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ABSTRACT 

This paper presents: (1) the electricity and hydrogen co-
production concept, (2) a thermodynamic analysis methodology 
for studying solid oxide and molten carbonate fuel cell 
hydrogen co-production, and (3) simulation results that address 
the impact of reformer placement in the cycle on system 
performance. The methodology is based on detailed 
thermodynamic and electrochemical principles that apply to 
each of the system components and the integrated cycles.  Eight 
different cycle configurations that use fuel cell heat to drive 
hydrogen production in a reformer are proposed, analyzed, and 
compared.  The specific cycle configurations include SOFC and 
MCFC cycles using both external and internal reforming 
options. The fuel cell plant performance has been evaluated on 
the basis of methane utilization efficiency and each component 
of the plant has been evaluated on the basis of second law 
efficiency.  The analyses show that in all cases the exergy 
losses (irreversibilities) in the combustion chamber are the most 
significant losses in the cycle.  Furthermore, for the same 
power output, the internal reformation option has the higher 
electrical efficiency and produces more hydrogen per unit of 
fuel supplied, in the case of using a SOFC. 

 

Keywords: Solid oxide fuel cell, molten carbonate fuel cell, 
steam reforming, hydrogen production, thermodynamic 
analysis. 

 
INTRODUCTION 

Interest in the hydrogen economy and in fuel cells has 
increased dramatically in recent years. The main reason is that a 
hydrogen economy may be an answer to the two major 
challenges facing the future global economy: climate change 
and the security of energy supplies. Both these challenges call 
for development of new, highly efficient technologies that are 
either carbon neutral or low emitting technologies. High-
temperature fuel cells, such as molten carbonate (MCFC) and 
solid oxide fuel cells (SOFC), are promising for the conversion 
of a fuel chemical energy into electricity, attaining significantly 
 

nloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 02/18/2016 Te
higher efficiencies compared to similarly sized energy 
conversion devices, such as gas turbines and internal 
combustion engines.  Furthermore, these kinds of fuel cells 
produce high-temperature waste heat that can be used for 
cogeneration, which in this particular case is used to produce 
hydrogen for other uses. 

The main processes for hydrogen production are presented 
in several literature sources [1 – 4]. Hydrogen production types 
include hydrocarbon-based processes (e.g., steam reforming, 
partial oxidation, gasification, catalytic decomposition), non-
hydrocarbon-based processes (e.g., electrolytic, thermo-
chemical, photochemical, photo-electrochemical) and 
integrated processes that may use renewable, nuclear, or other 
energy inputs. Steam-methane reforming is an important and 
common industrial processes for hydrogen production.  Steam 
reformation produces a hydrogen-rich gas that is typically on 
the order of 70-75% hydrogen on a dry basis, along with 
smaller amounts of methane (2-6%), carbon monoxide (7-
10%), and carbon dioxide (6-14%) [5]. Typical hydrogen 
production plants purify the hydrogen rich stream after steam 
reformation through a pressure swing absorption (PSA) or other 
purifying device. 

The hydrogen economy, and in particular the use of 
hydrogen as an energy carrier for transportation applications, 
will depend upon local consumer access to inexpensive and 
environmentally sensitive pure hydrogen product delivery.  
Since hydrogen is challenging to store with high energy 
density, transport, distribution and dispensing of hydrogen 
typically involves a significant energy and environmental 
impact.  In addition, the infrastructure required for transport, 
distribution and dispensing is likely to be expensive and require 
several decades to introduce.  Thus, attention must be paid to 
developing a means of providing hydrogen to consumers in an 
environmentally sensitive manner. 

One environmentally sensitive means of addressing both 
local generation of power and the production and distribution of 
hydrogen is to co-produce hydrogen and electricity using a high 
temperature stationary fuel cell system.  Internal reforming high 
1 Copyright © 2005 by ASME 
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Do
temperature fuel cells, such as solid oxide fuel cells and molten 
carbonate fuel cells, are developed technologies with a few 
commercial products available.  These systems do not require 
hydrogen; they are instead directly fuelled by natural gas or 
renewable fuel such as landfill or digester gas.  The natural gas 
is reformed either indirectly or directly in the anode 
compartment to produce hydrogen.  Direct reformation results 
in both promoting hydrogen production and providing needed 
cooling to the fuel cell stack.  Indirect reformation occurs in a 
separate but thermally integrated reactor. Significantly, these 
fuel cell systems do not electrochemically consume all the fuel 
that is supplied (a fundamental limitation) and they produce 
enough heat to reform much more than the amount of hydrogen 
they consume. 

