may condense into the liquid phase and cause a
flooding problem in the cathode gas diffusion layer, which would
block oxygen to transport to the catalyst layer, resulting in fuel cell
voltage and performance losses.
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Table 1
Sets of substances resulting from the steam reforming process.

Fuel Set of substances

Glycerol (C3H8O3) C3H8O3, CH4, CO2, CO, H2O, H2

Ethanol (C2H5OH) C2H5OH, CH4, CO2, CO, H2O, H2

Methanol (CH3OH) CH3OH, CO2, CO, H2O, H2

Methane (CH4) CH4, CO2, CO, H2O, H2

S. Authayanun et al. / Energy 68 (2014) 989e997990
To solve the problem mentioned above, a high-temperature
proton exchange membrane fuel cell (HT-PEMFC) operating at
temperatures of approximately 373e473 K has recently been
developed. As a result of the high-temperature operation of the
PEMFC, the transport of water within the PEMFC is simplified and
electrochemical reaction rates at the anode and cathode are
increased. The flooding problem is eliminated because water is
present in the vapor phase only at temperatures above 373 K.
However, such conditions can lead to the dehydration of the
membrane and the loss of membrane ionic conductivity. The effi-
ciency of conventional PEMFCs relies on water content in the
membrane; thus, its performance is depressed when the water
content is low. To overcome this difficulty, a polybenzimidazole
(PBI) has been developed for use in HT-PEMFCs that can be oper-
ated at low relative humidity. In addition, it is usually doped with
phosphoric acid or other dopants to increase the proton conduc-
tivity [6,7].

The enhancement of CO tolerance is an important benefit of
operating PEMFCs at high temperatures. From a thermodynamic
point of view, the adsorption of CO on the Pt surface is reduced by
increasing the temperature and/or decreasing the CO concentration
[8]. The possibility of hydrogen adsorption, which is less
exothermic than CO adsorption, would increase at higher operating
temperatures. Moreover, the CO purification process of the HT-
PEMFC system is simpler than that of the conventional PEMFC.
The preferential oxidation, pressure swing adsorption or mem-
brane separation is unnecessary for the HT-PEMFC system. Thus,
the hydrogen-rich gas from the fuel reforming processes can be fed
to the HT-PEMFC directly without the need for the sophisticated CO
removal process; instead, only a water-gas shift (WGS) reactor,
which functions as a simple CO removal unit, is needed.

Recently, the fuel cell integrated with a fuel processor, which
allows hydrogen generation from hydrocarbon fuels, and the
combined heat and power (CHP)-based PEMFC system are contin-
uously developing to avoid the issue of hydrogen infrastructure and
increase the system efficiency [9,10]. In addition, the performance
of conventional PEMFC and HT-PEMFC systems for various appli-
cations has been studied [9,11,12]. At present, natural gas is the
most common fuel for hydrogen production because of its cost
effectiveness for industrial applications. However, natural gas is
limited and insufficient for the increased energy demand.Methanol
has also received much more attention as a hydrogen-production
feedstock for PEMFCs because it is a small molecule and is thus
easily converted into hydrogen. The high hydrogen-to-carbon ratio
and the absence of carbonecarbon bonds in methanol allow it to be
reformed into hydrogen at low operating temperatures [13]. These
conditions favor the water-gas shift reaction in the reformer, which
reduces the CO content in the reformate gas.

Because of the increased power demand and environmental
concerns, the development of a new, sustainable feedstock for
hydrogen production is necessary. Ethanol and glycerol as renew-
able resources will become the most important fuel sources [14e
17]. Ethanol appears to be an appropriate fuel for the production
of hydrogen for PEMFCs because it can be reformed at low tem-
peratures, similar to methanol. Because the use of biodiesel for
diesel engines is growing, the by-product glycerol that is generated
from the conventional biodiesel production process is also a po-
tential fuel for use in the production of hydrogen [18e21]. Because
hydrogen and CO have an effect on the HT-PEMFC performance and
different fuel sources used for hydrogen production result in
different product gas compositions, the most suitable fuel for the
HT-PEMFC system should be investigated.

