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ABSTRACT  
 
Hydrogen is generally considered as a clean and high efficient energy carrier that can be 
employed for power generation through fuel cell units, with innocuous water as the only 
by-product, to decrease the release of pollutants into the atmosphere. Today, there is a 
developing interest for hydrogen generation from renewable sources such as bio-oil, bio-
gas, bio-ethanol or bio-butanol etc. Among the different renewable feedstock options, 
ethanol has been viewed as an appealing feedstock because of its relatively high hydrogen 
content, accessibility, nontoxicity, ease of handling and safety. The present thermodynamic 
analysis is aimed to explore autothermal conditions at equilibrium for a high H2-syngas 
production under the combined ethanol steam reforming (SRE), chemical looping partial 
oxidation (CLPOX) and CO2 solid absorption reaction system. SRE studied conditions 
were H2O/C2H6O = 3-6 molar ratio, CLPOX employed NiO or CuO as metal oxide (MeO) 
oxygen carriers from MeO/C2H6O = 0.05-1.5 molar ratio, while 2 kmols of CaO were used 
for CO2 capture in a T range of 100-900 °C at 1 atm. NiO most favorable adiabatic 
conditions (T ≥ 500 °C and C ≤ 0.1 kmols) were:   H2O/C2H6O = 3 and NiO/C2H6O = 0.05-
0.5. While, for CuO was at H2O/C2H6O = 4, CuO/C2H6O = 0.5 and Tadiab = 529 °C. These 
favorable reaction conditions are the product of the combination of the exothermic 
carbonation reaction and its influence over the thermodynamic equilibrium over the POX 
and SRE endothermic reactions.  
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1. Introduction 
 
 Hydrogen is generally considered as a clean and high efficient energy carrier that can 
be employed for power generation through fuel cell units, with innocuous water as the only 
by-product, to decrease the release of pollutants into the atmosphere [1]. Hydrogen presents 
an energy content of 143 MJ/kg, which is approximately three times higher than any liquid 
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hydrocarbon based fuel [2]. Furthermore, other benefits for hydrogen utilization are plenty 
availability, use of a wide diversity of feedstocks and a variety of production technologies 
[3]. Other uses of hydrogen include the manufacture of ammonia and other fertilizers (e.g. 
urea), to upgrade heavy oils, and to produce a wide variety of chemicals and fuels. 
 Currently, new approaches are being investigated in order to produce hydrogen in a 
mass scale such as water electrolysis, hydrocarbon reforming, photocatalytic water splitting 
and biological processes etc [4-6]. Nevertheless, steam reforming of fossil based 
hydrocarbons, mainly natural gas, is the most common process for hydrogen production 
worldwide, but generally ignoring the high costs in terms of damage to the environment [7]. 
Furthermore, the use of fossil fuels for supplementary energy production is non-sustainable. 
 Considering the sustainable advance, there is a developing interest for hydrogen 
generation from renewable sources such as bio-oil, bio-gas, bio-ethanol or bio-butanol etc. 
[8]. Among the different renewable feedstock options, ethanol has been viewed as an 
appealing feedstock because of its relatively high hydrogen content, accessibility, 
nontoxicity, ease of handling and safety [9]. 
 Moreover, steam reforming (SR), partial oxidation (POX) and autothermal steam 
reforming (ATR) are the most important studied processes for hydrogen production from 
ethanol. 
 
C2H5OH + 3H2O → 6H2 + 2CO2    ΔH0 = 173.3 kJ/mol    (1) 
 
Ethanol SR (Eq. (1)) is the most widely studied route since it generates the highest 
hydrogen yield. This process is typically considered as a combination of ethanol SR to 
syngas followed by water–gas shift (WGS, Eq. 2). 
 
CO + H2O → H2 + CO2     ΔH0 = -41.138 kJ/mol    (2) 
 
Thermodynamic analysis indicates that equilibrium H2 yield can be as high as 70 mol% for 
ethanol SR at 700 °C with a stoichiometric molar feed ratio (H2O/C2H5OH) of 3 [10,11]. 
However, ethanol SR is highly endothermic, demanding a large amount of energy, which 
increases operating costs. This serious disadvantage significantly hinders the practical 
hydrogen production, particularly for on-board applications.  
 