In the present work we present this novel concept and 
develop a set of integrated SOFC and MCFC cycle 
configurations to study the impact of reformer placement in the 
cycle on system performance. A comparison between eight 
specific cycle configurations is presented in terms of both the 
First Law and Second Law of Thermodynamics analyses. The 
fuel cell heat is used to drive hydrogen production in an 
endothermic reformer using both external and internal 
reforming strategies.  

We hypothesize that the local co-production of hydrogen 
and electricity will produce advantages compared to traditional 
hydrogen production strategies (e.g., steam reformation) in 
three ways: (1) production will be at the point of use averting 
emissions and energy impacts of hydrogen transport, (2) the use 
of fuel cell waste heat and steam as the primary inputs for the 
endothermic reforming process will use less fuel, and (3) a 
synergistic impact of lower fuel utilization on fuel cell voltage 
that can be exploited to increase fuel cell electrical efficiency.  
One potential disadvantage of this concept is incompatibility 
with future CO2 sequestration options that are likely to be 
available only in certain locations. 

NOMENCLATURE 

alk 
Number of atoms of element l in species k in the 
products [kmol] 

0
lb  Number of atoms of element l in the reactants [kmol] 

Cp Specific heat at constant pressure [kJ/kmol K] 
E0 Ideal standard potential [V] 
Eact Activation energy [J mol-1] 
EF Thermal energy of the fuel [kW] 
ExCH Chemical exergy [kW] 
ExP Exergy supplied by the recovered heat [kW] 
ExS Exergy supplied by the fuel [kW] 
ExTM Thermomechanical exergy [kW] 
ExTOT Total exergy [kW] 
F Faraday’s constant [96,487 kC/kmol] 
g Molar Gibbs free energy [kJ/kmol] 
∆HR Net enthalpy change in the reaction [kJ] 
h Enthalpy [kJ/kmol] 

fh k  
Formation enthalpy per mole of species k at standard 
temperature and pressure [kJ/kmol] 

j Current density [A/m2] 
j0 Exchange current density [A/m2] 
jL Limiting current density [A/m2] 
N Molar flow [kmol/s] 
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ne 
Number of electrons participating in the reaction    
[mol e-/mol] 

P Total pressure [MPa] 
pk Partial pressure of the element k [MPa] 
Qcv Heat in a control volume [kW] 
QP Recovered heat [kW] 
Rint Internal resistance [Ω] 
Rohm Ohmic resistance [Ω] 
Ru Universal gas constant [8.314 kJ/kmol K] 
S Steam-to-carbon ration [-] 
s Entropy [kJ/kmol K] 
Scv Entropy production in a control volume [kW/K] 
T Temperature [K] 
V Cell voltage [V] 
Wcv Work in a control volume [kW] 
x Coefficient that defines the carbon content of a fuel  
y Coefficient that defines the hydrogen content of a fuel 
Subscripts and Superscrits: 

0 At standard temperature and pressure 
f Formation 
g Gas 
k Species  
l Liquid 
l Species 
P Products 
R Reaction or Reactants 

Greek letters: 
α Transfer coefficient  
δ Equivalent thickness of diffusion layer [m] 
ηact Activation polarization [V] 
ηconc Concentration polarization [V] 
ηan Impedance for anode overpotential [Ω] 
ηcat Impedance for cathode overpotential [Ω] 
εel Electrical efficiency 
εF Fuel efficiency or First Law efficiency 
εII Second Law efficiency 
µk Molar chemical potential of species k [kJ/kmol] 
λl Lagrange multiplier 
ηohm Ohmic polarization [V] 
εQ Thermal efficiency 