The aim of this work is to theoretically study the performance of
HT-PEMFCs fueled by various fuel options. The model of HT-PEMFC,
which considers the effect of CO poisoning, is used to analyze HT-
PEMFC performance. Methane and other oxygenated hydrocar-
bons, such as methanol, ethanol and glycerol, are used to produce
hydrogen-rich gas (reformate gas) for the HT-PEMFC. In addition,
the necessity of a water-gas shift reactor to function as a CO
removal unit for pretreating the reformate gas before it is fed to the
HT-PEMFC is investigated for each fuel type. The most suitable fuel
and optimal conditions, which are those resulting in the lowest CO
poisoning effect and the maximum fuel cell performance, are
examined.

2. Description of the HT-PEMFC system

The HT-PEMFC system considered here consists of two main
parts, which are fuel-processing process and HT-PEMFC. The
mathematical models of the HT-PEMFC system are developed and
coded in Matlab.

2.1. Fuel-processing process

Considering the fuel-processing process for HT-PEMFC, the
steam reforming process with and without water-gas shift reactor
is considered in this work. A thermodynamic approach is used to
analyze the reforming process with different fuels, i.e., glycerol,
ethanol, methanol and methane. For a given set of substances
involved in the reforming reactions, the equilibrium composition of
the reformate gas from steam reformers is directly determined by
solving the minimization problem of the Gibbs free energy (Eq. (1))
[22].

min
ni

�
Gt�

T ;P ¼
XC
i¼1

niGi ¼
XC
i¼1

ni

 
G0
i þ RTln

f i
f 0i

!
(1)

where C is the total number of components in the reaction system
and ni is the number of moles of each gaseous component.
Regarding the conservation of atomic species, ni must satisfy the
element balance in Eq. (2).X
i

niaik � Ak ¼ 0 ðk ¼ 1;2;.;wÞ (2)

where aik is the number of atoms of element k in component i, Ak is
the total number of atoms of element k in the reaction mixture, and
w is the total number of elements.

The optimization problem mentioned above is finding the set of
ni that minimizes Gt for the specified T and P and that satisfies the
element balances. To solve such an optimization problem, Lagrange
multipliers method is applied [22]. Table 1 shows the set of sub-
stances involved the reforming process of each type of fuel. Based
on experimental data of the low-temperature methanol steam
reforming, methane is not included in the set of substances in the
methanol reforming process [23]. However, methane is a key
component of the steam reforming of several fuels, such as natural
gas, glycerol, and ethanol [24e26]. ForWGS reactor, it is modeled as
an equilibrium reactor and only the water gas shift reaction is
occurred in this reactor [27].
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2.2. HT-PEMFC

The HT-PEMFC is a promising PEMFC technology that has been
developed to address the CO poisoning problem. Because the
hydrogen and CO fractions of the reformate gas depend on the raw
materials used for hydrogen production, HT-PEMFC systems
running on different fuels produce different power outputs. In this
study, various fuel options for producing the reformate gas from the
steam reforming process for HT-PEMFC operation are considered
with the aim of finding a suitable fuel and an appropriate fuel
processing method for each fuel for this HT-PEMFC system.

An electrochemical model is used to evaluate the cell perfor-
mance. The relation of voltage and current density for HT-PEMFC is
shown in Eq. (3). The cell voltage (Ecell) is calculated from the
reversible cell potential (Er) and various voltage losses, which are
activation loss at the anode (hact,a), the activation loss at the cathode
(hact,c) and the ohmic loss (hohmic).

Ecell ¼ Er � hact;a � hact;c � hohmic (3)

Detail of the model describing the reversible cell potential and
voltage losses of the HT-PEMFC based on a phosphoric acid doped
polybenzimidazole membrane is summarized in Table 2. The acti-
vation loss at the anode and cathode can be calculated from the
ButlereVolmer equation. Because the reformate gas from the steam
reforming process is used as a fuel, the CO poisoning effect is taken
into account by using iCO0 (the exchange current density of hydrogen
oxidation in the presence of CO) instead of i0 at the anode. The
Ohmic loss, which is caused by the resistance of ions in the elec-
trolyte through the membrane, can be calculated from the current
density, the membrane thickness (lm) and the proton conductivity
(sm), as shown in Table 2.

