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Abstract

:

Hydrogen (H2) has become an important energy vector for mitigating the effects of climate change since it can be obtained from renewable sources and can be fed to fuel cells for producing power. Bioethanol can become a green H2 source via Ethanol Steam Reforming (ESR) but several variables influence the power production in the fuel cell. Herein, we explored and optimized the main variables that affect this power production. The process includes biomass fermentation, bioethanol purification, H2 production via ESR, syngas cleaning by a CO-removal reactor, and power production in a high temperature proton exchange membrane fuel cell (HT-PEMFC). Among the explored variables, the steam-to-ethanol molar ratio (S/E) employed in the ESR has the strongest influence on power production, process efficiency, and energy consumption. This effect is followed by other variables such as the inlet ethanol concentration and the ESR temperature. Although the CO-removal reactor did not show a significant effect on power production, it is key to increase the voltage on the fuel cell and consequently the power production. Optimization was carried out by the response surface methodology (RSM) and showed a maximum power of 0.07 kWh kg−1 of bioethanol with an efficiency of 17%, when ESR temperature is 700 °C. These values can be reached from different bioethanol sources as the S/E and CO-removal temperature are changed accordingly with the inlet ethanol concentration. Because there is a linear correlation between S/E and ethanol concentration, it is possible to select a proper S/E and CO-removal temperature to maximize the power generation in the HT-PEMFC via ESR. This study serves as a starting point to diversify the sources for producing H2 and moving towards a H2-economy.
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1. Introduction


Ensuring access to sustainable and reliable energy and decarbonizing the energy system by mid-21st century are the primary commitments of the Paris Agreement. The decarbonization of the energy sector can be fulfilled by implementing renewable energy alternatives such as wind, solar, hydro, and biomass instead of fossil fuels [1]. According to the hydrogen (H2) council, H2 plays a relevant role in a global industrial decarbonization [2]. H2 is commonly produced by methane steam reforming (MSR). However, the use of cleaner, renewable feedstocks is more promising from an environmental perspective [3]. Bioethanol is a renewable feedstock for producing H2 by steam reforming, hereafter referred to as ethanol steam reforming (ESR). Main advantages of the use of bioethanol include: (i) high versatility and availability; (ii) low sulfur content; and (iii) high technical readiness level (TRL) [4]. Biomass is converted into H2 via bioethanol by coupling fermentation, distillation, ESR, and syngas cleaning [5]. The resulting H2 could be fed into a fuel cell to produce power. Among the available fuel cell types, high temperature proton exchange membrane fuel cells (HT-PEMFC) present high tolerance to syngas impurities such as carbon monoxide (CO) and carbon dioxide (CO2) [6], making them suitable for use in this process.



Several factors influence H2 production and thus power production in the HT-PEMFC. Rossetti et al. [7] determined that the higher the steam-to-ethanol ratio (S/E) is, the higher the H2 production but the lower the net electric power output will be. This behavior is associated with the fact that the energy required to reach the ESR temperature increases with the water content in the feed, reducing the process net energy output. Besides, Cobo et al. [8] reported that H2 selectivity increases along with the S/E over a Rh6Pt2/La2O3 catalyst at 700 °C. An increment on the S/E will also reduce the carbon deposits [9]. Furthermore, increasing S/E will have an outstanding effect on reducing the CO content. Thermodynamic analyses show that a S/E above 4.0 will result in a H2 yield > 4.0 with a CO content < 10 mol.% [10]. S/E is commonly set by mixing water and azeotropic ethanol (~96 vol.%). The latter is obtained by a distillation train that purifies the raw bioethanol obtained after fermentation. This process removes harsh impurities from the raw bioethanol that further affect ESR, but it is highly energy consuming.



Selection of the purification technology depends on the features of the raw bioethanol, which is produced from a wide spectrum of biomass such as corn grain, sugar beet, sugarcane juice, molasses, sugarcane press-mud, wheat straw, wood hydrolysates, cassava, and more [4,11,12]. Fermentation of those biomass results in a raw bioethanol with different ethanol profiles that, consequently, will influence H2 production by ESR and, subsequently, the power production in a HT-PEMFC [4]. Raw bioethanol derived from those kinds of biomass is a mixture of solid and liquid phases. Therefore, to distill this raw bioethanol, solids must be removed by filtration and centrifugation. However, the use of additional separation units will increase the overall cost. As an alternative, batch distillation devices are used to purify bioethanol when high solid content is present in the inlet stream [5]. Furthermore, this is a suitable strategy to purify bioethanol and produce H2 for small-scale farmers [13], considered to be those whose area harvested is less than 5 ha [14], and which can produce up to 95 L day-1 [15]. Alembics are batch distillation devices that are frequently used in small facilities to produce beverage spirits with an ethanol content up to 70 vol.%. The ethanol content will depend on the distillation time, easily achieving values between 35 wt.% and 46 wt.% [16]. This ethanol content is key to increase H2 yield and reduce energy consumption during ESR.



