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ABSTRACT 

A viable alternative to fossil fuels is to make use of H2 from renewable sources as an energy carrier or as a clean fuel. Steam 

reforming of hydrocarbons is the conventional process to produce H2, with the drawbacks that presents low efficiency combined 

with high operational costs and CO2 being emitted into the atmosphere. An alternative to this process is the dry reforming of 

hydrocarbons, which employs CO2 to produce hydrogen-syngas and the use of ethanol as a renewable feedstock which would 

prevent CO2 emission into the atmosphere. One innovative approach is the use of a solid carbonate to serve as a source of CO2 for 

this process. Thus, exposing the solid carbonate to high temperatures (reaction temperature), this decomposes emitting CO2, 

which is used as raw material along with ethanol (EtOH) to produce hydrogen-synthesis gas. The present work aims to perform a 

thermodynamic and kinetic simulation study to explore reaction conditions close to equilibrium for a high syngas-H2 production, 

under the dry reforming of EtOH. CaCO3 was used as source of CO2 for the reaction system. The thermodynamic study was 

performed using the HSC software and the studied conditions were: T = 300-1000 °C, CaCO3/EtOH molar ratio = 1-3. Results 

showed that at T ≥ 755 °C and CaCO3/EtOH ≥ 2.2, a free carbon formation syngas is produced. Maximum H2 production was 

obtained at 855 °C and CaCO3/EtOH ≥ 2.2, while the highest concentration of H2 was produced at 755 °C. Furthermore, a process 

and kinetics simulations were performed through ASPEN-Plus and CKS, respectively and based on experimental data taken from 

the literature for the dry reforming of EtOH. Results indicate that at 900 ºC and CaCO3/EtOH = 2 ratio, the estimated value of H2 

purity was very similar to that obtained by the thermodynamic equilibrium analysis. 
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1. Introduction  

Today, one of the major technological challenges is the search for energy alternatives to fossil fuels and 

their impact on the environment. A viable option is to make use H2 as an energy carrier or as a clean fuel 

from renewable sources such as biomass, solar energy, etc., and converted to electricity by fuel cells that 

provide high efficiency electricity with only steam as a clean gas exhaust. However, an efficient 

generation of hydrogen from the main energy carrier is a key condition for the commercialization of fuel 

cells [1–5]. 

 

Ethanol (EtOH) can be a considered a suitable feedstock to produce hydrogen through many catalytic 

processes. In comparison with other fuels, ethanol has several advantages. It can be produced through the 

fermentation of biomass or renewable raw materials, including energy plants, waste materials from agro-

industries or forestry residue materials, organic municipal solid waste, etc. Ethanol produced from these 

raw materials are generally named biomass-derived ethanol or bioethanol. Hydrogen produced from 

bioethanol presents the significant advantage of being nearly CO2 neutral, since the carbon dioxide 

released into the atmosphere during ethanol processing is re-absorbed in the growth of the biomass, and 

therefore, there is no net release of carbon dioxide into the atmosphere [6]. 

 

Ethanol can be converted into hydrogen through steam reforming [7–15], partial oxidation [16–21], 

autothermal reforming (oxidative reforming) [22–27] and dry reforming (CO2 reforming, DRE) [28–31]. 

Although ethanol steam reforming, partial oxidation and autothermal reforming have been extensively 

studied, dry reforming of ethanol has received much less attention. Furthermore, CO2 is a greenhouse gas 

and as a consequence ethanol reforming with CO2 is an interesting approach for the conversion of CO2 into 

syngas or hydrogen, which can further be converted into high value chemicals such as methanol, synthetic 

fuels, urea, etc. 

 

One innovative approach for the syngas/hydrogen production through the dry reforming of ethanol 

process (DRE) is the use of a solid carbonate (such as CaCO3) to serve as a source for CO2 in this process. 

