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Abstract. The emerging of a new economy based on hydrogen will basically change our social, politics and economic institutions in 
the same way that the coal and vapor engine did in the beginning of the Industrial Age.  Hydrogen is mainly produced by steam 
reforming, partial oxidation, coal gasification and electrolysis.  An interesting option for Brazil is the production of hydrogen from 
ethanol of sugarcane with consolidated logistic of distribution and supplying infraestructure.  Etanol (C2H5OH) has greater 
volumetric energy density if compared with hydrogen and advantages compared to methanol.  Methanol has a favorable H:C ratio 
of 4 and can be transported and reformed more easily than natural gas.  However, its main drawback is its high toxicity.  Ethanol is 
more promising since it is less toxic and can be more easily stored and safely handled. Most importantly, it can be produced in large 
amounts from biomass hence is a renewable resource, as against methanol and gasoline.  However, its main drawback is its bond 
C-C.  The breakage of such bond can form several unwanted by-products and catalyst coking.  This paper presents a methodology 
for the study of hydrogen production from ethanol reforming.  The methodology is based on detailed thermodynamic and 
electrochemical analyses of the system. The plant performance has been evaluated on the basis of fuel utilization efficiency and each 
component of the plant has been evaluated on the basis of Second Law efficiency. 
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1. Introduction 
 

In recent years, hydrogen has been playing an important role as an energy source which could contribute to both the 
reduction of atmospheric pollution and greenhouse gas emissions, and the reduction of global dependency on fossil 
fuels.  Hydrogen generation is expected to be accomplished on-site by gaseous or liquid fuels reformation until all 
technical problems related to its storage and transportation are solved. 

The steam reforming of alcohols for hydrogen production involves a complex multiple reaction system, the purity 
of a hydrogen product being affected by many undesirable side reactions.  Therefore, the yield of hydrogen depends in a 
complex manner on the process variables such as pressure, temperature, reactants ratio, etc.  In order to maximize the 
yield of hydrogen, it is necessary to know the effect of these variables on the product composition.  Usually, the first 
step in such investigations is to perform a thermodynamic analysis of the process (Fishtik et al., 2000). 

Among liquid fuels, ethanol is a very interesting option for Brazil because of its available annual quantities and 
potential of production growing.  Ethanol presents several advantages related to natural availability, storage and 
handling safety, ethanol can be produced renewably from several biomass sources, including energy plants, waste 
materials from agro industries or forestry residue materials, organic fraction of municipal solid waste, etc. Besides the 
ethanol-to-hydrogen system has the significant advantage of being nearly CO2 neutral, since the produced carbon 
dioxide is consumed for biomass growth, thus offering a nearly closed carbon loop.  Furthermore, the energy benefits of 
hydrate ethanol storage are about 11.5 times related to hydrogen storage at 20 MPa (Vaidya and Rodrigues, 2006). 
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Recently, the thermodynamic analysis of the steam reforming of ethanol has been examined by some investigators.  
Fishtik et al. (2000) found that for temperatures at or above 700–800K and for high water/ethanol ratios the desired 
reaction of ethanol steam reforming is predominant and the amount of undesired products is minimized.  Ioannides 
(2001) concluded that an H2O/EtOH molar ratio higher than stoichiometry results in reduced efficiency in hydrogen 
production, because of increased enthalpy needs for water evaporation.  Mas et al. (2006) suggested that high 
temperatures and high water-to-ethanol ratios favor hydrogen production and low temperatures and high water-to-
ethanol ratios are suitable to minimize CO formation.  At a water-to-ethanol molar ratio of 3, temperatures higher than 
500K are required to avoid coke formation.  Vasudeva et al. (1996) and Garcia and Laborde (1991) have shown that an 
increase in temperature leads to an increase in the H2 and CO concentration and decrease in CH4 concentration at 
equilibrium.  The thermodynamics of ethanol reforming have been also examined by other investigators (Freni et al., 
1996, Cavallaro and Freni, 1996, Maggio et al., 1998) in relation to applications in molten carbonate fuel cells. It has 
been found that the only gaseous products at equilibrium are hydrogen, carbon monoxide, carbon dioxide and methane. 
Formation of elemental carbon is predicted only at low H2O/EtOH ratios and temperatures lower than 900 K. 
 