The concentrations of hydrogen and oxygen at the catalyst
surface are determined using the StefaneMaxwell equation and
Fick’s law, which represent the diffusion model of the reactant in
the gas diffusion layer and film electrolyte, respectively [28]. The
StefaneMaxwell equation (Eq. (4)) is used to describe diffusion of
multi-component gaseous streams and find themole fraction of the
components at the gas diffusion layer/electrolyte film interface
when the mole fraction of the component at the initial boundary of
the gas diffusion layer is calculated from the average value of the
component mole fractions at the inlet and outlet of the flow
channel.
Table 2
Electrochemical model of the HT-PEMFC [28,29].

Reversible cell
potential Er ¼ �

�
DHT
nF �

TDST
nF

�
þ RT

nF ln
�
ðRTÞ1:5CH2ePtC0:5

O2ePt

aH2O

�

Anode activation
loss

hact;a ¼ RT
aFsinh

�1
�

i
2i0ð1�qCOÞ2

	

i0 ¼ iref0;aac;aLc;a
�

CPt
Cref ;a

�g
exp

h
� Ec;a

RT

�
1� T

Tref ;a

�i
qCO ¼ a*ln ½CO�½H2 � þ b*lnðiÞ*ln ½CO�½H2 � þ c

a ¼ �0.00012784 * T2 þ 0.11717499 * T � 26.62908873
b ¼ 0.0001416 * T2 � 0.12813608 * T þ 28.852463626
c ¼ �0.00034886 * T2 þ 0.31596903 * T � 70.11693333

Cathode activation
loss

hact;c ¼ RT
aFsinh

�1
�

i
2i0

�
i0 ¼ iref0;cac;cLc;c

�
CPt
Cref ;c

�g
exp

h
� Ec;c

RT

�
1� T

Tref ;c

�i
Ohmic loss hohmic ¼

�
sm
lm

�
i

sm ¼ A
T exp

�
�B
RðTÞ

�
A ¼ expððka1RH3Þ þ ðka2RH2Þ þ ðka3RHÞ þ ka0Þ
B ¼ ðkb1RH3Þ þ ðkb2RH2Þ þ ðkb3RHÞ þ kb0
dXi

dz
¼ RT

P

XXiNj � XjNi
eff

(4)

Dij

In this work, the catalyst layer is assumed to be an average of the
solid electrode and the electrolyte. Fick’s law is applied to explain a
transport of gaseous reactants from the gas diffusion layer through
an electrolyte film covering the catalyst agglomerates to reach the
catalyst active surface and determine the H2 and O2 concentrations
at the catalyst active surface covered by the thin polymer/acid film
(Eqs. (5) and (6)).

NO2

SPtecathode
¼
�DO2

�
CO2ePt � CO2ðdissolveÞ

�
dcathode

(5)

NH2

SPteanode
¼
�DH2

�
CH2ePt � CH2ðdissolveÞ

�
danode

(6)

The concentrations of H2 and O2 dissolving at the film electro-
lyte layer boundary ðCH2ðdissolveÞ and CO2ðdissolveÞÞ can be calculated
from their solubility values ðCdissolved

i Þ and the mole fractions of H2
and O2 at the GDL/electrolyte film interface ðXH2

and XO2
Þ as

follows:

CH2ðdissolveÞ ¼ Cdissolved
H2

$XH2
$P (7)

CO2ðdissolveÞ ¼ Cdissolved
O2

$XO2
$P (8)

To evaluate the performance of the HT-PEMFC, the power den-
sity (PFC) is given in Eq. (9).

PFC ¼ iEcell (9)

The system efficiency of the PEMFC integrated with the
reforming process is estimated by Eq. (10). The energy required for
the reforming process is partially supplied by the heat recovery
(Qrec) from the anode and cathode exhaust gases as well as from the
high-temperature product gas of the reforming process.

hsys ¼
PFC

mfuel$LHVfuel þ Qref � Qrec
(10)
Fig. 1. Model solution of the integrated reforming process and HT-PEMFC system.