Thus, exposing the solid carbonate to the high temperatures of the DRE reaction (such as 900 °C), 

decomposes the solid carbonate through: 

 

CaCO3 → CaO + CO2       ΔH
0

298 = 178 kJ/mol             (1) 

 

thus, emitting CO2, which is then used as raw material along with ethanol (EtOH) to produce hydrogen-

synthesis gas by: 

 

C2H6O + CO2 = 3CO + 3H2             ΔH
0

298 = 296.70 kJ/mol             (2) 

 

Then, by combining the CO2-releasing decomposition of CaCO3 with the CO2-consuming reforming of 

C2H6O, it is possible to simultaneously coproduce CaO and syngas in a single reaction, represented by: 

C2H6O + CaCO3 = CaO + 3CO(g) + 3H2(g)   ΔH
0

298 = 649.78 kJ/mol             (3) 
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Important advantages that this reaction scheme offers over steam reforming are (a) the formation of a 

suitable H2/CO ratio for use in Fischer-Tropsch synthesis and (b) more desirable thermodynamic 

properties, for example large heat of reaction and reversibility for chemical energy transmission systems 

such as chemical looping [32]. 

Moreover, although the dry reforming concept has environmental benefits and economic advantages, 

there are only a few commercial processes based on the CO2 reforming reaction such as the CALCOR and 

SPARG processes [33, 34]. This can be due to the fact that a major limitation of this process arises from 

the formation of carbon deposits, which can cause a significant deactivation of the reforming catalyst. 

 One promising approach for the dry reforming concept is the so called “Catforming” process, which 

consists of two circulating fluidized beds. A downer for the endothermic CO2 reforming and a riser for the 

catalyst regeneration. In the process scheme, the transport of the solids between both reactors allows for a 

period of catalyst regeneration involving coke combustion [35]. Even though the fact that the reforming 

reactor is to be operated under unfavorable carbon formation conditions, coke will inevitably be deposited 

on the active sites of the catalyst. 

Our proposal is based in the combination of these two new approaches to the 

dry reforming process that can be used to produce 

syngas and/or hydrogen in an efficient manner. First, the 

use of a solid carbonate will provide the necessary CO2 for the dry 

reforming of ethanol in a fluidized bed and secondly, the 

inevitable carbon deposits on the catalyst that 

characterize this process will be 

removed by gasification with 

steam in a separate fluidized bed reactor 

(riser), and at the same time the CaO will carbonate back to CaCO3 

along with the production of additional syngas. Finally, the 

regenerated catalyst and the sold carbonate will be recycled 

back to the reforming reactor to complete a full reaction cycle. 

Details of this process scheme are presented in Figure 1 below. 
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Figure 1. H2 production by dry reforming of ethanol with CO2 evolution and catalyst regeneration 

In this process MeO (CaO) can be any metal oxide capable to be carbonated at the required conditions 

of the process. MeCO3 (CaCO3) is any carbonated metal oxide and cat is any dry reforming catalyst. It is 

important to point out that heat integration plays an essential role for the feasibility of this process. In the 

dry reforming reactor at least two highly endothermic reactions take place (1 and 2), while at the 

gasification reactor the carbon oxidation and MeO carbonation are highy exothermic reactions. Therefore, 

it is expected that presumably, some of the necessary heat for the reforming reactor will be provided by 

the gasification reactor and their solid carried products (MeO and cat).  

Therefore, the present work aims to perform thermodynamic, process and kinetic simulation studies to 

explore reaction conditions close to equilibrium for a high syngas-H2 production, under the dry reforming 

of EtOH, using CaCO3 as a source of CO2 for the dry reforming reaction system.      

2. Simulation Methods 

2.1. Thermodynamic 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 [36]. All calculations were performed using the equilibrium module of 

the HSC chemistry software for windows [37]. 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. At the ethanol dry reforming 

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 and CaCO3. 
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During the thermodynamic simulation work the reaction temperature was varied in the range of 300-

1000 °C at 1 atm. While, carbonate to ethanol molar (CaCO3/EtOH) was varied from 1-5. It is important 

to notice that all the present simulation calculations are based on theoretical thermodynamic 

considerations and these are to be taken as a guide to further experimental evaluation of the reaction 

systems, since no heat and mass diffusional limitations as well as kinetics effects were taken into account 

for the conformation of the present thermodynamic analysis. 