2. Technical aspects 
 

The use of ethanol for the production of hydrogen shows some problems such as the bond C-C, which needs a 
catalytic surface for the ethanol oxidation. The breakage of such bond can form several unwanted by-products and 
catalyst coking.  The ethanol reforming is a strongly endothermic reaction and produces only H2 and CO2 in the most 
desirable way. The global reaction is as follow: 
 

22252 H6CO2OH3OHHC +→+    10
298 molkJ174H −=∆  (1) 

 
This reaction is represented by two other partial reactions, one endothermic and one exothermic: 

 

2252 H4CO2OHOHHC +→+    10
298 molkJ256H −=∆  (2) 

222 HCOOHCO +→+     10
298 molkJ41H −−=∆  (3) 

 
Other reactions that can also occur are: ethanol dehydrogenation to acetaldehyde (4), ethanol dehydration to 

ethylene (5), ethanol decomposition to CO2 and CH4 or CO, CH4 and H2. 
 

2352 HCHOCHOHHC +→     10
298 molkJ68H −=∆  (4) 

OHHCOHHC 24252 +→     10
298 molkJ45H −=∆  (5) 

OCHCOOHHC 22
3

22
1

52 +→    10
298 molkJ74H −−=∆  (6) 

2452 HCHCOOHHC ++→     10
298 molkJ49H −=∆  (7) 

 

Figure 1 shows a reaction mechanism for ethanol steam reforming.  In the scheme, the avoided path is the one that 
pass in the dehydration of ethanol. The greatest concern in ethanol steam reforming is the development of an active 
catalyst that avoids coke formation and CO production mainly when using PEM fuel cells. 

 

 
 

Figure 1. Reaction mechanism for steam reforming of ethanol (Adapted from Benito, 2005). 
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3. Catalyst review 
 

Recently, catalysts for the steam reforming of ethanol have been extensively studied.  The performance of the 
supported metal catalyst depends on several factors that are: reaction conditions, type of metal precursor and support, 
method of catalyst preparation, metal content, and presence of additives (Vaidya, 2006, Haryanto, 2005). 

As in Figure 1, several reactions can occur in ethanol steam reforming process, which depends on the behavior of 
the metal or metals employed. To understand the process is important to know ethanol-catalyst interaction type.  Studies 
of ethanol reaction over several metal surfaces indicated that ethanol is adsorbed as ethoxide species. On Rh and Ni 
metals, the ethoxide specie forms an oxametallacycle intermediate, which favors the C-C bond breaking.  Rh is 
effective in oxametallacycle formation to decompose the ethoxy species by C-C and C-H bond cleavage, however its 
activity towards water-gas shift (WGS) reaction is limited and has a high cost (Vesselli, 2005, Aupretre, 2004). Pt 
presents higher activity to WGS reaction than Rh and is thermally stable.  Ru has good activity to hydrocarbons steam 
reforming and is less expensive than Pd, Rh and Pt. Ru is active to ethanol dehydration reaction, leading to ethylene 
formation and carbon deposition suppression when combined to some additives (Liguras, 2003, Breen, 2002). 

Due to its low cost and high activity towards hydrogenation reaction, Ni is the most utilized in steam reforming. Pure 
Ni causes ethanol bond breaking in the following order: O-H, -CH2-, C-C and CH3.  However Ni has low activity for WGS 
reaction, but some additives can improve its performance by enhancing the interaction between adsorbed intermediates and 
metal phase (Bergamaschi, 2005, Kugai, 2005), and avoiding coke formation (Trimm, 1999).  Cu has limited steam 
reforming activity however it is a good dehydrogenation catalyst and has high activity for WGS reaction, therefore can 
be used as additive (Bergamaschi, 2005). Co has a good performance in H2 production, however cannot be used at high 
temperatures because it is easily sintered and oxidized (Vargas, 2005, Frusteri, 2004, Haga, 1997). 