Fig. 2. %CO in the reformate gas from glycerol steam reforming at different operating
conditions.

Fig. 4. %CO in the reformate gas from methane steam reforming at different operating
conditions.
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3. Simulation approach

In this work, the mathematical models describing the fuel
processor and the HT-PEMFC are programmed using Matlab. The
model solution approach to the reforming process and HT-PEMFC
integrated system is shown in Fig. 1. The reformer temperature,
reformer pressure and steam-to-carbon (S/C) ratio are pre-
specified. The molar flow rate and composition of the reformate
gas are calculated from the direct minimization of Gibbs free en-
ergy using the Lagrange multipliers method. The fsolve function in
Matlab is employed to solve a set of non-linear thermodynamic
equations. Subsequently, the product gases are fed to the flow
channel of the HT-PEMFC. All the model parameters in the HT-
PEMFC model can be found in our previous work [29]. The outlet
gas compositions are calculated from the fuel utilization and cur-
rent density. The StefaneMaxwell equation is used to find the mole
fraction of the reactant gases at the gas diffusion layer/film elec-
trolyte interface. In general, gaseous reactants diffuse through the
electrolyte film layer before reaching the catalyst active area, and
Fick’s law is applied to explain this phenomenon. Then, the elec-
trochemical model is applied to calculate the activation loss, ohmic
loss and cell voltage, and the VeI curve of the HT-PEMFC is plotted.
Finally, the system efficiency is calculated by considering the heat
recovery. Heat fromhot reformate gases and the anode and cathode
off gases are recovered and used to preheat and vaporize the
Fig. 3. %CO in the reformate gas from ethanol steam reforming at different operating
conditions.
reformer feeds (i.e., fuel and water). The amount of the recovered
heat is calculated from enthalpy changes.

4. Results and discussion

A comparison of the different fuels, i.e., glycerol, methanol,
ethanol and methane, used for the steam reforming process to
produce hydrogen-rich gas for the HT-PEMFC is investigated in this
work. The integrated steam reforming and HT-PEMFC systems with
and without a water-gas shift reactor are considered. The suitable
operating conditions of the steam reformer are first determined by
considering the quantity of CO in the obtained reformate gas.
Subsequently, the performance of the HT-PEMFCs using different
fuel feedstock is analyzed.

The presence of CO (dry basis) in the reformate gas derived from
the reforming of glycerol, ethanol, methane andmethanol is shown
in Figs. 2e5, respectively. A similar %CO trend is observed for all of
the fuel types; the %CO increases as the temperature increases but
decreases as the steam-to-carbon feed ratio (S/C) increases. This
implies that high S/C and low temperature are the favorable
operating conditions for producing reformate gas for HT-PEMFCs.
Considering the steam reforming of glycerol and ethanol (Figs. 2
and 3), %CO is lower than 10%, the highest CO tolerance value of
the HT-PEMFC [30,31], when the reformer is operated at low
Fig. 5. %CO in the reformate gas frommethanol steam reforming at different operating
conditions.



Fig. 7. %CO in the reformate gas from ethanol steam reforming with a water-gas shift
reactor at different operating conditions.
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temperatures (800e900 K) for all of the studied S/C ratio condi-
tions. However, at the reformer temperature of 1000 K, %CO is
higher than 10% when the reformer is operated at an S/C ratio of
less than 5. Therefore, to keep the %CO in the reformate gas lower
than 10%, the glycerol and ethanol reformers should not be oper-
ated at a temperature of 1000 K and an S/C of less than 5. For the
methane steam reforming (Fig. 4), a considerable CO content is
generated by this process. The operation of the methane reformer
at a temperature of 1000 K is unacceptable for HT-PEMFCs at all S/C
ratios. However, the steam reforming of methanol, which favors
mild conditions, produces an acceptable CO fraction in the refor-
mate gas; the presence of CO in the reformate gas is less than 5% at
all of the studied operational ranges (see Fig. 5).