HIGH-TEMPERATURE FUEL CELLS 

Molten Carbonate Fuel Cell 
Among the various fuel cell types the molten carbonate 

fuel cell (MCFC) is emerging to become one of the principal, 
commercially available stationary power fuel cell system types.  
MCFC technology is well suited for stationary generation of 
electrical energy together with the production of relatively high 
quality heat fueled by natural gas.  MCFC technology is thus 
suitable for many industrial applications as well as for 
distributed power supply. Molten carbonate fuel cells normally 
operate at a pressure between 1 and 10 bar and at a temperature 
of approximately 650°C.  This operating temperature is needed 
to achieve sufficient conductivity in the carbonate electrolyte 
and is also advantageous for the system in several ways.  First, 
high quality waste heat can be produced.  Second, fuel 
flexibility is promoted through high temperature operation and 
an oxidizing ion to allow oxidation of carbon monoxide and 
light hydrocarbons in the anode compartment.  Third, the high 
2 Copyright © 2005 by ASME 
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temperature enables the use of lower cost metal cell 
components, since, for example, noble metal catalysts are not 
required to promote the electrochemical oxidation and 
reduction processes. 

The carbonate fuel cell consists of two porous electrodes 
separated by a molten carbonate electrolyte (mixture of lithium 
and potassium salts), which serves to conduct carbonate ions 
from the cathode (the oxidant reducing electrode) to the anode 
(the fuel oxidizing electrode). The fuel cell operation is 
comprised of a complex combination of physical, chemical and 
electrochemical processes that work together to produce an 
external flow of electrons (the desired electrical work) by 
electrochemical oxidation of the fuel. The anodic, and cathodic 
half reactions are, respectively [6]: 

−− ++↔+ e2COOHCOH 22
2
32  (1) 

−− ↔++ 2
322 CO2COO5.0 e  (2) 

Solid Oxide Fuel Cell 
SOFC technology is promising for use in power generation 

applications, attaining significantly higher efficiencies 
compared to similarly sized energy conversion devices, such as 
gas turbines and internal combustion engines, when operated on 
natural gas. Furthermore, SOFC systems also produce high-
temperature waste heat that can be used for cogeneration. 

Independent of the fuel used in a SOFC system with an 
oxygen-ion-conducting electrolyte (the most common today), 
its operating principle relies on the continuous supply of fuel, 
containing H2, CO, and CH4 or other hydrocarbons, to the 
anode compartment while the cathode is supplied with air. The 
cathode half reaction for an SOFC is [7]: 

−− →+ 2
2 O2O5.0 e  (3) 

The oxide ion is transported from cathode to anode through 
the yttria-stabilized zirconia electrolyte. At the anode, the oxide 
ions are consumed by the electrochemical oxidation of 
hydrogen to form steam releasing electrons to the external 
circuit [7]: 

−− +→+ e2OHOH 2
2

2  (4) 
Like MCFC technology, high operating temperature leads 

to various advantages for SOFC operation on various fuel 
types, high quality waste heat, and no need for expensive 
electro-catalysts.  This is especially true for an SOFC system 
that uses an appropriate external fuel processing technique, 
such as steam reforming, to produce a gas mixture that is rich in 
hydrogen. The electrochemically active species in SOFCs are 
H2, CO, and hydrocarbons such as CH4, but it is common in 
system-analysis practice to assume that only H2 contributes to 
power generation while CH4 is consumed through in-situ steam 
reforming, providing additional amounts of H2 and CO and, CO 
is consumed through in situ water-gas-shift reactions, providing 
additional amounts of H2 [8].  This assumption is reasonable 
due to both the hydrogen contribution that CO and the 
hydrocarbons make to the anode compartment, as well as the 
fact that hydrogen has substantially faster electrochemical 
kinetics compared to CO or hydrocarbons. 
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THERMODYNAMIC ANALYSES METHODS 

Steam Reforming 
A very common method of hydrogen production is the 

steam reforming process. Methane steam reforming consists of 
the reaction of methane and steam over a supported nickel 
catalyst at around 700ºC - 800°C to produce a mixture of H2, 
CO, CO2 and CH4.  