C2H5OH + 1.5O2 → 3H2 + 2CO2    ΔH0 = -552.2 kJ/mol    (3) 
 
POX of ethanol (reaction 3) is an alternative process for hydrogen production. Compared to 
ethanol SR, POX is exothermic and fast, and very appropriate for handling rapid loading 
variations, such as those usually demanded by on-board reformers, which frequently 
perform under variable conditions. In the meantime, benefits of this oxidative process are 
its lower reaction temperature and fewer tendency for carbon formation due to the oxygen 
addition. Though, an excess in oxygen content oxidation may lead to lower hydrogen yield 
compared to the SR process. 
 
C2H5OH + 1.8H2O + 0.6O2 →4.8 H2+ 2CO2  ΔH0 = -116.9 kJ/mol    (4) 
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ATR of ethanol, is a combination of SR and POX represents a compromise between energy 
efficiency and hydrogen yield. Oxygen from the feed may provide the necessary heat for 
the endothermic ethanol SR due to the exothermic nature of the partial oxidation of 
ethanol [12].  
 Therefore, with a stoichiometric feed ratio (H2O/C2H5OH/O2 = 3/1/0.6), the overall 
reaction can be thermally neutral (ΔH0 =+4.4 kJ/mol) and the dry H2 content can reach 
~70 mol% in the product stream [13]. This means that ethanol ATR not only alleviate the 
heat demand of the system, but leads to a reasonably high hydrogen yield. Moreover, the 
presence of oxygen also eases the removal of carbon deposition formed during the reactor 
operation. 
 Thermodynamic analysis of ethanol SR process shows high values of equilibrium 
constant for temperatures above 323 °C and an increase in temperature prevents methane 
formation (the main byproduct consuming H2) [14]. Increasing space time enhances the 
ethanol conversion and hydrogen selectivity together with the reduction of the 
intermediates formation [15]. In general, an increase in water in the reactants favors the 
ethanol conversion and H2 production. The increase of CO2 concentration together with the 
decrease of CO implies that the addition of water also promotes the WGS reaction. The 
presence of oxygen in the feed may promote the initial ethanol conversion. However, 
H2 concentration decreased due to the partial oxidation. Moreover, coke formation 
significantly reduces with the increase in H2O/C2H5OH or O2/C2H5OH ratios considering 
the contribution of the carbon gasification by H2O or O2. ATR is a convenient reaction for 
the on-board H2 production for portable applications requiring high H2 selectivity and fast 
response (startup). With suitable precursors and process control, the ATR has been used for 
the production of other chemicals as well [16]. However, one of the main disadvantages of 
this ATR reaction system is the need for a pure source of O2.  
 Moreover, chemical looping partial oxidation (CLPOX) is a novel POX process that 
avoids the use of pure O2 consumption [17]. In this process the O2/fuel ratio is kept low to 
prevent complete oxidation to CO2 and H2O. This CLPOX process makes possible to obtain 
a N2 free Syngas from the POX reactor avoiding the O2/N2 separation step in the 
conventional POX process. This CLPOX process involves the use of an oxygen carrier, 
which transfers oxygen from air to the fuel, avoiding the direct contact between them. This 
process is composed of two interconnected reactors; a fuel reactor (I) and an air reactor (II), 
as described in Figure 1. In the fuel reactor a hydrocarbon-based fuel (ethanol) is partially 
oxidized to produce Syngas (CO + H2) by a metal oxide (MeO) that is reduced to a metallic 
state (Me) or to a reduced form of the MeO. The metal or reduced oxide (Me) is further 
transferred to the air reactor where it is oxidized back to MeO with air, and the regenerated 
material is then sent back to the fuel reactor to start a new cycle. The flue gas leaving the 
air reactor contains N2 and unreacted O2, while the exit gases from the fuel reactor contains 
Syngas, CO2 and H2O. 
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Fig. 1. Conceptual design of CLR process [18] 

 
1.1. The oxygen Carrier in the CLPOX Process 
 A key component of the CLPOX process is the selection of a suitable oxygen carrier 
with desirable properties such as: high reactivity, resistant to coke formation, resistant to 
attrition and sintering through a continuous cycle to cycle operation leading to an extended 
durability [19]. 
 Some authors have studied several metals such as Fe, Ni, Cu, Co and Mn as oxygen 
carriers supported in different ceramics like α-Al2O3, γ-Al2O3, MgAl2O4, SiO2, and Mg-
ZrO2 prepared through different techniques [20]. Zatar et al [21] found higher reactive 
particles composed by Fe, Mn, Ni and Cu supported on MgAl2O4