From the simulation results, it can be concluded that to keep the
CO concentration at an acceptable level, the glycerol and ethanol
reformers can be operated at high temperatures (1000 K) and that
the operating S/C ratio should be higher than 5. However, the
methane reformer should be operated at a temperature lower than
1000 K for all of the studied S/C ratios to avoid the presence of CO in
the reformate gas over the limit. Otherwise, a CO purification unit
must be included in the fuel processor. That being so, methanol is
an attractive fuel for HT-PEMFCs because the reformate gas pro-
duced from the steam reforming of methanol at all studied oper-
ating conditions can be used directly in HT-PEMFC. Moreover, the
optimal conditions that result in a high hydrogen level (high S/C
and temperature) can be applied to control the reformer with no
concern about the amount of CO in the reformate gas. In contrast,
the reformer operations of glycerol, ethanol and methane are
limited by the CO problem. In this work, the reforming conditions
that result in %CO values lower than 10% are used to further
investigate the performance and efficiency of the integrated HT-
PEMFC system. Under such a constraint, although the selection of
the reforming operating conditions for glycerol, ethanol and
methane used to produce hydrogen-rich gas for HT-PEMFCs is not
based on the conditions that produce high hydrogen yield, these
conditions constitute the operational boundary of the steam
reformer for the HT-PEMFC. In general, the performance and effi-
ciency of the HT-PEMFC system do not depend on only the CO
concentration but also rely on the hydrogen fraction and energy
consumption in the system. The operating conditions of the steam
reformer that give the lowest CO fraction may not present the
highest efficiency.

When a water-gas shift reactor is included in the fuel processor
to treat the reformate gas from the steam reformer before it is fed
into the HT-PEMFC (Figs. 6e9), the CO fraction in the reformate gas
Fig. 6. %CO in the reformate gas from glycerol steam reforming with a water-gas shift
reactor at different operating conditions.
of the glycerol and methanol steam reforming is reduced under
2.5% in all of the studied operational ranges. However, the ethanol
and methane reformers integrated with the water-gas shift reactor
produce reformate gas with high CO content when operating at a
temperature of 1000 K and an S/C of one, and thus, these conditions
are not selected for further study of the performance of the HT-
PEMFC system. In addition, based on the steam reforming pro-
cesses with and without the water-gas shift, it can be concluded
that methane steam reforming has the highest possibility of CO
formation, whereas the methanol steam reforming produces the
lowest quantity of CO in the reformate gas. However, the presence
of CO is not the only factor affecting the HT-PEMFC performance
and system efficiency. The content of hydrogen, its purity, and the
energy consumption of the system are also key factors.

Fig. 10 shows the electrical characteristics of the HT-PEMFC
running on the reformate gas from the steam reformer when
different fuels are used. A similar trend of HT-PEMFC performance
is observed when glycerol, ethanol and methane are used as fuels.
At high current densities, the fuel cell performance decreases when
the reformer temperature increases and the S/C ratio decreases. As
mentioned above, the CO formation in the reformer favors high
temperatures and low S/C values. In addition, the CO content has no
effect on the fuel cell performance when operated at low current
density. In the case of methanol reforming, a change in the reformer
operating conditions also does not affect the fuel cell performance
Fig. 8. %CO in the reformate gas from methane steam reforming with a water-gas shift
reactor at different operating conditions.



Fig. 9. %CO in the reformate gas frommethanol steam reforming with a water-gas shift
reactor at different operating conditions.
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at low current density, but has slight effect on the fuel cell at high
current density.