Despite their properties, metals cannot be used alone to produce hydrogen, so their performance is enhanced using 
supports. The adequate support choice can improve thermal and mechanical stability of the supported metals preventing 
catalyst sintering and helping to achieve the desired reaction pathway, according to its chemical properties, in order to 
avoid coke deposition and consequently catalyst deactivation (Llorca, 2001).  

Among the supports, Al2O3 is the most commonly used for steam reforming reaction, although its acidic character 
promotes dehydration of ethanol to ethylene and forms coke in catalyst surface (Vaidya, 2006, Haryanto, 2005, Liguras, 
2003, Llorca, 2001). Differently, MgO (Frusteri, 2004, Batista 2004) and ZnO (Llorca, 2003) have alkaline character, 
and can avoid the dehydration reaction of ethanol to ethylene since they promote ethanol dehydrogenation to 
acetaldehyde. CeO2 (Kugai, 2005) also has alkaline characteristics and redox properties.  It has oxygen storage capacity 
and its presence improves resistance to coke deposition and avoids precious metals sintering. Another support 
frequently used is ZrO2, which has acidic and alkaline properties and when is used with CeO2 increases the oxygen 
storage capacity, redox properties, and thermal stability (Breen, 2002, Srinivas, 2003). 

Ethanol steam reforming process is complex with several products formation.  Some care should be taken not only 
in the choice of the catalyst and support employed but also in operational conditions such as temperature, pressure and 
water-to-ethanol ratio. The right choice of these parameters can imply in higher performance and longer life to the 
catalyst. 

 
4. Reactor Design 

 
The design of the reactor volume is based on the ethanol steam reforming reaction, and Ni is used as a catalyst in 

the design calculation.  The volume of a reactor obtained from the material balance is given by (Fogler, 1992): 
 

( )∫ −
ε−ρ

= EtOHX

0
REF

EtOH d

1

q
V

r

x&
 (8) 

 
Where EtOHq&  is the mass flow rate of ethanol, ρ the catalyst density, ε the voidage of catalyst and rREF is the 

reaction rate for ethanol steam reforming.  This parameter can be calculated as: 
 

mn CCr OHEtOH
a

0REF 2RT

E
expk 









 −=−  (9) 

 
The various kinetic studies over Ni-based catalysts are listed in Table 1. 
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Table 1. Kinetics of steam reforming of ethanol over Ni-based catalysts (Vaidya and Rodrigues, 2006). 
 
Catalyst Temp. [K]  Rate constant (k0) Ethanol order (n) Water order (m) Ea (kJ/mol) 

Ni/Al 2O3 673 77.8 kmol/kgcat s atm 2.52 7 N.A. 
Ni/Y2O3 403 2.95x10-3 m3/kgcat.s 1 N.A. 7.04 
Ni/Al 2O3 N.A. 2.32x10-3 m3/kgcat.s 1 N.A. 16.88 
Ni/La2O3 N.A. 19.1x10-3 m3/kgcat.s 1 N.A. 1.87 
Ni/Al 2O3 593-793 N.A. 0.43 0.57 4.41 
Cu/Raney Ni 523-573 N.A. 1 N.A. 149 
 
5. Thermodynamic analyses methods 

 
5.1. Steam Reforming 

 
A very common method of hydrogen production is the steam reforming process.  Normally, steam reforming 

consists of the reaction of the fuel and steam over a catalyst 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 fuel at a basic level: 

 

( ) ( )( ) OH1-21-H)15.02(COOH1-2OHC 222
cat

2 xS-yxxxSyx +++→←+  (10) 

 

S is the steam-to-carbon ratio. 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.  Using Eq. (10), the formation enthalpies of the species can be 
added to determine the net enthalpy change as follows: 

 

( )( ) ( )[ ]f
OH

f
OHC

f
OH

f
COR )l(2)g(22

h12hh121hH −+−−−+=∆ xSxSx
yx

 (11) 

 

∆HR is the net enthalpy change in the reaction [kJ], hf
k is the formation enthalpy per mole of species k at standard 

temperature and pressure [kJ/mol]. Table 2 shows the net enthalpy change using a steam-to-carbon ratio from to 2 to 5 
for some alcohols. 