First, a global reaction mechanism is required to analyze 
the thermodynamics of steam reforming of a hydrocarbon fuel 
at a basic level [9]: 

( ) OH2-H)5.02(COOHHC 2222 xSyxxSxyx +++↔+  (5)

The term “global reaction” recognizes that the above 
reaction is actually the net result of a series of elementary 
reactions, some of which include catalytic interactions with 
surfaces. These are of no consequence to the overall 
thermodynamic analyses, but they are important to understand 
for reactor design and efficient operation and control of 
reformer systems.  The overall balance of Eq. (5) conserves 
elements with two assumptions: there is sufficient steam to 
react with the fuel (S ≥ 2), and the reaction goes to completion. 
Using Eq. (5), the formation enthalpies of the species can be 
added to determine the net enthalpy change as follows [9]: 

( ) ��
�

��
� +−−+=∆ f

OH
f

HC
f

OH
f
COR )l(2)g(22

hhh2hH SxxSx
yx

 (6) 

Table 1 shows the net enthalpy change using a steam-to-
carbon ratio equal to 2 and 3 for some hydrocarbon fuels. 

 
TABLE 1. Net enthalpy change for some hydrocarbon fuels. 

Comp. x y hf
fuel 

[kJ/kmol] S ∆∆∆∆HR * 
[kJ/kmol] S ∆∆∆∆HR * 

[kJ/kmol] 
CH4 1 4 -74,870 2 253,020 3 297,024 
C2H6 2 6 -83,800 2 440,100 3 528,108 
C3H8 3 8 -104,700 2 639,150 3 771,162 
C4H10 4 10 -125,600 2 838,200 3 1,014,216 
C5H12 5 12 -146,800 2 1,037,550 3 1,257,570 
C6H14 6 14 -167,200 2 1,236,100 3 1,500,124 
C7H16 7 16 -224,400 2 1,471,450 3 1,779,478 

* The positive value means the process is endothermic. 

Chemical Equilibrium Analysis 
There are two common methods used to express chemical 

equilibrium.  One method is based on the use of equilibrium 
constants, while the other is based on minimization of the free 
energy. One of the disadvantages of using equilibrium 
constants is that it is more difficult to test for the presence of 
condensed species in the reaction products.  However, it is 
anticipated that solid carbon may be produced during the fuel 
reforming process, which can deactivate the catalytic reactions.  
Therefore, a method based on minimization of free energy is 
normally used in fuel reforming analysis. 

Summarizing, for a given temperature and pressure, the 
equations for species conservation, atoms conservation, and 
condensed species are, respectively [10]: 

�
=

=
m

k
kNN

1
     k = 1, …, m (7) 
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l

m

k
klkl bNab == �

=1

0      l = 1, …, l (8) 

0
TRTR 1 uu

0

=��
	



��
�

 λ
+

µ
�
=

t

l
lk

lk a      k = m + 1, …, n (9) 

 

Equations (7) to (9) form a set of n + l equations that can 
be simultaneously solved for the unknowns Nk, λl and N. The 
thermodynamic function is then solved by the Newton-Raphson 
method for the unknowns. Figure 1 shows an example for the 
solution of the chemical equilibrium equations for methane as a 
function of temperature.  As can be seen in Fig. 1, the best 
temperature to run a reformer is between 700ºC and 800ºC, a 
temperature condition for which production of hydrogen is 
maximized. 

 

 
Figure 1. Results of production of hydrogen from methane as a 

function of temperature and steam-to-carbon ratio                  
(solid line (S = 3) and dashed line (S = 2). 