2.2. Process Simulation Method 

Process simulation calculations were performed using of Aspen-plus
©
 Engineering Process Simulator. 

This is a program for simulation of chemical processes in which the analysis of chemical processes as well 

as heat integration can be made.  

Therefore, this simulator was employed for the analysis of the process scheme of Figure 1. The 

modules of Aspen-Plus that were used to evaluate the reaction system were: the RGibbs (Gibbs Reactor) 

and RStoic (Stoichiometric Reactor) units, wherein RGibbs method is based on the Gibbs free energy 

minimization technique for multiphase reactions and material balance, while RStoic is based on known 

fractional reaction conversions. Cyclone were used to separate solid and gas streams, mixers were also 

used to combine several gas and/or solid streams, while heat exchangers allowed heat balance and 

integration. 

2.3. Kinetics Simulation Method 

Kinetics simulations were performed through the CKS software [38] and based on experimental data 

taken from the literature. The CKS program conveniently simulates chemical reactions. Its stochastic 

simulation technique is fast and accurate, and is very suitable for a wide variety of reactions. Specifically 

the software is based in a stochastic process, which is used to characterize a sequence of random variables 

(stochastic) that evolve according to another variable, usually time. Each of the random variables of the 

process has its own probability distribution function and, between them, can be correlated. CKS require 

the specification of the chemical reaction mechanism in a conventional notation, the rate constants for 

each step, and the reactions conditions (temperature and pressure). The same program calculates 

concentration versus time curves as well as the pressure, volume and temperature data. Simulations with 

CKS are not limited to homogeneous systems; a wide variety of non-homogeneous reactions, for example, 

between gases and solids or in a fluidized reactors, can be successfully simulated by using this simple 

technique. 

In this the present kinetic simulation a reaction mechanism for the dry reforming of ethanol combined 

with the CO2 evolution from CaCO3 was proposed and compared with experimental data for the ethanol 

steam reforming system, which kinetically behaves similarly to the dry reforming system. Kinetic data 

results (CKS) from simulation were then compared to the equilibrium data previously obtained in the 

thermodynamic section of the present study. 
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3. Results and discussion  

3.1. Thermodynamic Analysis 

The production of hydrogen and other compounds (CO, CO2 and C) at a temperature range of 300-1000 

°C and CaCO3/C2H6O molar ratios from 1 to 3 were analyzed on the basis of thermodynamic analysis. At 

the studied conditions the conversion of ethanol was always greater than 99.99% and it can be considered 

for practical purposes that the conversion is complete. Figure 1 shows the equilibrium content (dry basis) 

in kmol/mol of EtOH fed as a function of temperature and CaCO3/EtOH molar ratio for H2, CO, CO2 and 

C species.  

 

In this Figure it is evident that H2 and CO mols at equilibrium increase monotonically with increasing 

temperature from 300 to 1000 °C and this can be explained in terms of the equation (1), which reflects the 

temperature dependence of the equilibrium constant as described by Wang et al. [39]. In contrast, CO2 

content at equilibrium is dominated by the combination of reactions (1) and (2), which at temperatures 

from 300-700°C shows an average of 0.45 kmols of CO2, thus reflecting the excess of CO2 being fed 

according to the stoichiometric CaCO3/EtOH ratio of 1 needed according to reaction (3). However, higher 

temperatures will produce a greater CO2 content especially at CaCO3/EtOH molar ratios greater than 2. 