 
Table 2. Net enthalpy change for some alcohols. 

 

Comp. x y 
hf

fuel  

[kJ/mol]  
∆∆∆∆HR * [kJ/mol]  

(S = 2) 
∆∆∆∆HR * [kJ/mol]  

(S = 3) 
∆∆∆∆HR * [kJ/mol]  

(S = 4) 
∆∆∆∆HR * [kJ/mol]  

(S = 5) 
CH4O 1 4 -201.0 137.32 181.32 225.32 269.32 
C2H6O 2 6 -235.3 437.77 569.77 701.77 833.77 
C3H8O 3 8 -255.6 724.22 944.22 1164.22 1384.22 
C4H10O 4 10 -275.3 1010.05 1318.05 1626.05 1934.05 
* The positive value means the process is endothermic. 

 
5.2. 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 (T) and pressure (P), the equations for species conservation, atoms 
conservation, and condensed species are, respectively (Gordon and McBride, 1994): 

 

∑
=

=
m

k
kNN

1

     k = 1, …, m (12) 

l

m

k
klkl bNab == ∑

=1

0      l = 1, …, l (13) 
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0
TRTR 1 uu

0
=




 λ+µ ∑
=

t

l
lk

lk a      k = m + 1, …, n (14) 

 

Where: N is the molar flow [kmol/s], 0
lb  is the number of atoms of element l in the reactants [kmol], alk is the number of 

atoms of element l in species k in the products [kmol], µ is the molar chemical potential of species k [kJ/kmol], λl is a 
Lagrange multiplier, and Ru is the universal gas constant [8.314 kJ/kmol K]. Equations (12) to (14) 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. 

 
6. Results and Discussion 

 
Figure 2 shows an example for the solution of the chemical equilibrium equations for ethanol as a function of 

temperature for steam-to-carbon (S) of 2.0 and pressure of 1 atm.  As can be seen in Fig. 2, the best temperature to run a 
reformer is between 600ºC and 800ºC, a temperature condition for which production of hydrogen is maximized.  The 
thermodynamically predicted molar fraction of methane decreases with increase of temperature (after 200ºC) and 
becomes lower than 500 ppm after 900ºC. The curve for carbon dioxide shows an increase before 500ºC and a decrease 
after this temperature.  It is observed that carbon dioxide molar fraction decreases at a lower rate than methane after 
900ºC.  It is not interesting to run an ethanol reformer for temperatures superior to 600ºC due to the increase in the 
molar fraction of carbon monoxide mainly if a PEM fuel cell is used.  Even in these conditions it may be necessary the 
use of a WGS reactor coupled to the steam reformer and a purifying system, in order to decrease the CO levels to 
adequate values for PEMFC applications. 
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Figure 2. Results of molar fraction for the ethanol steam reforming process as a function of temperature (S = 2). 
 
The main operating parameters of the system are steam-to-carbon ratio (S), temperature of the reformer, and 

pressure.  The effect of reformer operating temperature on hydrogen yield (YH2) for various steam-to-carbon ratios are 
presented in Fig. 3.  It can be observed that YH2 increases and tends to the stoichiometric value for about 550ºC < T < 
650ºC and S ≥ 5.  It is expected that hydrogen yield increases with the increase of steam-to-carbon ratio because the 
equilibrium reactions (Eqs. 2 and 3). It is not interesting to increase S values higher than 5 because it does not result in 
any significant gain in hydrogen yield and besides processing of feeds with high S requires larger reactor sizes (Eqs. 8 
and 9) and more heat to evaporate the feed (as can be seen in Table 2).  It is worth to note that these results do not 
include the effect of a catalyst.  If a catalyst is added, the production of hydrogen would be higher. 
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Figure 3. Effect of reformer operating temperature on hydrogen yield (P = 1atm). 