 compared to those 

supported on SiO2. Furthermore, Kale et al [18] reported that CuO happened to be a good 
oxygen carrier, since showed a complete conversion of ethanol withy easy regenerability.    
 CuO as oxygen carrier has been extensively studied due to its high reactivity, oxygen 
transport capacity and lack of thermodynamic limitations to completely oxidize a fuel [22]. 
While several supports have been successfully tested for CuO as oxygen carrier, Al2O3 has 
been the most often employed [23]. Furthermore, one of the advantages of the use of metals 
such as Cu and Ni is the fact that they are able to catalyze the SR nad POX reaction, while 
the mayor disadvantage of NiO resides in its propensity to produce carbon deposits. 
Therefore, a careful selection of the oxygen carrier is of paramount importance in this 
CLPOX process.  
 Several studies have determined the amount of hydrogen yield and carbon formation for 
the most thermodynamically viable oxygen carriers in CLPOX technology, and these 
include Fe3O4, Mn2O3, CoO, CuO and NiO [24]. Recent studies have reported that from 
most of metal oxides available NiO, CuO and CoO are the oxygen carriers that present the 
highest amount of O2 (0.5 mols) per mol of metal [21-26]. Furthermore, they reported that 
the order from highest to lowest H2 production was: Fe3O4 > CoO > NiO = CuO > Mn2O3. 
However, carbon formation increased in the order: Mn2O3 > Fe3O4 > CoO > CuO = NiO. 
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Therefore, a suitable metal oxide to be used in the present thermodynamic analysis can be 
either NiO or CuO or even a mixture of them. 
 Another important issue towards the selection of the oxygen carrier is its melting point. 
The melting point should be high enough to withstand the CLPOX reaction temperature 
process and to avoid sintering of the circulating particles. Rydén et al [26] found that Cu 
melting point was too low to withstand the high temperatures required by the CLPOX 
process, unless this is dispersed in suitable support. While, iron and Mn oxides are known 
to be hard to reduce and to produce significant amount of carbon compared to other oxides 
at the same conditions. Also, Ni in known to withstand high temperatures when used as a 
reforming catalyst supported in a ceramic material. Therefore, based on previous studies it 
is possible to select Cu and Ni or even a mixture of both to be used in the following 
proposed reaction system. 
 
1.2. Chemical Looping Autothermal Ethanol Reforming with CO2 Capture System 
 Studies in the field argue that even though steam can be added to the fuel (ethanol) to 
enhance the highly endothermic SR reaction, this could cause the SRE to dominate over the 
POX process causing a great heat demand in the reaction system. However, the 
introduction of the exothermic nature of the POX reaction through an oxygen carrier is 
intended to balance the heat demand to make this process autothermal in nature.  
 Nevertheless, one disadvantage of the use of Ni as an oxygen carrier is that its POX 
reaction with ethanol as a fuel is of endothermic nature. On the opposite for CuO this 
reaction is exothermic if a proper amount of oxides are provided: 
 
C2H5OH + 3NiO → 3H2+ 2CO2 + 3Ni   ΔH0 = +166.9 kJ/mol    (5) 
 
C2H5OH + 3CuO → 3H2+ 2CO2 + 3Cu   ΔH0 = -84.8 kJ/mol                (6) 
 
while a complete list of possible involved reactions are reported elsewhere [27] 
 
 Furthermore, the introduction of a CO2 absorbent in the system will presumably shift 
the equilibrium of the above POX reactions towards a higher H2 production by: 
 
C2H5OH + 3NiO + 2CaO → 3H2+ 2CaCO3 + 3Ni   ΔH0 = -189.5 kJ/mol          (7) 
 
C2H5OH + 3CuO + 2CaO → 3H2+ 2CaCO3 + 3Cu   ΔH0 = -441.2 kJ/mol           (8) 
 
 These reactions are both exothermic and then combined with the endothermic nature of 
the ethanol reforming reaction (1) will result in the overall reaction system to eventually 
reach a thermoneutral state (autothermal operation) at suitable operation conditions. 
Therefore, the target is to generate hydrogen/Syngas in the fuel reactor by the combination 
of the POX, SER and CO2 capture reactions through: 
 
C2H5OH + NiO + CaO + H2O → CO + 4H2+ CaCO3 + Ni   ΔH0 = +34.1 kJ/mol   (9) 
 