Up to now, two main factors have been identified: the biomass source, that influences the resulting ethanol content on raw bioethanol, and the S/E that could be adjusted during batch distillation. Aside from those factors, temperature of the catalytic reactions of both ESR and syngas cleaning are key to produce H2 for its subsequent use in a HT-PEMFC. On one hand, temperatures between 600 and 700 °C will reduce the energy demand for ESR, while reducing the cooling demand of the overall process [10]. Due to the endothermicity of the steam reforming reaction, higher temperature favors ethanol conversion into H2 [17]. Cifuentes et al. [18] designed a monolith washcoated with RhPt/CeO2-SiO2 for producing H2 from bioethanol via ESR. This catalyst produces at least 60 mol.% H2 during 50 h time on stream through the ESR of bioethanol coming from the fermentation of biomass. In addition, this catalyst is resistant to the presence of bioethanol impurities due to the Rh active sites and the oxygen storage capacity of CeO2 that oxidizes carbon deposits [4,19]. In addition, Pt active sites promote the water gas shift reaction (WGSR) and consequently increase H2 yield [20]. On the other hand, the syngas cleaning is mainly focused on the removal of CO, which poisons the HT-PEMFC electrodes. The temperature to remove CO from the syngas is critical and depends on the catalyst. For instance, Cifuentes et al. [21] assessed three different nano-structured catalysts to remove CO from the syngas stream. They showed that Au-Cu catalyst supported over a nano-shaped polyhedral and CeO2 rods achieved higher CO removal than Au-Cu catalyst supported over nano-shaped cube CeO2. In the former case, at temperatures between 220 and 260 °C, almost complete CO conversion was observed, while in the latter case the highest CO conversion was 80% at 280 °C. Similarly, Cifuentes et al. [22] reported that monoliths washcoated with Au-Cu/CeO2 showed the highest activity at 210 °C.



Since different biomass compositions lead to different ethanol profiles and, consequently, different syngas composition, it is pertinent to determine proper conditions to convert bioethanol derived from biomass into H2 for its subsequent use for power generation in a HT-PEMFC. To do so, response surface methodology (RSM) along with modelling and simulation in Aspen Plus® can be used as a tool to define proper conditions along the process. RSM is a tool that determines the optimal response by coupling mathematical and statistical models while decreasing the number of experimental runs [23]. Different studies have combined the use of Aspen Plus® and RSM to optimize different processes such as gasification of Sysigium cumini [23], methanol steam reforming to produce H2 for HT-PEMFC [24], extraction of γ-Oryzanol from defatted rice bran [25], ESR to produce H2 for low temperature PEMFC (LT-PEMFC) [20], biomass steam-gasification [26], dividing wall distillation columns [27], and industrial CO2 capture [28]. The main purpose of Aspen Plus® is to model and simulate the complete process, whereas the aim of RSM is to determine the optimal conditions based on an experimental design that includes factors that might affect the performance of the overall process.



Based on the above, the aim of this paper is to optimize the power production in a HT-PEMFC from biomass via ESR by coupling Aspen Plus® and RSM. To do so, the process, which encompasses four stages (i.e., batch distillation, ESR, CO-removal, and HT-PEMFC), was modelled and simulated in Aspen Plus®. Additionally, five factors (i.e., ethanol composition, alembic load, S/E, ESR temperature, and CO-removal temperature) were analyzed and optimized through RSM. Results from this study lead to the selection of suitable conditions to convert any kind of bioethanol into power via ESR.




2. Materials and Methods


For determining the suitable conditions to produce power from biomass via ESR, a simulation in Aspen Plus® V.12 (Aspen Tech, Bedford, MA, USA) and Matlab 2020b (MathWorks, Natick, MA, USA) coupled to the RSM was carried out. The aim of the simulation in Aspen Plus® was to model and simulate the ethanol conversion into H2, while the purpose of MATLAB was to model and simulate the performance of a commercial HT-PEMFC. Lastly, through the RSM, an optimization of main variables was performed. Details of the methodology are shown in the upcoming sections.



2.1. Aspen Plus® Simulation


Figure 1 shows the Aspen flowsheet for producing syngas enriched with H2 from ethanol. The simulation mainly includes ethanol purification by batch distillation (i.e., Alembic), ethanol conversion into syngas by ESR (i.e., SR-1 and SR-2), and syngas purification by CO-removal reaction process (i.e., CO-P). In addition, several auxiliary units such as heat exchangers, compressors, and pumps were employed to condition the process streams.