 
Figure 4 displays the effect of operating pressure on hydrogen yield in the range of 1 to 5 atm, temperatures of 

about 730ºC (dashed line) and 530ºC (solid line), and steam-to-carbon ratio from 1.0 to 5.0.  This figure exhibits the 
decrease of hydrogen yield due to the increase of pressure because pressure shifts the equilibrium reactions (Eqs. 2 and 
3) to the right side.  It is interesting to note that for 730ºC hydrogen yield decreases linearly with increasing pressure 
while for 530ºC this dependence is exponential.  This can be explained by the dependence of the activation energy and 
temperature in the reaction rate equation (Eq. 9).  The higher the temperature, the lower is the Gibbs free energy (which 
means higher hydrogen yield) and consequently the lower is the activation energy.  Also, the production of hydrogen is 
high at higher steam-to-carbon ratio and temperature. The strongest effect of pressure occurs at low values of S and low 
temperatures.  Therefore, the combination of factors such as pressure, temperature and steam-to-carbon ratio must be 
carefully chosen when designing an ethanol steam reformer. 
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Figure 4. Effect of reformer operating pressure on hydrogen yield. 
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Finally, a comparison among three different cycle configurations was proposed.  The specific cycle configurations 
include a reformer, a WGS reactor, a purifying system (which can be PSA-based or a membrane reactor) and a proton 
exchange membrane fuel cell (PEMFC).  PEMFCs works on temperatures lower than 100°C, with Pt-based catalysts.  
The use of Pt-based catalysts gives to a PEMFC characteristics of being low tolerant to CO.  Therefore, the operational 
conditions of the reformer should result in a H2-rich gas with low CO concentration (less than 100 ppm) in the operating 
temperature.  Figure 5 presents three different cycle configurations comprised mainly of ethanol steam reformer and 
proton exchange membrane fuel cell.  These generic cycle configurations were developed to examine the general impacts 
of system design on the thermodynamic performance of an ethanol reformer for hydrogen production. 
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Figure 5. Cycle configurations: (a) first configuration with no gases recycling; (b) second configuration with H2 

recycling; and (c) third configuration with all gases recycling. 
 
The considerations and assumptions made for the energy and exergy analysis presented herein are: (i) fuel cell 

overall efficiency of 35% (Hoogers, 2002); (ii) fuel cell operating temperature of 80ºC (EG&G Technical Services, 
2002); (iii) heat exchanger is 85% efficient (Iwahashi et al., 1998), (iv) all gas stream pressures are atmospheric 
(Dunbar et al., 1991). 

In this work, it was chosen the fuel utilization efficiency (or the First Law efficiency) and the Second Law 
efficiency to compare each cycle configuration.  Here, the fuel utilization efficiency (εF) is defined as the ratio of all 
useful energy extracted from the system (which in the case of a reformer, the hydrogen produced by it) to the thermal 
energy of the input fuel (EF).  Thus (Utgikar et al., 1995): 

 

F

H
F

2

E

Q
=ε  (15) 

 

 
The electrical energy of the fuel cell is a useful energy that could be extracted from the system and could be 

accounted for in Eq. (15).  However, this work is proposed to simulate and evaluate an ethanol reformer in different 
cycle configurations on system performance. 
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The Second Law efficiency (εII) may be defined as the ratio of the amount of products exergy (hydrogen produced) 
to the amount of exergy supplied (ExS).  This parameter is a more accurate measure of the thermodynamic performance 
of the system.  Thus (Utgikar et al., 1995): 

 

S

P
II Ex

Ex
=ε  (16) 