This can be explained in terms of reaction 2, in which high temperatures (greater than 600 °C) will 

increase the CO2 evolution. 
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Figure 2. Equilibrium content for the DRE process with CO2 evolution 

 

This is why the CO2 content increases to values greater than 1 at temperatures closer to 900 °C and 

CaCO3/EtOH ratios ≥ 2. Furthermore, CO2 content at ratios lower than ≈ 1.5 are smaller than the average 

0.45 kmols. This is explained by the fact that CO2 is almost completely consumed by the DRE reaction 

(2), since the stoichiometric amount of CO2 needed according to reaction (3) is of 1 mol of CaCO3 per mol 

of EtOH fed to the reaction system. Also in this Figure the carbon content is plotted as a function of 

temperature and CaCO3/EtOH ratio. Here, it is evident that lower temperatures than 750 °C will produce 

carbon with a maximum generated at temperatures around 650 °C. This was expected, since previous 

thermodynamic analysis using gaseous CO2 as a feed also confirmed this behavior [39]. Therefore, 

temperatures greater than around 750 °C and CaCO3/EtOH ratios ≥ 2.2 will insure a carbon free operation 

region for the DRE combined with CO2 evolution by a solid carbonate. This behavior can be explained ion 

terms of the Boudouard reaction: 

 

2CO → CO2 + C       ΔH
0

298 = -175.81 kJ/mol            (4) 

 

That is why at temperatures greater than 750 °C the CO content significantly increases, since the above 

reaction is no longer thermodynamically favoured and consequently no carbon formation is possible. 

 

A more careful analysis of the generated data allows to conclude that according to the previous 

thermodynamic analysis data optimum conditions in order to produce a maximum hydrogen production 

and carbon free operation is at temperatures greater than 755 ° C and at CaCO3/EtOH ratios ≥ 2.2. 

3.2. Process Simulation 

Figure 3 presents a diagram of the process simulation scheme employed during the simulation of the 

DRE with CO2 evolution and catalyst regeneration. The catalyst was not included in this simulation due to 

the fact that this has to be determined based on future experimental research.    

 
 

Figure 3. Process simulation diagram for the DRE with CO2 evolution and catalyst regeneration 
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This process starts with the EtOH feed of 1 kmol/h to being preheated to 900°C and fed to the DRE 

reactor, along with a mixture of 1 and 0.83 kmol/h of CaCO3 and CaO, respectively. The reactor duty was 

508,034.6 kJ/h at 900 °C and 1 atm. The reactor products were fed to a stoichiometric reactor where 

carbon was allowed to be formed by reaction (4) using an experimental reaction conversion of 0.6 based 

on the data from Hu et al. [40] at present DRE reaction conditions. It is important to state that even though 

at 900 °C and feed CaCO3/EtOH ratio used here, thermodynamically no carbon is formed, experimentally 

this happens. Therefore, a more realistic result can be obtained by considering the combination of 

equilibrium results and the corresponding experimental carbon formation. The CO2 formed by the 

Boudouard reaction (1.798 kmol/h) were recycled to the DRE reactor (B2). After this reactor a H2/CO 

molar ratio of 0.998 was obtained with only negligible amounts of CH4 and H2O. Additionally, 0.77 

kmol/h of carbon were formed. Then a cyclone was used to separate the gases from the solids and the gas 

product stream 5 included: 2.223 kmol/h of H2 and 2.226 kmol/h of CO, while 1.83 kmol/h of CaO were 

sent to the regenerator along with the carbon. Stream 6 solids were divided at separator B9 and stream 7 

was discarded for circulation and balance purposes, while stream 8 containing 1.28 kmol/h of CaO and 

0.54 kmol/h of C were combined with 1.2 kmol/h of steam in mixer B8, preheated to 770 °C and then fed 

to the regenerator reactor, where the carbon gasification and CaO carbonation reactions took place. The 

product from the regenerator consisted in 0.45 kmol/h of CaCO3 along with 0.83 kmol/h of CaO and 0.913 

kmol/h of H2.Then in mixer B11 0.74 kmol/h of CaCO3 were added to this last stream followed by 

separation of the gaseous products at cyclone B3, where a mixture of mainly H2 and steam exited at stream 

14. The remaining solids composed by 1 kmol/h of CaCO3 and 0.83 kmol/h of CaO were preheated to 900 

°C (B1) to be recycled back to the DRE reactor B2.  