2.1.1. Alembic


Simulation of the alembic was carried out in Aspen Plus® V.12 (Aspen Tech, Bedford, MA, USA) by using the Batch-Sep subroutine. The non-random two-liquid (NRTL) thermodynamic model was employed as thermodynamic package. The batch distillation unit was modelled with two equilibrium stages, named as pot and partial condenser. Two distillation receivers were employed. The first receiver collected the liquid fraction, while the second receiver collected the vapor fraction. The condenser and pot characteristics are described in Table S1 (See Supplementary Material S1). The distillate mass flow rate was adjusted at 0.017 kg min−1. The initial condition was set as initial charge. It means that the pot is filled with a specific amount of charge and the remainder was initially filled with the pad gas, which was air. Moreover, pressure was set to the ambient pressure, 0.76 bar. The operating step was set as a duty of 1.3 kW. The final condition was stablished to fulfill the desirable S/E ratio.




2.1.2. Ethanol Steam Reforming


Ethanol steam reforming (ESR) was modelled using a plug bed packed reactor (PBD) in Aspen Plus® and using the kinetics for the following reactions: ethanol decomposition (Equation (1)), reverse WGSR (Equation (2)), methane steam reforming (Equation (3)); and incomplete methane steam reforming (Equation (4)) [22]. The kinetic parameters were calculated using the software Aspen Plus® and are shown in Table S2.1 (See Supplementary Material S2). Results of the experimental and Aspen Plus® data are shown in Table S2.2 (See Supplementary Material S2). The kinetic parameters make it possible to forecast the behavior of H2 and CO yield over monoliths washcoated with RhPt/CeO2-SiO2 at temperatures between 600 and 700 °C since the student’s statistical t-test showed that there was no significant difference between the experimental and Aspen Plus® results according to Table S2.3 (See Supplementary Material S2). Those temperatures were selected to guarantee that ethanol conversion was complete [18].


   C 2   H 5  OH → CO +  H 2  +   CH  4   



(1)






    CO  2  +  H 2  ↔ CO +  H 2  O  



(2)






    CH  4  + 2  H 2  O →   CO  2  + 4  H 2   



(3)






    CH  4  +  H 2  O → CO + 3  H 2   



(4)








2.1.3. Carbon Monoxide Removal


The CO-removal from the syngas stream was modelled using a PBD reactor in Aspen Plus® and using the kinetics previously reported by Cifuentes et al. [22] who considered the oxidation of CO (Equation (5)), WGSR (Equation (6)), and the H2 oxidation (Equation (7)). The kinetic parameters were calculated using the software Aspen Plus® and shown in Table S3.1 (See Supplementary Material S3). Results of the experimental and Aspen Plus® data are shown in Table S3.2 (See Supplementary Material S3). The kinetic parameters enable forecasting of the behavior of CO removal over monoliths washcoated with Au-Cu/CeO2 at temperatures between 200 and 300 °C since the student’s statistical t-test showed that there was no significant difference between the experimental and Aspen Plus® results according to Table S3.3 (See Supplementary Material S3).


  CO + 0.5  O 2  →      CO   2   



(5)






  CO +  H 2  O ↔   CO  2  +  H 2   



(6)






   H 2  + 0.5  O 2  →  H 2  O  



(7)









2.2. Matlab


High Temperature Proton Exchange Membrane Fuel Cell (HT-PEMFC)


A one-dimensional and semi-empirical model of a HT-PEMFC described by Nalbant et al. [29] was adopted. The model was fully developed in Matlab (MathWorks, Natick, MA, USA) and equipped with Ordinary Differential Equation solver (ODE 45) to solve the governing equations. This model considered the following assumptions: (i) steady state and isothermal operation; (ii) convection effects are negligible; (iii) ideal gas behavior; (iv) no water condensation; and (v) negligible gas permeability through the membrane. The catalyst is considered an interface and the electrochemical reactions are assumed to occur in the gas phase. The chemical reactions taking place in the anode and cathode compartments correspond to Equations (8) and (9), respectively.


   H 2  →   2  H +  + 2  e −    Anode    



(8)






   O 2  + 4  H +  + 4  e −  →   2  H 2   O      Cathode    



(9)







The complete model of the HT-PEMFC is described in Supplementary Material S4. Power of the HT-PEMFC was calculated according to Equation (10), where PNET is the power delivered by the fuel cell in watts, N is the number of fuel cells, j is the current density (A m−2), A is the cell area (m2), and V is the cell voltage (V). The current density was set to 0.2 A cm−2 to avoid possible performance issues of the fuel cell. Previous studies showed that, at this current value, higher efficiencies were observed [30]. The number of fuel cells (N) was calculated according to Equation (11), where F is the faraday constant (sA mol−1), NH2 is the molar H2 flow rate (mol s−1), and λH2 is the stoichiometric ratio. N is an important parameter since it determines the overall cost of the fuel cell. The area (A) of the fuel cell was set to 300 cm2 since it is available in the market. The net power and the number of cells needed were estimated using the following equations:


   P  NET   =  N * A * j * V     



(10)






  N =   2    * F * N    H 2      λ  H 2    * A * j     



(11)









2.3. Response Surface Methodology (RSM)


A Box–Behnken design (BBD) method was employed to determine the effect of five critical variables during the production of power from bioethanol via ESR and overall efficiency of the process. Those variables were initial ethanol content (A), initial bioethanol charge in the alembic (B), steam-to-ethanol ratio (C), ESR temperature (D), and CO-removal temperature. These variables were included in the Aspen flowsheet described in Figure 1. 46 simulations were performed. The simulation results allowed the estimation of the composition of the H2 stream and the energy consumption of the main equipment. The composition of H2 was exported to Matlab to calculate the fuel cell power according to Section 2.2. The efficiency of the process was calculated according to Equation (12), where PNET is the net power produced in the HT-PEMFC, mEtOH is the mass flow of ethanol (kg s−1), and QTotal is the total thermal energy required in the process.


  Efficiency =    P  NET     26 , 800    * m    EtOH   +  Q  Total     * 100  



(12)







Statistical analysis was performed in Minitab V18 (Minitab LCC, PE, USA). The model for all the response variables was adjusted by using regression. This method allows introduction of any term whose p-value is lower or equal to the specified alpha value. Herein, alpha value was set to 0.15.





3. Results


Figure 2 shows the process for producing power from bioethanol based on the pilot plant located at Universidad de La Sabana (Colombia). The process encompasses four main stages named as: (i) alembic; (ii) ESR; (iii) CO-removal, and (iv) HT-PEMFC. In the alembic, bioethanol is distilled until a specific S/E ratio. In this process, the inlet ethanol content, alembic load, and S/E was assessed. Afterwards, ethanol is purified through batch distillation, the resulting bioethanol is converted into syngas over monoliths washcoated with RhPt/CeO2-SiO2 at temperatures between 600 °C and 700 °C. At these conditions, complete conversion of ethanol is attained [18]. The resulting syngas is then cooled down and sent to the CO-removal reactor which operates between 200 and 300 °C and packed with a monolith washcoated with Au-Cu/CeO2 to remove CO [31]. Lastly, the CO-free syngas is fed to a commercial HT-PEMFC to produce power. The previously cited factors (i.e., inlet ethanol content, alembic load, S/E, reformer temperature, and CO-removal reactor temperature) were evaluated to determine their effect on the power production, energy consumption, H2 flow rate, and overall efficiency. In the upcoming section, the effect of the previously cited factors on the selected response variables through the RSM is explored.



3.1. Box–Behkhen Design


A BBD method was employed to determine the effect of critical variables during the conversion of bioethanol into H2 and its subsequent use for producing power in a HT-PEMFC. Those variables were the inlet ethanol content (A), the alembic load (B), the molar steam-to-ethanol ratio (C), the steam reforming temperature (D), and the CO-removal temperature (D). While the response variables were the power production in a HT-PEMFC, the process efficiency, and the thermal energy consumption. Detailed ANOVA results are shown in Supplementary Material S5. The correlation coefficient (R2) and the adjusted correlation coefficient (R2adj) were employed to determine the accuracy of the model [26]. Both coefficients were higher than 0.906, as shown in Table S5.1 (See Supplementary Material S5). Hence, the model explained 90.6% of the data variability. In addition, differences between R2 and R2adj are lower than 0.2 for all the response variables (Table S5.1 in Supplementary Material S5.1), concluding that the response surface represents the data accurately [32].



Figure 3 shows the Pareto chart for all the response variables. Herein, single letters (i.e., A, B, C, D, and E) represent the effect of the main factor on the response variable. Whereas combined letters (e.g., AC, AD, CD) show the interaction effect of two different factors on the response variable, and similar combined letters (e.g., CC, DD) display the quadratic effect of the main factor over the response variable. Accordingly, the S/E, represented with the letter C in the y-axis, has the highest influence on all the response variables, followed by the inlet ethanol content (A) which influences mainly the power fuel cell (Figure 3a). The temperature of the ESR (D) influences mainly the process efficiency, as shown in Figure 3b. CO-removal temperature (E) has the lowest effect over all the tested variables. In the upcoming section, we explore the effect of main factors on the response variables described in Figure 3. Since alembic load (B, in Figure 3) does not have a significant effect on the response variables, this will not be discussed in this paper.