High-temperature fuel cells 
Applying the steady flow energy equation and assuming 

negligible change of kinetic and potential energy, the First Law 
of Thermodynamics for a fuel cell system can be written as   
[11 – 14]: 

( ) ( ) 0hNhN PRcvcv =−+− ��
k

kk
k

kkWQ  (10) 

The molar enthalpy of each component (hk) at a 
temperature T in a mixture of gases is calculated as [15]: 
 

wnloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 02/18/2016 Te
       

�+=
T

K298

f dTCphh kkk  (11) 

Cpk is the temperature-dependent specific heat capacity of 
component k. The entropy balance for the fuel cell system is 
given by [11, 12]: 

( ) ( ) 0sNsN
T cvPR
cv =+−− �� S

k
kk

k
kk

Q
 (12) 

The entropy terms are correspondingly defined as [15]: 

��
	



��
�

−+= � 0u

T

K298

0

P
lnRdT

T
Cp

ss kk
kk

p
 (13) 

The Nernst equation for a MCFC and SOFC is given by [8, 
9, 11 – 14]: 
 

MCFC: 
�
�

�

�

�
�

�

�
+=

anode,CO

cathode,CO

OH

5.0
OHu

0
2

2

2

22 .ln
F
TR

EE
p

p

p

pp

ne
 (14) 

SOFC 
�
�
�

�

�

�
�
�

�

�
−=

5.0
OH

OHu
0

22

2
P

ln
F
TR

EE
pp

p

ne
 (15) 

Voltage (V) can be calculated as [11 - 14]: 
ohmconcactEV η−η−η−=  (16) 

�
�

�
�
�

�

α
=η

0

u
act ln

F
TR

j
j

ne
 (17) 

�
�

�
�
�

�
−=η

L

u
conc 1ln

F
TR

j
j

ne
 (18) 

intOhm Rj=η  (19) 

Equations (17) to (19) are used to calculate the polarization 
losses in a fuel cell.  They employ the Butler-Volmer equation 
to derive the equations for activation and concentration 
polarizations and Ohm’s law for Ohmic polarization. 

The total exergy of a flow consisting of many components 
(neglecting magnetic, electric and nuclear effects) is given by 
[19]: 

CHTMTOT ExExEx +=  (20) 
The thermo-mechanical (ExTM) and chemical exergy 

(ExCH) can be written as, respectively [19]: 

��
==

−−−=
n

k
kk

n

k
kkk

1

0
k0

1

0
TM )ss(NT)hh(NEx  (21) 

��
==

+=
n

k
kk

n

k
kk m

1
0u

1

0
,chCH xlnxTRExxEx  (22) 

 

Exergy analysis requires that the environment in which the 
system operates be well-defined.  The temperature and pressure 
of the environment were set equal to the reference temperature 
and pressure (298K, 0.101 MPa) for all analyses in the current 
work.  The atmosphere was modeled as an ideal-gas mixture 
with the composition shown in Table 2 [20]. 

 

Table 2 - Mole fractions and chemical exergy of the reference 
components in atmospheric air [20]. 
4 Copyright © 2005 by ASME 
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Component Mole fraction Chemical exergy (kJ/kmol) 
N2 0.7567 691.1 
O2 0.2035 3,946.7 

H2O 0.0303 8,667.9 
CO2 0.0003 20,108.5 
Ar 0.0092 11,622.3 

 

The fuel utilization efficiency is the ratio of all the useful 
energy extracted from the system (electrical and process heat) 
to the energy of the fuel input.  Thus [19]: 

 

F

Pel
elF E

QW
Q

+
=ε+ε=ε  (23) 

 

The second law efficiency is defined in the current 
analyses as the ratio of the amount of exergy in the products to 
the amount of exergy supplied in the reactants.  This parameter 
is a more accurate measure of the thermodynamic performance 
of the system.  Thus [19]: 

 

S

Pel
II Ex

Ex+
=ε

W
 (24) 