 

Table 1 below summarizes results from the process simulation of selected streams. In this Table it can 

be seen that the gaseous output stream of the process are streams 5 and 14. Stream 5 presents a H2/CO 

ratio of about 1, while stream 14 is almost a pure H2 stream. This is very convenient, since these two 

streams can be combined to obtain a specific desired H2/CO ratio as in the case of the Fischer-Tropsch 

process for the production of a specific fuel mixture composition.  

 

Comparing the process simulation results with one of the actual commercial dry reforming process 

called Calcor, the H2/CO ratio obtained with this process is 0.42 from a natural gas feed [33]. 

Modifications to this process include a membrane reactor to improve the syngas yield and separation of 

the CO2 produced along with the syngas by a standard amine technology and to recycle this stream back to 

the dry reformer. Furthermore, as stated earlier, the mayor problem of this technology is the carbon 

formation over the reforming catalyst causing deactivation and constant catalyst replacement or 

regeneration. Another commercial process is the Sparg that produce a H2/CO ratio of 1.8 and suppressing 

the carbon formation by using a partially sulfur poisoned nickel catalyst [34]. However, product synthesis 

gas from this process still contains about 2.7% of methane.  

 

Moreover, in the case of the present simulation a solution to this problem is offered. Furthermore, it is 

important to notice that the present process simulation effort in only a first attempt to show the possible 

advantages of the proposed technology, while production costs and a more deep energy analysis is further 

needed in order to assess the feasibility the present proposed technology.  
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3.3. Kinetics Simulation 

In order to perform the kinetic simulation of the ethanol dry reforming combined with CO2 evolution it 

is required to establish the corresponding reaction mechanism. This was selected according to the 

following criteria: because there are scarce references of studies related to the kinetics of dry reforming of 

ethanol and because Jankhah [41] has experimentally found that the kinetic behavior of both the dry and 

the steam reforming of ethanol follow a very similar kinetic mechanism it was decided that in the present 

kinetic simulation a reaction mechanism for the dry reforming of ethanol combined with the CO2 

evolution be simulated with kinetic experimental data reported for the steam reforming of ethanol reaction 

system.  

Table 1. Summary of process simulation results of selected streams 

 
 

 

For this endeavor it was needed to find the experimental data that followed the same reaction 

mechanism as in the steam reforming system. In the present case it was found that the Eley-Rideal 

mechanism fulfilled this purpose. Becerra et al. [42] found that an Eley-Rideal type model described 

adequately the main reaction of the CO2 reforming of methane, while Akande [43] reported experimental 

data and found that the steam reforming of ethanol over a Ni/Al2O3 catalysts followed also the Eley-Rideal 

type model resembling the CO2 reforming of methane mechanism found by Becerra et al. This mechanism 

is based on the interaction between gas-phase molecules which react directly with adsorbed species; in the 

present reaction system, not all the reactants were adsorbed on the catalyst surface. Accordingly, the 

surface reaction involve adsorbed and non-adsorbed substances, so that it is considered a subset of 

Langmuir mechanisms in which one of the reactants is not absorbed in the catalyst [44].  

Because the dry reforming of EtOH and CO2 evolution is a complex system of reactions and following the 

above criteria, the combination of the reaction steps of two catalytic mechanisms was proposed; on one 

side the catalytic dry reforming of methane and on the other the catalytic steam reforming of ethanol, 

thereby obtaining a catalytic reaction mechanism equivalent to the kinetic process to be simulated. This 

mechanism is described by the reaction steps given below: 

C2H6O + S → C2H6O-S          (5) 

Stream Name

Mole Flow kmol/hr

  CACO3 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.45 0.55 0.00

  CO2 0.00 0.00 1.02 1.80 0.00 0.00 0.00 0.02 0.00 0.02

  CAO 0.00 0.83 1.83 1.83 0.00 0.55 1.28 0.83 0.00 0.00

  C2H6O 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

  CO 0.00 0.00 3.77 2.23 2.23 0.00 0.00 0.04 0.00 0.04

  H2 0.00 0.00 2.22 2.22 2.22 0.00 0.00 0.91 0.00 0.91

  C 0.00 0.00 0.00 0.77 0.00 0.23 0.54 0.00 0.00 0.00

  CH4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.03

  H2O 0.00 0.00 0.78 0.78 0.78 0.00 1.20 0.22 0.00 0.22

Total Flow kmol/hr 1.00 1.83 7.80 7.02 5.23 0.78 3.02 2.51 0.55 1.23

Total Flow kg/hr 46.07 146.84 169.27 159.98 80.83 33.63 21.62 8.30 55.05 8.30

Total Flow l/min 1262.85 0.86 12515.39 11272.81 8386.75 0.18 1778.18 1547.73 0.34 1547.73