3.1.1. Steam-to-Ethanol Ratio (S/E)


According to Figure 3, S/E (C) has the strongest influence on the power production, process efficiency, and energy consumption. The S/E ratio influences the product distribution during ESR and depends on the alembic operating conditions. Figure 4 shows the effect of both distillation time in the alembic and ethanol concentration on the S/E ratio. Although alembic can be appropriate for bioethanol distillation of fermented agro-industrial residues at small scale [33], distillation time in this device is a critical variable to be controlled. According to Figure 4a, the batch distillation starts producing elevated S/E values, but the bioethanol yield is negligible (Figure 4b). As long as the distillation continues, the S/E decreases until a minimum at about 20 min (Figure 4a). Afterwards, both S/E (Figure 4a) and bioethanol yield (Figure 4b) increase, delivering higher power production and H2 flow rates, but higher energy requirements, as shown in Figure 5.



Figure 4c shows a correlation between the bioethanol recovery and the inlet ethanol concentration. Herein, bioethanol recovery is calculated as the ratio between the bioethanol obtained as distillate and the bioethanol fed to the alembic unit. According to Figure 4c, there is a directly proportional correlation between the inlet ethanol concentration and the bioethanol recovery. Hence, larger inlet ethanol concentration will produce more bioethanol and consequently more H2, as shown in the upcoming section.



Figure 5a shows that, for a similar initial ethanol concentration, there is an increment on the power production along with the S/E. For instance, when the inlet ethanol concentration is 9.0 wt.%, an increase on power production will rise almost twice along with S/E. The S/E strongly influences the H2 and CO concentration in the syngas stream. Also, an increase of the H2 flow rate will have a proportional effect on the power production. Figure 5b shows a similar trend to that observed in Figure 5a. For instance, when the inlet ethanol concentration is 9.0 wt.%, an increment on S/E from 3.5 to 5.5 will increase the H2 flow rate from 3.0 to 5.0 mol s−1 kg−1. Figure 3b shows that S/E also strongly affects the energy consumption of the overall process. Consequently, Figure 5c shows that the energy consumption ranged between 0.1 and 0.65 kW kg−1 and depended on the S/E and ethanol concentration. Among processes, the auxiliary units such as the heat exchangers are the stages that consume the highest amount of energy (49%), followed by the alembic (42%), and the ESR (9%). Among auxiliary units, E-103 (in Figure 1) consumes the highest amount of energy, mainly associated with bioethanol evaporation and the use of an inert gas as a carrier due to its low heat capacity. Followed by the auxiliary units, the alembic consumes about 46% of the total energy in the process described in Figure 2.



Figure 5c shows that regardless of the ethanol concentration, an increment on the S/E will require a higher amount of energy, since longer distillation times are required, as previously discussed. The ESR is the operation unit that consumes less energy. The contribution of ESR to the overall energy consumption is about 9%. The low contribution is associated with the low amount of bioethanol that is needed during ethanol conversion to H2 by ESR over monoliths washcoated with RhPt/CeO2-SiO2. For instance, about 10% of the inlet bioethanol is recovered as distillate during the alembic operation, as shown in Figure 4c. The bioethanol recovered in said stage is employed as feedstock during ESR.



Both power production and energy consumption are important parameters in the process design since they indicate the efficiency of the overall process. Herein, process efficiency was defined as the ratio between the power produced in the HT-PEMFC and the energy consumed in the overall process (Equation (12)). Figure 5d shows that the global efficiency exhibits a maximum value of ~17% when using a S/E = 5.5 and an ethanol inlet concentration of 7.0 wt.%. For S/E > 5, the influence of the initial ethanol concentration is minimal. Aside from S/E, the ethanol inlet concentration has an influence on the power production, energy consumption, and process efficiency, but in a lesser extent, as shown in the upcoming section.




3.1.2. Ethanol Concentration


Figure 3a,b shows that the inlet ethanol concentration in the raw bioethanol will affect the power production and energy consumption, respectively. Table 1 shows different types of biomass that are employed for producing bioethanol. These biomass types were classified into first, second, and third generation bioethanol.



According to Table 1, ethanol concentrations ranging from 5.33 wt.% to 10.03 wt.% are obtained from first generation bioethanol, whereas concentrations ranging from 0.99 wt.% to 11.61 wt.% are obtained from second generation, and 1.13 wt.% to 2.65 wt.% from third generation bioethanol, respectively. Third generation ethanol has a concentration <5.0 wt.%, as shown in Table 1, which eliminates this group of bioethanol generation from the process described in Figure 2. Among second bioethanol generation, some biomass (e.g., rice straw and date pulp sap) can be considered as a source of suitable ethanol to produce H2 by ESR. Literature review suggests a desirable S/E range from 3.0 to 5.0 [46], which can be achieved by batch distillation, as displayed in Figure 4a.



Figure 5a shows an increment of the power production along with the inlet ethanol concentration in the bioethanol fed to the alembic. Similarly, Figure 5b shows that the H2 flow rate produced during ESR is directly proportional to the ethanol concentration. The effect of the ethanol concentration on the previously cited variables is correlated with the amount of bioethanol that is recovered in the batch distillation unit. Figure 4c portrays that an increment of the inlet ethanol concentration will warrant higher amount of bioethanol that could be used for producing H2 by ESR, and consequently, larger power generation in the HT-PEMFC.