 
Figures 6 and 7 show the results of the overall energy analysis and of the overall exergy analyses, respectively, for 

all three cycle configurations. 
Figure 6 shows that the fuel utilization efficiency of the cycles is between 21% and 78%. These values are for the 

steam-to-carbon ratio of 1 and 2 for different cycle configurations and temperatures. When comparing the energy 
analyses amongst cycle configurations, Fig. 6 indicates that for the same amount of hydrogen produced by the reformer, 
configuration 3 (T = 730ºC and steam-to-carbon of 2) shows the highest First Law efficiency, achieving a remarkable 
overall efficiency of nearly 80%.  One of the reasons for this high efficiency is the synergy associated with both the use 
of the hydrogen not consumed by the fuel cell and the use of the steam reforming by-products (mainly methane and 
carbon monoxide).  This results in a significant increase in the heat consumed by both the reforming reaction and 
vaporization and heating of the reactants (ethanol and water).  Figure 6 also exhibits that configuration 1 (T = 530ºC) is 
the worst cycle configuration with the highest thermal losses on an energy basis.  This is because most of the gases 
produced in the system are thrown out. 

When comparing between temperatures (530ºC versus 730ºC), Fig. 6 indicates that the best results for 730ºC occurs 
at low steam-to-carbon ratio (1 and 2) while the best results for 530°C occurs at high steam-to-carbon ratio (3 to 5).    
These results indicate an important parameter for designing an ethanol steam reformer.  If the designer chooses low 
temperatures, the volume of the reactor would be bigger than for higher temperatures. On the other hand, if the 
temperature of the reformer is high, the construction material could be the limiting factor. 
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Figure 6. Results of energy performance analysis. 
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Figure 7. Results of exergy performance analysis. 

 
Figure 7 presents the exergy analyses for all of the configurations, indicating the components that contribute most 

significantly to irreversibilities 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. 

A general analysis of Fig. 7 shows that the highest overall Second Law efficiency occurs for S = 2 in the same 
configuration (second) for both temperatures and configuration 3 exhibits the lowest Second Law efficiency among all 
cycle configurations considered.  The Second Law efficiency of configuration 2 is high due to cumulative better exergy 
performance of the components.  This is primarily manifested in lower irreversibilities in the components (not shown 
here). In the case of configuration 3, it can be observed that there are two combustion chambers in this configuration, 
which contributes to the major destruction of exergy.  The combustion chamber is associated with the maximum 
temperature of the products related to the dead state.  However, this result indicates that there is the potential for 
significant performance improvements for this option. These potential improvements will be addressed in future studies. 

When comparing the efficiency between configurations 1 and 2 (except for S = 2) the second law efficiency is 
similar for 530ºC, indicating that the hydrogen recycling does not improve the efficiency, while for 730ºC the hydrogen 
recycling and burning gives to the second configuration higher irreversibilities than the first configuration, for S ≥ 3. 

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

 
7. Summary and Conclusions 

 
Hydrogen production is expected to be accomplished on-site by gaseous or liquid fuels reformation until all 

technical problems related to its storage and transportation are solved.  In this case, the steam reforming of ethanol for 
hydrogen production is a very interesting option for Brazil because of its available annual quantities and potential of 
production growing.  However, the ethanol steam reforming involves a complex multiple reaction system, and the yield 
of hydrogen depends in a complex manner on the process variables such as pressure, temperature, reactants ratio, etc.   

This paper presents thermodynamic and electrochemical analyses for the study of hydrogen production from 
ethanol reforming.  Three generic cycle configurations are presented.  The energy analyses of these cycles show that 
configuration 3 exhibits the best energy efficiency. However, the exergy analysis of this same configuration shows that 
much effort should be invested to further improve this cycle configuration. The overall energy efficiency, which is the 
ratio of the hydrogen produced by the reformer to the ethanol thermal energy, ranges from 21% to 78%.  The lowest 
overall energy efficiency was for a case that the gases produced in the system are thrown out (configuration 1).  Also, 
the best exergy performance was for configuration 2 due to cumulative better exergy performance of the components. 
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The concept presented in this paper is clearly worthy of further investigation, development, and demonstration. 
Thermodynamic analyses suggest a clear advantage of fuel savings for the hydrogen production, 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.  But significant challenges remain, including integration with small-
scale hydrogen separation, compression and storage technology, and cost reduction. 
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