To determine the optimal operating conditions of the steam
reformer, the efficiency of the HT-PEMFC system fed by different
fuels at various operational conditions is considered. Fig. 11 in-
dicates that the HT-PEMFCs integrated with the steam reforming
processes of glycerol, ethanol andmethane shows similar trends. At
low current density, the efficiency of the HT-PEMFC system is
enhanced when the steam reformer is operated at high tempera-
tures and low S/C ratios. In addition to the hydrogen and CO frac-
tions, the system efficiency also depends on the energy
consumption. Because CO has a small effect on cell performance at
low current density, the operation of the reformer at a high S/C
ratio, at which a high level of energy consumption is required to
diminish the formation of CO, would be unnecessary. However, the
system efficiency is reduced at high current density when the
Fig. 10. Polarization curve of the HT-PEMFC fed by the reformate gas from the steam refor
glycerol, ethanol and methane, the black, red and blue lines represent temperatures of 800 K
448.15 K and 473.15 K, respectively). (For interpretation of the references to colour in this
steam reformers are operated at high temperatures and low S/C
ratios. This is because CO significantly affects the HT-PEMFC per-
formancewhen operated at high current density. For the HT-PEMFC
integrated with methanol steam reforming, a change in the
reforming temperature has no effect on the system efficiency
because of low CO content in the reformate gas obtained from the
methanol steam reformer. In addition, increasing the S/C ratio to
prevent the occurrence of CO is unnecessary. The reformer oper-
ated at an S/C ratio of one provides the highest system efficiency. It
can be seen that the amount of CO containing in the reformate gas
from the methanol reformer has an insignificant effect on HT-
PEMFC performance and this result is in agreement with the pre-
vious study on HT-PEMFC run on synthesis gas from the reforming
of methanol [32].

When considering the efficiency and performance of the HT-
PEMFC system with the WGS reactor, the simulation results show
that changing the reformer temperature and S/C ratio exerts an
insignificant impact on the HT-PEMFC performance, even when
different types of fuel are employed. This is because the fraction of
CO at the outlet of the WGR reactor is lower than 3%, and thus, the
CO poisoning effect on the HT-PEMFC system is small. In addition,
the hydrogen content in the reformate gas at the outlet of the WGR
reactor is almost the same. However, the efficiency of the HT-
PEMFC system with a WGS reactor fed by different fuels varies
with the operational conditions of the steam reformer, as shown in
Fig. 12. The energy consumption values under different reforming
conditions are the main reason underlying the variation of the
system efficiency.

The optimal operating conditions of the steam reformer with
the highest system efficiency when the HT-PEMFC is operated at
voltage of 0.65 V are shown in Table 3. It is seen that the methanol
steam reformer can be operated at lower temperatures and S/C
ratio. The hydrogen fraction obtained under such optimal condi-
tions is shown in Fig. 13. The methanol and methane reformers
achieve the highest hydrogen concentrations when the WGS
reactor is not considered in the system, whereas the glycerol
mer (without the WGS reactor) operated at different S/C ratios and temperatures (for
, 900 K and 1000 K, and for methanol, the black and red lines represent temperatures of
figure legend, the reader is referred to the web version of this article.)



Fig. 11. Efficiency of the HT-PEMFC system fed by the reformate gas from the steam reformer (without the WGS reactor) operated at different S/C ratios and temperatures (for
glycerol, ethanol and methane, the black, red and blue lines represent temperatures of 800 K, 900 K and 1000 K, and for methanol, the black and red lines represent temperatures of
448.15 K and 473.15 K, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reformer produces the lowest hydrogen fraction. In addition, the
hydrogen fraction is increased when theWGS reactor is included in
the fuel-processing process and glycerol, ethanol and methane are
used as reactants. However, the hydrogen obtained from the
methanol reformers with and without WGS reactors is the same. In
conclusion, the methane reformer with the WGS reactor provides a
higher hydrogen fraction than the other case studies.
Fig. 12. Efficiency of the HT-PEMFC system fed by the reformate gas from the steam reforme
ethanol and methane, the black, red and blue lines represent temperatures of 800 K, 900 K an
and 473.15 K, respectively). (For interpretation of the references to colour in this figure leg
The efficiency of the HT-PEMFC systemwith and without a WGS
reactor is shown in Fig. 14. For the HT-PEMFC system without the
WGS reactor, the HT-PEMFC system integrated with methanol
steam reforming shows the highest efficiency, followed by
methane, ethanol and glycerol reforming. Although the steam
reforming of methane produces reformate gas with a high CO
fraction, the energy consumption of this process is lower (no heat of
r (with the WGS reactor) operated at different S/C ratios and temperatures (for glycerol,
d 1000 K, and for methanol, the black and red lines represent temperatures of 448.15 K
end, the reader is referred to the web version of this article.)



Table 3
Summary of the optimal conditions of the steam reformer in the PEMFC system.