Figure 5c exhibits an increment of the energy consumption within the ethanol concentration, regardless the S/E. This trend is associated with the batch distillation time. The higher the ethanol concentration is, the longer the distillation time will be to attain a similar S/E in a batch distillation unit. For instance, Figure 4a shows that about 30, 42, and 54 min are required to achieve a S/E of 4.0 when the ethanol concentration is 7 wt.%, 8 wt.%, and 9 wt.%, respectively. Additionally, Figure 5d indicates that the overall efficiency increases with the inlet ethanol concentration. Since efficiency is correlated with power production, higher inlet ethanol concentration will produce more H2, and consistently, more power will be generated in a HT-PEMFC. Aside from the ethanol concentration and S/E, the ESR temperature has a significant effect on the response variables such as power production, H2 flow rate, thermal consumption, and efficiency. In the upcoming section, we explore the effect of ESR temperature over the previously cited variables.




3.1.3. Steam Reforming Temperature


In this study, ESR temperature was evaluated between 600 and 700 °C. Among the output variables explored, the ESR temperature influences the power generation and process efficiency, as shown in Figure 3a,c, respectively. Besides, Figure 6a shows that there is positive correlation between SR temperature and H2 concentration. Moreover, the S/E influences the H2 concentration. Indeed, Figure 6a displays that at low temperature, H2 concentration increases along with the S/E. However, at temperature above 700 °C, the effect of S/E become negligible. Aside from the H2 concentration on the syngas stream, CO concentration also exhibits an increase as reforming temperature increases, as shown in Figure 6b. Presence of CO, even at very low concentrations, can have a negative effect on cell performance and, therefore, power generation. To overcome the effect of CO, the addition of a second reactor in series to remove CO is required. In the upcoming section, the use of this reactor is explored.




3.1.4. CO-Removal Temperature


CO from syngas could be removed by different pathways such as the WGSR and CO oxidation. The latter could reduce CO concentration to less than 100 ppm, if proper conditions and catalysts are employed. Recently, Cifuentes et al. [21,31,47] developed an Au-Cu/CeO2 catalyst that allows to reduce CO content to less than 100 ppm, but with a higher H2 loss. The CO-removal temperature has a significant effect on the CO content. Therefore, this factor was assessed against the response variables such as power generation, energy consumption, and global efficiency. According to Figure 3, neither of the response variables is strongly affected by the temperature of the CO removal reactor. Figure 6b shows that CO composition is affected by the ESR temperature and S/E. Indeed, higher temperature on the ESR will increase CO concentration, whereas larger S/E will reduce the CO concentration. Therefore, a change in S/E could be used as a strategy to control the amount of CO produced and thus, modify the H2/CO ratio in the syngas obtained from ESR. H2/CO is a relevant operation condition to design syngas clean-up technologies [31]. However, the addition of a second reactor will reduce the CO concentration to less than 0.008 mole frac (8000 ppm), regardless of the temperature conditions, as shown in Figure 6b.



H2 losses during CO-removal reaction can also affect the power production. H2 losses are also correlated with CO-removal temperature. Figure 6c shows that H2 losses during CO-removal are similar for all the experiments. Indeed, H2 conversion ranges between 18.2% and 25.6%. These slight differences suggest that temperature conditions (i.e., 200–300 °C) did not affect the CO concentration and the H2 conversion. Therefore, the CO-removal temperature is the variable with the least impact on the overall process. Even though the CO-removal reaction temperature does not exhibit a significant effect on power production, process efficiency, and energy consumption, the addition of the CO-removal reactor is key in the process design.



Figure 7 shows the polarization curves when pure H2, syngas, and clean syngas are employed in the HT-PEMFC. Herein, clean syngas refers to syngas without CO after the CO-removal reactor stage. The polarization curves represent the performance of the fuel cell system in terms of the voltage drops and current densities. The polarization curve shows three different losses associated with electrodes activation, ohmic resistance losses, and mass transport [48]. According to Figure 7, a similar trend in terms of voltage drop is observed for the pure H2 and the clean syngas. Differences between both polarization curves are associated with the H2 concentration on both streams, considering that H2 stream is 100 mol% H2 while the clean syngas has 17.5 mol% H2. Concerning the effect of the syngas stream on the voltage drop, significant differences are observed. Indeed, when current density is 0.3 A/cm2, the voltage is 0.32 V and 0.57 V for the syngas and clean syngas, respectively. Hence, CO affects the fuel cell performance and consequently, a CO-removal stage is required to clean the syngas and increase power production. The CO-removal reactor could operate between 200 and 300 °C since both CO concentration and H2 conversion are similar, as shown in Figure 6.