C2H5OH + CuO + CaO + H2O → CO + 4H2+ CaCO3 + Cu  ΔH0 = -49.8 kJ/mol  (10) 
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 Even though, these reactions are endothermic or exothermic in nature, proper amounts 
of NiO and/or CuO would make these thermoneutral. Furthermore, regeneration of the 
oxygen carriers and CO2 absorbent are to be performed at the air reactor, where the 
following reactions are expected to take place: 
 
2Ni + 2CaCO3 + O2 = 2CO2 + 2NiO + 2CaO          ΔH0 = -123.1 kJ/mol                  (11) 
 
2Cu + 2CaCO3 + O2 = 2CO2 + 2CuO + 2CaO          ΔH0 = +44.8 kJ/mol                  (12) 
 
 The amount of metal oxide (CuO or NiO) and/or CO2 absorbent (CaO) in order to make 
this reaction system suitable to operate at the highest possible H2/Syngas production and at 
thermoneutral conditions is not an obvious issue. Therefore, the aim of the present 
thermodynamic study is to explore possible ethanol chemical looping partial oxidation-
steam reforming with CO2 absorption (CLPOX-SR-CO2A) to produce H2/Syngas at 
autothermal and efficient conditions. This reactions system will make use of CuO and NiO 
as oxygen carrier materials, while CaO will be employed as a CO2 absorbent. 
 
2. Simulation Methodology: Thermodynamics Method 
 
 Thermodynamic calculations employed the Gibbs free energy minimization technique. 
In a reaction system where many simultaneous reactions take place, equilibrium 
calculations can be performed through the Gibbs energy minimization approach (also called 
the nonstoichiometric method). Details of this technique can be found elsewhere [28]. All 
calculations were performed using the equilibrium module of the HSC chemistry software 
for windows [29]. HSC calculates the equilibrium composition of all possible combination 
of reactions that are able to take place within the thermodynamic system. These equilibrium 
calculations make use of the equilibrium composition module of the HSC program that is 
based on the Gibbs free energy minimization technique. The GIBBS program of this 
module finds the most stable phase combination and seeks the phase compositions where 
the Gibbs free energy of the system reaches its minimum at a fixed mass balance, constant 
pressure and temperature. Within the ethanol CLPOX-SR-CO2A system the gaseous 
species included were: ethanol, ethylene, ethane, acetone, acetaldehyde, acetic acid, C2H6O, 
CO, CH4, CO2, H2, and H2O, while solid species were: C, CaO, CaCO3, Cu, CuO, Ni and 
NiO. 
 During the thermodynamic simulation work the reaction temperature was varied in the 
range of 100-1000 °C at 1 atm. H2O/C2H5OH molar ratio was allowed to change from 3:1 
to 6:1, carbonate to ethanol molar ratio (CaCO3/ C2H5OH) was varied from 1:1 to 2:1 while 
CuO/C2H5OH and NiO/C2H5OH molar ratios varied from 0.05:1 to 1.5:1 (all these values 
were determined according to the stoichiometric numbers from reactions 9 and 10). It is 
important to notice that all the ratios will be allowed to vary in order to find a 
thermoneutral (autothermal) point that favors the H2/syngas production. Furthermore, the 
conditions here determined in the present thermodynamic analysis are based on theoretical 
considerations and these are to be taken as a guide to further experimental evaluation of the 
reaction system, since no heat and mass diffusional limitations as well as kinetics effects 
were taken into account for the conformation of the present thermodynamic analysis. 
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3. Results and Discussion 
 
3.1 Thermodynamic Analysis 
 Table 1 presents results of the equilibrium molar content (H2, CO, CO2, CH4 and C) for 
the steam reforming of ethanol (SRE) at the maximum hydrogen production and using 
H2O/C2H6O molar ratios from 3 to 6. Here it can be seen that hydrogen production 
increased as the H2O/C2H6O ratio also augmented, while the temperature for the maximum 
H2 content decreased from 740°C at H2O/C2H6O = 3 to 698 °C at H2O/C2H6O = 6. 
Furthermore, CO2 mols followed the same trend as H2 content, while CO and CH4 content 
decreased. This behavior is consistent with the promotion of the water gas shift (WGS, CO 
+ H2O = CO2 + H2) and the methane steam reforming (SMR, CH4 + 2H2O = CO2 + 4H2) 
reactions as temperature increased. It is important to address that no carbon formation is 
thermodynamically possible at the maximum H2 production conditions. These results are in 
agreement with previous studies where higher H2 yields resulted at molar feed ratios 
(H2O/C2H6O) greater than 3 [30-32]. 
 