CYCLE CONFIGURATIONS 
Solid oxide and molten carbonate fuel cell systems can be 

configured in many ways.  Cycle configurations that include 
the potential for hydrogen co-production can be even more 
varied and complex.  In the current paper we present several 
possible generic (and simple) cycle configurations that are 
considered for their potential electricity and hydrogen co-
production capabilities. Then detailed thermodynamic and 
electrochemical analyses are accomplished on these eight 
specific cycle configurations, which use the high temperature 
fuel cell heat to drive hydrogen production in a reformer. Cycle 
configurations that consider both external and internal 
reforming options have been developed as shown in Figures 2, 
3 and 4.  Figure 2 shows the MCFC options: (a) the external 
reformer cycle configuration (config. 1), and (b) the internal 
reforming case (config. 2).  Figures 3 and 4 show the SOFC 
options. Figure 3 shows the external reformer cycle 
configurations with the hydrogen production reformer placed in 
different positions in the cycle for each of the configurations 3-
6.  Figure 4 presents: (a) a different configuration for external 
reforming (with combustion chamber after the air pre-heater), 
and (b) the internal reforming case.  These generic cycle 
configurations were developed to examine the general impacts 
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of system design on the thermodynamic performance of high-
temperature fuel cell cycles for hydrogen and electricity co-
production.  Each of the cycles contains pre-heaters for 
methane fuel preheat, air preheat, and water boiling and 
preheat.  Each configuration also contains a reformer and a 
combustor.  In all of the cases, the thermodynamic analyses use 
the equations presented above, which are comprised primarily 
of overall energy and exergy analyses. 
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Figure 2. MCFC configurations: (a) External reforming (case 
1), and (b) Internal reforming option (case 2).  
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Figure 3. SOFC configurations 3 to 6: placement of a reformer in different locations (these configurations consist of the placement of 

a reformer: (3) after the air preheater, (4) after the water preheater, (5) after the methane preheater, and (6) after the combustion 
chamber). 
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Figure 4. SOFC configurations 7 and 8: (a) External reforming with combustion chamber after the air preheater (7) and (b) Internal 
reforming option (8). 
 

RESULTS AND DISCUSSION 
The following considerations and assumptions are made 

for the analyses presented herein: 
• Fuel cell electrical power output is 1,000 kW. 
• Solid oxide fuel cell operating temperature is 1000ºC [8]. 
• Molten carbonate fuel cell operating temperature is 650ºC 

[22]. 
• Pre-heaters are 90% efficient and heat exchanger is 85% 

efficient [23]. 
• Fuel utilization in the anode compartment and oxidant 

utilization in the cathode compartment are fixed at 75% 
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and 25%, respectively, in the molten carbonate fuel cell 
unit [22]. 

• Fuel utilization in the anode compartment and oxidant 
utilization in the cathode compartment are set at 85% and 
25%, respectively, in the solid oxide fuel cell unit [24]. 

• All gas stream pressures are atmospheric [25]. 
 

Figure 5 shows the results of the overall energy analysis 
for all eight cycle configurations and Fig. 6 shows the results of 
overall exergy analyses for each of the eight configurations for 
a fixed steam-to-carbon ratio of 2. 
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Figure 5. Results of energy performance analysis. 
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Figure 6. Results of exergy performance analyses (lines for efficiency, bars for irreversibilities). 
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Figure 5 shows that the overall thermodynamic efficiency 
of these types of integrated hydrogen and electricity producing 
cycles is very high.  For all configurations (except #5) overall 
efficiencies are greater than 59%.  Note that this efficiency is a 
“mixed” efficiency that includes electrical work and chemical 
energy of the hydrogen produced in the numerator.  For clarity, 
the contributions of electricity and hydrogen energy (thermal) 
are each presented for all of the cases. 

When comparing the energy analyses amongst cycle 
configurations, Figure 5 indicates that for the same amount of 
power produced by the fuel cell, configuration 8 (internal 
reforming SOFC) shows the highest potential for production of 
hydrogen (about 3.2 g/s for S = 2 and 3.3 g/s for S = 3) as well 
as the highest overall efficiency.  Also, configuration 8 
achieves a remarkable overall efficiency of nearly 80% for the 
steam-to-carbon ratio of 3.  One of the reasons for this high 
efficiency is the synergy associated with internal reformation 
that is reflected in the higher electrical efficiencies for 
configuration 8.  These higher electrical efficiencies are due to 
the higher exit hydrogen concentration in the fuel cell for 
configuration 8 leading to higher voltage potential. 

Figure 5 shows that configuration 7 (combustion chamber 
after the air pre-heater) is the worst cycle configuration with the 
highest thermal losses on an energy basis.  However, 
configuration 7 may be the most flexible configuration with 
regard to hydrogen production capacity (not studied in the 
current work).  Configurations 4, 5, and 6 perform similarly 
with regard to hydrogen production and efficiency, but 
configuration 3 is slightly less efficient with lower hydrogen 
production capability.  Also, It can be observed in Fig. 5 that 
the highest hydrogen production for a MCFC occurs with the 
configuration with uses a reformer separated from the fuel cell 
(external reforming) while for a SOFC the internal reforming 
option provided the best results. 