Up to now, we explored different factors such as S/E, ethanol concentration, steam reforming temperature, and CO-removal temperature. However, it is important to determine suitable conditions for producing power from different biomass. This will diversify the sources to produce affordable and clean energy, as is described by the United Nations agenda in terms of the sustainable development goals. In the upcoming section, an optimization of the main variables is carried out for different ethanol concentrations which represent possible sources for producing energy by the technology described in Figure 2.






4. Discussion


Several variables were analyzed during the conversion of raw bioethanol into power via green H2 and using ESR. Among variables, S/E has the strongest influence on the H2 and CO concentrations that, subsequently, affect power production. Besides, the S/E is also influenced by the ESR temperature. Conversion of ethanol and selectivity to various reaction products are heavily influenced by the reaction temperature. For instance, at temperatures below 300 °C, ESR does not occur at a significant extent. At this temperature range, ethanol dehydrogenation is favored instead. ESR, on the other hand, is favored at temperatures above 400 °C [10,49]. The resulting syngas composition is influenced by the reaction temperature as CO2 and CH4 selectivity varies with this parameter. Selectivity towards CO2 and CH4 has been found to be directly proportional to the ESR temperature up to 550 °C. Above this temperature, the selectivity of both compounds falls due to favoring of the methanol reformation reaction. Ethanol conversion is expected to be complete at reaction temperatures above 600 °C with H2 selectivity over 90%, along with a significant increase on the selectivity towards CO. S/E decisively influences the reaction mechanisms of the ESR [50]. In accordance with the kinetic schemes proposed by [51] and [50] for ESR, water contributes to oxidizing carbon intermediates obtained from ethanol decomposition (Equation (1)) [52] via steam reforming reactions (e.g., Equations (3) and (4)). Also, an increase in the S/E ratio prevents reverse WGSR (Equation (2)), reducing CO formation and improving H2 yield [10]. This effect is more significant at high temperatures (>600 °C), where the possibility of occurrence of reverse WGSR increases [50]. Higher content of water in the inlet bioethanol will boost the WGSR [8]. López et al. [53] reported that at 700 °C, CO molar flow rate decreases and H2 yield increases when the steam-to-carbon ratio increases due to the availability of oxidants species in the reaction interface. In addition, at higher temperature the effect of S/E is hindered by the temperature. Hernandez and Kafarov [54] and Rabestein et al. [10] reported a similar behavior from thermodynamic analysis. Arevalo et al. [55] stated that over a Ni-CZ catalyst, a similar H2 yield is achieved at 700 °C, regardless of the S/E. Also, Cobo et al. [8] displayed that at temperatures above 600 °C, S/E did not have a relevant effect on H2 yield over a RhPt/La2O3 catalyst.



On the other hand, the H2 content present in the flow stream entering the fuel cell will have an important effect on power production. A lower H2 partial pressure can result in a significant effect on the mass transport rates of reactants and products and can directly affect current distribution and, therefore, cell performance [56]. Power production depends mainly on the current and cell voltage. While the current is associated with the H2 flow rate, the cell voltage depends on the irreversible voltage losses such as those associated with the anode and cathode activation losses and the ohmic losses. This dependence can be explained by the fact that power is directly related to the H2 content present in the flow stream entering the fuel cell. A reduction in H2 concentration in the anodic compartment negatively affects the fuel cell performance. Furthermore, the anode activation losses are strongly correlated with the presence of CO in the fuel stream [57]. The poison effect of CO is associated with the strong adsorption on the catalyst surfaces, typically Pt [29]. This strong adsorption between CO and the platinum sites hinders H2 access to the catalyst sites and reduces the H2 oxidation reaction efficiency [58]. Therefore, CO content will affect the overall cell voltage and consequently the fuel cell power. Several studies reported that the higher the S/E is, the higher the H2 yield and the lower the CO yield will be, as reported for different catalysts such as Co/MCM-41, Ni/MCM-41 [52], RhPt/La2O3 [8], and PtNi/CeO2-ZrO2 [59].



Aside from the S/E and ESR temperature, the carrier gas is a critical hotspot on the production of power from ethanol [5] and strongly influences the syngas profile. For instance, Cifuentes et al. [18] reported that low carrier gas ratios (i.e., liters of carrier gas per mL of bioethanol) will decrease the H2 yield during ESR over monoliths washcoated with RhPt/CeO2-SiO2. The use of a carrier gas will influence the process efficiency since higher energy consumption will be attained. Efficiency reported in this study is about 17%. Authayanun et al. [60] reported an efficiency of 29% when bioethanol coming from cassava was reformed for producing H2 and power in an LT-PEMFC. Likewise, Sanchez et al. [5] showed an efficiency of 56% when ethanol coming from sugarcane press-mud was employed for producing H2 and power in an LT-PEMFC. George and Suresh [61] indicated that system efficiency varied from 10% to 60% and depends on the process conditions such as steam-to-carbon ratio, reformer temperature, and fuel cell pressure. A similar efficiency (~17%) was reported during the steam reforming of glycerol, mainly ascribed to the dilution effect on the H2 stream [62,63]. While pure H2 is required for the LT-PEMFC operation, diluted H2 can be fed to a HT-PEMFC. However, the dilution effect will have an impact on the power generation [48].