Table 1. Equilibrium molar content (H2, CO, CO2, CH4 and C) at maximum hydrogen 
production and adiabatic conditions for the SRE reaction system. 

 

 

 Also in Table 1 results for equilibrium SRE at the adiabatic temperature (Tadiab, ΔH ≈ 0) 
are shown. As stated earlier it is possible for the SRE reaction system to reach autothermal 
conditions. Here, it can be seen that at all adiabatic SRE conditions temperatures and H2 
content are low, consequently CO2 and CH4 content are high as the reverse WGS and SMR 
are favored with no carbon formation. This result was expected, since the nature of the SRE 
reaction (1) is endothermic.  
 Furthermore, in Table 1 the equilibrium content at the maximum H2 production 
temperature for the partial oxidation of ethanol using NiO as an oxygen source is presented. 
Here, the NiO/C2H6O molar ratio was varied from 0.8-1.5. Results indicate that the 
maximum H2 production was found at the end upper temperature limit of 900 °C, with only 
an average H2 content of 2.74 kmols disregarding the amount of oxygen content on NiO in 
the reaction system. In fact, as the NiO/C2H6O molar ration increased, there is a slight 
reduction of the amount of H2 produced at 900 °C. This is consistent with the partial 
oxidation of ethanol to syngas and the Boudouard reactions: 
 
C2H5OH + NiO → 3H2+ 2CO + Ni   ΔH0 = +253.4 kJ/mol                           (13) 
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2CO → CO2 + C      ΔH0 = -175.81 kJ/mol                           (14) 

at these conditions, the concentration of CO2 is small and there is a large amount of C being 
formed. Even though, there exists an excess of NiO in the reaction system the formation of 
C is still present, this in contrast with the SRE system, where the presence of steam 
prevents the formation of carbon deposits. Furthermore, in Table 1 the equilibrium content 
at adiabatic conditions (Tadiab, ΔH ≈ 0) is shown for the ethanol POX with NiO. At these 
adiabatic conditions the maximum H2 content was of 0.216 kmols at 343 °C and 
NiO/C2H5OH = 0.8. Greater amounts of NiO will generate lower adiabatic temperatures 
and H2 production, while greater amounts of carbon and carbon dioxide (through the 
Boudouard reaction) are present. This behavior is expected, since POX reactions with NiO 
(5 and 13) are both endothermic in nature.  

 Based on the results described above it is evident the need an additional reaction in 
order to balance out the SRE and POX reaction (both endothermic) with another highly 
exothermic reaction. This reaction is the CO2 absorption with CaO: 

CaO + CO2 → CaCO3       ΔH0 = -178.17 kJ/mol                      (15) 

 This reaction will not only alleviate the heat needed for the reaction system for a 
possible autothermal operation, but will reduce the CO2 content in the gas product by 
modifying the thermodynamics of both SER and POX reactions towards a greater H2 
production. 
 Table 2 presents results of the equilibrium molar content (H2, CO, CO2, CH4 and C) for 
the combination of SRE, POX and CO2 absorption (reaction 9) of ethanol at the maximum 
hydrogen production using NiO/C2H5OH = 1 and varying the H2O/C2H5OH ratio from 3 to 
6. 
  The CaO feed was kept at 2 kmols to insure the complete CO2 absorption in the 
reaction system. Here, it can be observed that the maximum H2 content occurred in a very 
narrow temperature range from 625 to 679 °C at H2O/C2H5OH ratios of 6 and 3, 
respectively. In this region syngas production (CO + H2) is favored as reaction (13) is 
thermodynamically feasible. Also, the CO2 content is low due to CaO carbonation reaction 
(15) being promoted, shifting the equilibrium towards greater H2 production in reaction (9). 
This carbonation reaction did not only had an effect on the H2 production, but also on 
reduction of carbon formation as can be seen in Table 2.   
. Also, in Table 2, the equilibrium content at adiabatic conditions (Tadiab, ΔH ≈ 0) is 
shown for the combined ethanol of SRE, POX and CO2 absorption reaction system at 
NiO/C2H5OH = 1 and H2O/C2H6O from 3 to 6. At these conditions, the adiabatic 
temperature varied from 466 to 382 °C at H2O/C2H6O ratios of 3 and 6, respectively. 
Hydrogen production at adiabatic conditions do not differ significantly with respect to the 
values found at the higher temperatures of the maximum hydrogen production. This can be 
explained in term that at the adiabatic temperatures (382-466 °C) the carbonation reaction 
is even more thermodynamically favored and this being reflected in very small CO2 
concentrations as seen in Table 2 for these conditions. 
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Table 2. Equilibrium molar content (H2, CO, CO2, CH4 and C) at maximum H2 production 
and adiabatic conditions for the SRE, CLPOX and CO2 capture combined process reaction 

system using NiO as oxygen carrier. 