Temperature °C 650.00 900.00 900.00 900.00 900.00 900.00 810.46 650.00 650.00 650.00

CAO CACO3 11 14ETOH 1 OUT2 4 5 7
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C2H6O-S + S → CH4O-S + CH2-S        (6) 

CH4O-S → CH2-S + H2O         (7) 

CO + H2O → CO2 + H2          (8) 

CaCO3 → CaO + CO2          (9) 

2CH2-S + 2CO2 → 4CO + 2H2 + 2S        (10) 

C2H6O + CaCO3 → CaO + 3CO + 3H2        (11) 

where steps from reactions (5) to (10) represent the proposed mechanism, and the overall reaction is 

represented by reaction (11), here S represents an active site for the adsorption of species, while C2H6O-S 

represents an adsorbed transient specie. This mechanism was inserted into the CKS program with initial 

concentrations of C2H6O, CaCO3 and S of 1, 2 and 3 mol/L, respectively. Kinetic parameters (e.g. Ao, Ea, 

etc.) for the above reactions were taken from experimental data on the steam reforming of ethanol reported 

by Patel et al. [45].  Figure 4 presents results for the 

kinetic simulation of the dry reforming of ethanol 

combined with CO2 evolution at temperature 

of 900 °C and based on the proposed reaction 

mechanism.       

 

 

 

 

 

 

 

 

Figure 4. Kinetic simulation re of the diagram for the DRE with CO2 evolution 

 

Concentration profiles from Figure 4 reflect the nature of the proposed mechanism. Ethanol is fully 

converted almost instantly, while water is produced from the surface reaction equation (7) to later be 

consumed at about 1 second by the eater gas shift reaction (8). Hydrogen is formed almost instantly as a 

consequence of the WGS reaction and then at a slower rate at about 1.5 sec when the CO2 is being formed 

by the decomposition of the CaCO3 reaction (9), while CO is initially hindered by the WGS to later be 

enhanced by surface reaction (10). CO2 evolution can be clearly observed in Figure 4, since this starts 

gradually and at about 9 sec the complete conversion of reaction (9) is achieved. This was also reflected in 

the H2 and the CO concentrations reaching both 3 mol/L. All these results agree well with the previous 
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thermodynamic analysis and process simulation results in the sense that at carbon free conditions (900°C 

and CaCO3/EtOH = 2.2) the H2/CO molar ratio was almost 1, with also 3 mols H2 and CO being formed.   

4. Summary and perspectives 

The present work a thermodynamic, process and kinetic simulation studies were performed to explore 

reaction conditions close to equilibrium for a high syngas-H2 production, under the dry reforming of 

EtOH. CaCO3 was used as source of CO2 for the reaction system, instead of high purity CO2 employed in 

the current dry reforming technology. Results showed the feasibility that at T ≥ 755 °C and CaCO3/EtOH 

≥ 2.2, a free carbon formation syngas can be produced. Maximum H2 production can be obtained at 855 

°C and CaCO3/EtOH ≥ 3, while the highest concentration of H2 was produced at 755 °C. Furthermore, a 

process and kinetics simulations performed through ASPEN-Plus and CKS, respectively and based on 

experimental data taken from the literature for the dry reforming of EtOH indicate that at 900 ºC and 

CaCO3/ETOH = 2 ratio, the estimated value of H2 purity was very similar to that obtained by the 

thermodynamic equilibrium analysis. Finally, these results can be taken as a basis for future experimental 

and theoretical studies in search for a suitable catalyst and conditions to evaluate the present proposed 

technology. 
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