Fuels HT-PEMFC system
without WGS reactor

HT-PEMFC systemwith
WGS reactor

T (K) S/C T (K) S/C

Glycerol 900 3 1000 1
Ethanol 900 3 1000 2
Methane 900 3 1000 2
Methanol 448.15 1 448.15 1

Fig. 14. Comparison of the HT-PEMFC systems with and without the WGS reactor.
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vaporization is consumed by this process), and the hydrogen frac-
tion is higher than is observed in the reforming of other fuels. In the
case of methanol steam reforming, the HT-PEMFC system without
the WGS reactor shows higher efficiency than the system with the
WGS reactor, and therefore, the WGS reactor is unnecessary for the
methanol steam reforming integrated with the HT-PEMFC system.
However, the performance of the HT-PEMFC system is enhanced
when theWGS reactor is included in the steam reforming processes
of glycerol, ethanol and methane. In addition, the HT-PEMFC sys-
tem, including the steam reformer and the WGS reactor, provides
the highest efficiency when methane is used as a fuel. Regarding all
of the studied cases, the integrated methanol steam reforming and
HT-PEMFC system without the WGS reactor and the integrated
methane steam reforming and HT-PEMFC system with the WGS
reactor exhibit the highest system efficiency values.

5. Conclusions

In this study, the HT-PEMFC system integrated with the steam
reforming of different fuels, i.e., glycerol, ethanol, methane and
methanol, is investigated to analyze effect of CO and hydrogen
fraction in different reformed fuels on cell performance and find
the suitable fuel for this system. The steam reforming of methanol
results in the lowest CO fraction. The reformate gas obtained from
the methanol reformer over the range of studied operating condi-
tions can be fed directly to the HT-PEMFCwithout the need for a CO
purification process; the quantity of CO is below the operational
limit of the HT-PEMFC.When considering the reforming of glycerol,
ethanol and methane, high S/C ratios and low temperature opera-
tion are needed to produce reformate gas with CO contents below
the specified limit. A similar trend is also observed for the HT-
PEMFC system with a water-gas shift (WGS) reactor. Methanol is
the most favorable fuel for the HT-PEMFC system as it results in low
Fig. 13. Mole fraction of hydrogen at the optimal conditions of the reformer with and
without the WGS reactor.
CO formation. The reformer operations of glycerol, ethanol and
methane strongly affect the HT-PEMFC performance, especially at
high current density. The inclusion of the WGS reactor in the
reforming processes of glycerol, ethanol and methane can improve
the efficiency of the HT-PEMFC system, whereas the WGS reactor is
unnecessary for methanol steam reforming integrated with HT-
PEMFC. The integrated methanol steam reforming and HT-PEMFC
system without the WGS reactor and the integrated methane
steam reforming and HT-PEMFC system with the WGS reactor
achieve the highest system efficiency values.
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Nomenclature
Cdissolve equilibrium concentration, mole cm�3

CPt concentration on the catalyst surface, mole cm�3

Cref
Pt reference concentration on the catalyst surface,

mole cm�3

Deff
ij binary diffusion coefficient, m2 s�1

Ecell cell voltage, V
Er reversible cell potential, V
F Faraday constant, 96,485 C mol�1

G Gibb free energy, J mol�1

H enthalpy, J mol�1

Km proton conductivity of LT-PEMFC, S cm�1

Lc catalyst loading, mg cm�2

LHV lower heating value, kJ mol�1

N molar flux, mol s�1 m�2

P pressure, atm
PFC power output of fuel cell, W
Qref heat required for the steam reforming process, J s�1

Qrec heat recovery for the steam reforming process, J s�1

R gas constant (¼8.314), J mol�1 K�1

RH relative humidity
SPt real platinum surface area
T cell temperature, K
X mole fraction
i current density, A m�2

i0 exchange current density, A m�2

lm membrane thickness, m
m molar flow rate, mol s�1
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Greek letters
a transfer coefficient
g reaction order
l water content
qCO CO coverage
qH H2 coverage
sm proton conductivity, S cm�1

hohmic ohmic loss, V
hact activation loss, V
hsys system efficiency
Subscripts and superscripts
a anode
c cathode
m membrane
i,j components “i” and “j”
in inlet stream
out outlet stream
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