 

Also, CO and C content are reduced at adiabatic conditions. All these features make a very 
attractive operating conditions for reaction (9). However, kinetic and catalytic limitations 
have been reported for the steam reforming of ethanol at temperatures below 500° C as 
reported elsewhere [31, 32]. Therefore, even though favorable adiabatic conditions exist at 
NiO/C2H5OH = 1 and H2O/C2H5OH from 3 to 6, it is required to find (at least from a 
thermodynamic point of view) conditions for adiabatic temperatures greater than 500 °C.  
 Furthermore, Table 2 presents results for the SRE, POX and CO2 absorption combined 
system fixing the H2O/C2H5OH ratio at 3, 4, 5 and 6, while varying the NiO/C2H5OH ratio 
from 0.05 to 1.5, while keeping the CaO/C2H6O = 2. 
 Generally, from results of Table 2, it can be observed that the maximum H2 production, 
occurred at NiO/C2H6O < 1 and this is increased as the H2O/C2H6O also grew. More than 5 
kmols of hydrogen are produced at H2O/C2H6O ≥ 4 and at temperatures between 620 and 
700 °C. Even though at all these conditions there exist some carbon formation and this is 
relatively small with respect to other species. It is important to underline that selected 
conditions of the present study were chosen in order to minimize the carbon formation, but 
the combination of adiabatic conditions and high H2 production resulted in only marginal C 
formation. Moreover, due to the configuration of the reaction process, the carbon deposited 
in the fuel reactor and ultimately over the catalyst, will be adequately removed in the air 
reactor (regenerator reactor) where the reduced Me is to be reoxidized back to MeO (see 
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Figure 1). This operation mode, in which deposited carbon is removed by another oxidizing 
reactor is well documented in the commercial FFC catalytic reactors [33] and in the 
CALCOR and Catforming commercial processes for ethanol dry reforming [34, 35]. 
However, kinetic may play a significant role at these reaction conditions, since there are 
some studies that report the kinetic propensity of Ni to form carbon deposits [36].  
 Table 2 additionally presents adiabatic equilibrium conditions for the combined SRE, 
POX and CO2 absorption reaction system. Most favorable reactions conditions were 
encountered at H2O/C2H5OH = 3 and NiO/C2H5OH ratios in the range of 0.05-0.25, where 
the adiabatic temperature is equal or greater than 500 °C. At these conditions there is a 
reasonable high concentration of H2 at equilibrium with respect to other gaseous species 
and a relatively small amount of carbon formation, with the exception of CH4, which is the 
other more concentrated specie in the gas product. However, experimental findings have 
concluded that at SRE of ethanol combined with CO2 absorption reaction system 
conditions, methane formation is kinetically limited as a recent study have reported [37]. It 
is important to point out that these favorable reaction conditions are the product of the 
combination of the exothermic carbonation reaction and its influence over the 
thermodynamic equilibrium over the POX and SRE endothermic reactions.     
 Moreover, Table 3 presents results of the equilibrium molar content (H2, CO, CO2, CH4 
and C) for the combination of SRE, POX and CO2 absorption (reaction 10) of ethanol at the 
maximum hydrogen production using CuO/C2H5OH = 1 and varying the H2O/C2H5OH ratio 
from 3 to 6. Again, here, CaO feed was kept at 2 kmols to insure the complete CO2 
absorption in the reaction system. From this table it can be observed that the maximum H2 
content occurred, similarly as in the case of with NiO, in a very narrow temperature range 
from 625 to 688 °C at H2O/C2H5OH ratios of 6 and 3, respectively. In this region Syngas 
production (CO + H2) is favored as the following reaction is thermodynamically favored: 
 