Figure 6 presents the exergy analyses for all of the 
configurations, indicating the components that contribute most 
significantly to losses within each configuration.  Components 
with high irreversibilities or low second law efficiency and the 
manner in which they are implemented in the cycle are those 
that designers should focus upon to improve system 
performance. 

The exergy results of Fig. 6 show that the major 
destruction of exergy (irreversibility) was in the combustion 
chamber (CC) for all configurations.  In all cases the 
combustion chamber is associated with the maximum 
temperature of the products in the integrated fuel cell system.  
Since the irreversibility in the combustion chamber is much 
larger than the other component irreversibilities the values for 
combustion chamber irreversibility are provided at the top of 
Fig. 6 for each configuration (versus plotting the irreversibility 
as a bar of much greater magnitude than all the others). 

Several interesting results emerge from the second law 
analyses presented in Fig. 6.  The variations in second law 
performance amongst the cycle configurations are primarily 
associated with the combustor, fuel preheater, and reformer 
components. 

The combustor irreversibility of the internal reforming 
configurations (#2 and #8) is lower than those with external 
reforming. In the configurations 2 and 8, the product hydrogen 
is removed before the combustor.  Hydrogen contributes to two 
moles of water for every mole of oxygen converted in the 
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combustor compared to one mole for every mole of carbon 
converted to CO2.  Thus removal of hydrogen from the inlet 
stream of the combustor leads to a lower number of moles in 
the product stream and the lowest combustor exit exergy 
compared to cases with hydrogen in the inlet gases.  However, 
inlet exergy for the internal reforming case (configurations 2 
and 8) is substantially lower than those of the other cases 
leading to lower second law efficiency for the combustor in 
these configurations. 

The second law efficiency for the combustor of the two 
MCFC configurations is similar. However, among the SOFC 
configurations, configuration 7 has irreversibility in the 
combustion chamber that is similar to configurations 3-6.  The 
second law efficiency of the combustion chamber of 
configuration 7 is the lowest of all configurations due to the 
large temperature rise in this component placed after all of the 
pre-heaters.  All other cases have similar second law efficiency 
and irreversibilities in the combustor. 

In the external reforming MCFC cases, the fuel/water 
preheater heats up water and methane (using more fuel), which 
causes the values for irreversibilities to be higher than those for 
the internal reformation case.  Also, the second law efficiency 
for the water preheater in the external reforming case is lower 
than in the internal reforming case (25% versus 48%). 

For configuration 7, the fuel preheater irreversibility is 
higher and the second law efficiency is lower than that of all of 
the other configurations.  This is due to the high hydrogen 
content of the stream entering this pre-heater for this case, since 
the chemical exergy of hydrogen is high compared to the water 
that is present in this stream for the other configurations. 

Configuration 7, which shows the worst energy and 
hydrogen production performance, has better exergy 
performance in the reformer component than all the other cycle 
configurations because the combustor is placed immediately 
before the reformer leading to a better reformer operating 
temperature.  Configuration 8 has the second highest reformer 
second law efficiency, which is also due to a better reformer 
operating temperature.  The reformer of configuration 8 
operates at the 1000oC temperature of the SOFC, which results 
in good conversion of fuel to hydrogen as indicated in Figure 5.  
The reformer performance of configuration 8 also benefits from 
concurrent electrochemical and chemical reactions in the anode 
compartment. 

The second law efficiency (and exergy losses) in the fuel 
cell component is very similar in each of the cycle 
configurations.  The difference in second law efficiency for the 
fuel cell configurations is slight, varying from 30% to 35%.  
The fuel cell irreversibility of configuration 1 is about 15% 
higher than configurations 2 through 7 primarily due to higher 
fuel throughput for the same power output.  The fuel cell 
irreversibility difference between configurations 1 and 8 is only 
3%. 

The overall second law efficiency of configuration 3 is 
highest and configuration 1 is lowest among all the 
configurations considered.  The second law efficiency of 
configuration 3 is high due to cumulative better exergy 
performance of the components as integrated in configuration 
3.  This is primarily manifested in lower irreversibilities in the 
fuel cell (compared to configuration 1 and 8), and the reformer 
(compared to all other configurations except configurations 1 
and 7).  
8 Copyright © 2005 by ASME 
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Among the SOFC configurations, configuration 8, which 
shows the best energy performance and hydrogen production 
capacity, exhibits the worst exergy performance due to a higher 
inlet exergy requirement.  That is, more fuel is required to 
achieve the higher hydrogen production of configuration 8.  
However, what this result indicates is that there is the potential 
for significant performance improvements for the internal 
reforming option of configuration 8.  These potential 
improvements will be addressed in future studies. 

To directly compare the proposed concept to stand-alone 
steam reformation one final set of calculations was performed.  
Strict hydrogen production thermal efficiency was calculated 
on the basis of hydrogen energy out divided by the fraction of 
methane fuel input that was used to produce the hydrogen.  
That is, the quantity of fuel that directly produces electricity (in 
the fuel cell) was subtracted out of the denominator.  The 
resulting strict hydrogen production efficiency of 
configurations 1 through 8, for steam-to-carbon ratio of 2.0, 
were 81.6%, 89.6%, 85.6%, 84.2%, 84.3%, 83.7%, 60.8%, and 
85.6%, respectively.  These thermal efficiency values, except 
for the configuration 7 value of 60.8%, are clearly superior to 
typical small-scale steam reformation [2] and even compete 
with large-scale steam methane reformation efficiencies 
reported in the range of 75 to 80% [2]. 

Further research is justified using the insight gained 
through the present investigation.  This research should focus 
on those sub-processes having large exergy losses and should 
include, for example, process integration, design and 
optimization, temperature profile changes, etc. 

SUMMARY AND CONCLUSIONS 
The high efficiency and lower pollutant emission features 

of fuel cells compared to other technologies make them an 
attractive technology for energy generation. 

This paper presents a novel method for the local co-
production of hydrogen and electricity from high temperature 
fuel cells.  Several generic cycle configurations are presented.  
In addition, a methodology for analyzing this concept is 
presented that includes thermodynamic and electrochemical 
analyses. 

The energy analyses of various solid oxide and molten 
carbonate fuel cell cycles show that both fuel cell types are 
capable of co-producing hydrogen and electricity.  The analyses 
further show that configurations in which the fuel is reformed 
inside of the fuel cell have the best energy efficiency and co-
production of hydrogen capacity.  Overall, the solid oxide fuel 
cell configuration with complete internal reformation had the 
highest energy efficiency and hydrogen production capacity. 
However, the exergy analysis of this same configuration shows 
that much effort should be invested to further improve this 
generic cycle configuration.   

The electrical efficiency (ratio of the electric energy 
produced to the fuel thermal energy) of the systems was in the 
range of 41 to 49%, with the highest value for the internal 
reforming molten carbonate fuel cell.  The overall energy 
efficiency (ratio of the electric energy plus hydrogen energy 
produced to the fuel thermal energy) ranges from 45% to 80%.  
The lowest overall energy efficiency was for a case that 
combusted fuel in the exhaust of the solid oxide fuel cell 
system for hydrogen production in an external reformer.  The 
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highest overall efficiency was for the internal reforming solid 
oxide configuration. 

The hydrogen co-production concept presented in this 
paper is clearly worthy of further investigation, development, 
and demonstration. Thermodynamic analyses suggest a clear 
advantage of net fuel savings compared to separate generation 
of electricity and hydrogen, which is only augmented by the 
avoidance of transport energy and emissions benefits.   

Fuel cell technology is advancing with several commercial 
products emerging into the market that may become amenable 
to testing the hydrogen co-production concept.  But significant 
challenges remain, including the need for more robust high 
temperature fuel cells that can internally reform methane-based 
fuels, integration with small-scale hydrogen separation, 
compression and storage technology, and cost reduction. 
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