C2H5OH + CuO → 3H2+ 2CO + Cu   ΔH0

298 = +169.5 kJ/mol                         (16) 
 
as well as CO2 is produced as the exothermic reaction (6) is favored, while methane and 
carbon content are rather small in this region. Also in this Table, it is important to indicate 
that adiabatic temperatures present values greater than 500 °C (519-590). However, at these 
conditions CO2 and CH4 content are rather high as Solunke and Vesser have reported in 
their thermodynamic calculations [38]. This feature can create an additional purification 
step for H2 and or syngas.  
 Table 3 additionally presents maximum H2 production equilibrium conditions for the 
combined SRE, POX and CO2 absorption reaction fixing the H2O/C2H5OH ratio at 3, 4, 5 
and 6, while varying the CuO/C2H5OH ratio from 0.05 to 1.5, and keeping the 
CaO/C2H5OH = 2. From results of Table 3, it can be observed that the maximum H2 
production, occurred at CuO/C2H5OH < 1 and this is increased as the H2O/C2H5OH also 
grew. More than 5 kmols of hydrogen are produced at H2O/C2H5OH ≥ 4 and at 
temperatures between 634 and 697 °C. Even though at all these conditions there exist some 
carbon formation and this is relatively small with respect to other species.  
 Also, Table 3 shows adiabatic equilibrium conditions for the combined SRE, POX and 
CO2 absorption reaction system. Most favorable reactions conditions; T ≥ 500 °C and small 
carbon formation, C ≤ 0.1 kmols, were encountered at several regions: i) at H2O/C2H5OH = 
3 and all CuO/C2H5OH ratios (0.05-1.5), ii) at H2O/C2H6O = 4 and CuO/C2H5OH ratios of 
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0.25-1.5, and finally iii) at H2O/C2H5OH = 5 and 6 with a CuO/C2H5OH ratio of 1.5. At all 
these adiabatic conditions, hydrogen production higher than 4 kmols at equilibrium 
occurred at all H2O/C2H5OH ratios, with the exemption of H2O/C2H5OH = 3 and 
CuO/C2H5OH = 1.5, while maximum H2 production at adiabatic conditions was found at 
H2O/C2H5OH = 4, CuO/C2H5OH = 0.5 and Tadiab = 529 °C, where 4.48 kmols of H2 are 
produced at equilibrium. At this condition, very small amount of carbon oxides are 
generated as well as carbon formation (C = 0.032 kmols). Again, these favorable reaction 
conditions are the product of the combination of the exothermic carbonation reaction and 
its influence over the thermodynamic equilibrium over the POX and SRE endothermic 
reactions.     
 Furthermore, the production of hydrogen and equilibrium molar content of CO, CO2 
and C at a temperature range of 100-900 °C and CuO/C2H5OH molar ratios from 0.05 to 1.5 
(CaO feed of 2 kmols) are presented in Figure 2. This Figure shows the equilibrium content 
for H2 and CO while Figure 3 for CO2 and CH4. 

 
Table 3. Equilibrium molar content (H2, CO, CO2, CH4 and C) at maximum H2 production 
and adiabatic conditions for the SRE, CLPOX and CO2 capture combined process reaction 

system using CuO as oxygen carrier. 
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Fig 2. Equilibrium content of H2 and CO for the SRE, CLPOX and CO2 capture combined process 

 In Figure 2 it is evident that H2 mols at equilibrium are always greater than 4 kmols and 
this is due to the shift in equilibrium towards a greater hydrogen production in reaction 
(10). A maximum H2 can be found at a temperature range from 661-732 °C as also can be 
seen in results from Table 3. While in Figure 2, CO concentration is kept low for the 
temperature range from 100-550 °C and this is due to the combination of the water gas shift 
and the CO2 carbonation reactions, thus producing more H2 and CO2 (through WGS), which 
is finally trapped in CaCO3. Greater values of 550 °C will hamper the ability of CaO to 
capture CO2, since greater carbon dioxide partial pressures will shift the equilibrium of 
reaction (15) towards decarbonation of CaCO3. This behavior is reflected in Figure 3 where 
the CO2 content is shown to be negligible in the temperature range from 100-550 °C at all 
CuO/C2H5OH molar ratios. Meanwhile, CH4 content (Figure 3) results in values less than 
0.5 kmols at a temperature range from 100-650 °C, where the endothermic steam methane 
reaction takes over the reaction system to produce more hydrogen and CO2 at higher 
temperatures.  

 

 

 

 

 

 

 

Fig 3. Equilibrium content of CO2 and CH4 for the SRE, CLPOX and  
CO2 capture combined process 
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Finally, Figure 4 presents the carbon content at equilibrium for the reaction system. In this 
plot it is clear that in a temperature range 100 – 500 °C carbon formation is almost 
negligible at all CuO/C2H6O molar ratios. Here it can be seen that as CuO/C2H5OH 
increases carbon formation will grow. However, the carbon formed at equilibrium in Figure 
4 is always less than 0.15 kmols at all presented conditions. All the previous results are in 
agreement with thermodynamic analysis data reported by Wang and Cao [27] for similar 
reaction conditions. 

 

Fig 4. Equilibrium content of C for the SRE, CLPOX and CO2 capture combined process 

 Figure 5 presents two plots for the adiabatic temperature (°C) and the equilibrium molar 
content at H2O/C2H5OH = 3 and the corresponding adiabatic temperature as a function of 
NiO/C2H5OH (Figure 5) and CuO/C2H5OH (Figure 5). In this it is evident that for the 
NiO/C2H5OH range of 0.05-0.15 adiabatic temperatures are ≥ 500 °C, whereas higher molar 
ratios will lead to lower adiabatic temperatures. At this condition (T ≥ 500 °C) it is clear 
that values of H2 content are ≥ 4 kmols. Lower adiabatic temperatures and H2 content will 
arise when NiO/C2H5OH > 0.15. This attractive operating adiabatic range (T ≥ 500 °C  and 
NiO/C2H5OH = 0.05-0.15) can be explained in terms of the combined effects of the highly 
endothermic nature of the SRE and POX reactions and the counter effect achieved by the 
highly exothermic CaO carbonation reaction. This effect is even clearer, since at this region 
CO2 concentrations are almost negligible in Figure 5. 

 

 

 

 

 

 

 

Fig 5. Adiabatic temperature and species equilibrium content as a function of metal oxide 
and steam content. 
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 Moreover, Figure 5 shows the adiabatic temperature (°C) and the equilibrium molar 
content at H2O/C2H5OH = 3 and the corresponding adiabatic temperature as a function of 
CuO/C2H5OH. In this plot it is interesting to realize that as the NiO/C2H5OH increases, the 
adiabatic temperature also rises. This can be explained in terms of the combined nature of 
reactions (6) and (8), which both are exothermic in nature. This is the reason why the NiO 
adiabatic temperature curve from Figure 5 (a) presents an opposite trend with respect to the 
use of CuO as oxygen carrier in Figure 5 (b). Furthermore, it is important to mention that 
all adiabatic temperature values presented in Figure 5 (b) are greater than 500 °C and that 
in a CuO/C2H5OH range of 0.05-0.15 hydrogen production is always greater than 4 kmols 
at equilibrium.   

 
4. Conclusion 
 
 In the present work a thermodynamic analysis was performed to explore reaction 
conditions at equilibrium for a high syngas-H2 production and adiabatic temperatures, 
under the combined ethanol steam reforming (SRE) , chemical looping partial oxidation 
(CLPOX) and CO2 solid absorption reaction system. SRE studied conditions were in a 
range of H2O/C2H5OH = 3 to 6 molar ratio, CLPOX employed NiO and CuO as oxygen 
carriers and varied from MeO/C2H5OH = 0.05 to 1.5 molar ratio, while 1 kmols of CaO 
were used for CO2 Capture in the reaction system in temperature range of  100-900 °C at 
atmospheric conditions. Results indicate that for NiO the maximum H2 content occurred in 
a T range of 625 to 679 °C at H2O/C2H5OH ratios of 6 and 3, respectively and most 
favorable reactions conditions (T ≥ 500 °C and small carbon formation, C ≤ 0.1 kmols) 
were encountered at H2O/C2H5OH = 3 and NiO/C2H5OH ratios in the range of 0.05-0.25, 
where the adiabatic temperature is equal or greater than 500 °C. At these conditions there is 
a reasonable high concentration of H2 at equilibrium with respect to other gaseous species 
and a relatively small amount of carbon formation. While, for CuO as oxygen carrier, the 
maximum H2 content occurred, similarly as in the case of with NiO, in a T range from 625 
to 688 °C at H2O/C2H6O ratios of 6 and 3, respectively. Alternatively, Most favorable 
adiabatic reactions conditions with CuO were encountered at several regions: i) at 
H2O/C2H6O = 3 and all CuO/C2H5OH ratios (0.05-1.5), ii) at H2O/C2H5OH = 4 and 
CuO/C2H5OH ratios of 0.25-1.5, and finally iii) at H2O/C2H5OH = 5 and 6 with a 
CuO/C2H5OH ratio of 1.5. Finally, it was concluded that these favorable reaction conditions 
are the product of the combination of the exothermic carbonation reaction and its influence 
over the thermodynamic equilibrium over the POX and SRE endothermic reactions.  
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