Therefore, an optimization of the assessed factors is necessary to determine the suitable conditions to maximize the power production. The optimization of the main factors was performed to minimize both energy consumption and number of fuel cells and maximize power production and overall efficiency, using RSM. Table 2 shows that maximum power obtained through the process described in Figure 2 is 0.07 kWh per kg of bioethanol with an energy consumption of 0.37 kW per kg of bioethanol, and an efficiency of 17.8%. These values could be obtained for any bioethanol stream whose ethanol concentration ranges between 7.0 wt.% and 9.0 wt.%. However, batch distillation parameters such as distillation time must be adjusted to achieve a proper S/E that allows to obtain the optimized values described above.



Figure 8 shows the correlation between S/E and the CO-removal temperature with the inlet ethanol concentration for obtaining the optimized values described in Table 2. There is an inverse correlation between the inlet ethanol concentration and S/E, which will affect the CO-removal temperature. In addition, Figure 8 makes it possible to determine the optimal S/E and CO-removal temperature based on the initial ethanol concentration, to maximize the power production on the HT-PEMFC. For instance, for producing power from sugarcane molasses (8.0 wt.% ethanol in Table 1), S/E must be adjusted to 4.3 and the CO-removal temperature should be 269 °C. Therefore, the S/E and the CO-removal temperature must be selected in accordance with the initial ethanol concentration. This study shows the “domino effect” that the initial ethanol concentration obtained from biomass fermentation has on H2 purification and highlights the need to develop integrative tools to design sustainable models.




5. Conclusions


Determination and optimization of the main factors for producing power from biomass using green H2 as energy vector has been carried out by coupling Aspen Plus® and response surface methodology (RSM). The steps analyzed in the process were biomass fermentation, bioethanol purification, H2 production via ESR, syngas cleaning by a CO-removal reactor, and power production in a high temperature proton exchange membrane fuel cell (HT-PEMFC). The variables that presented the greatest effect on the power production, energy consumption, and process efficiency were steam-to-ethanol ratio (S/E) used in the ESR > ethanol concentration in the raw bioethanol obtained after fermentation > ESR temperature. Despite the CO-removal temperature did not show a significant effect on the process, the use of a CO-removal reactor to clean the syngas coming from the ESR is indispensable for producing green H2 and power in the HT-PEMFC. Maximum power production would be 0.07 kWh kg−1 with an efficiency of about 17%, and an energy consumption of 0.37 kW per kg of bioethanol when the reformer temperature is 700 °C. These values can be achieved when first- and second-generation bioethanol are used, with a range of inlet ethanol concentrations between 7.0 wt.% and 9.0 wt.%. Both S/E and CO-removal temperature should be adjusted in accordance with the inlet ethanol concentration for obtaining the highest power in the HT-PEMFC. Hence, this study gives a first insight into the possibility of selecting suitable conditions for producing power and green H2 via ESR for a wide variety of bioethanol sources.
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Figure 1. Aspen Plus® flowsheet for producing syngas from ethanol via ESR. S: Separators; E: Heat Exchangers; SR: Steam reforming reactors; CO-P: CO-removal reactor; K: Compressors; M: Mixers; Alembic: Batch distillation unit. 
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Figure 2. Process flow diagram for producing power from bioethanol. 
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Figure 3. Pareto chart for (a) power fuel cell; (b) total energy consumption; (c) process efficiency. The terms in the y axis correspond to: A (Initial ethanol content); B (Alembic load); C (Steam-to-ethanol ratio); D (Steam reforming temperature); and E (CO-removal temperature). Combined letters represent the interaction between the factors. 
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Figure 4. (a) Effect of the batch distillation time and inlet ethanol concentration (wt.%) on the molar steam-to-ethanol ratio; (b) Effect of the batch distillation time (min) on the bioethanol production (L); (c) Effect of the inlet ethanol concentration (wt.%) on the final bioethanol recovery (kmol bioethanol/kmol inlet bioethanol). 
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Figure 5. Surface plot diagram of the (a) power fuel cell; (b) H2 flow rate; (c) energy consumption, and (d) efficiency in terms of the steam-to-ethanol ratio (S/E) and the ethanol content (wt.%). 
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Figure 6. (a) Effect of the steam reforming temperature and S/E on the H2 composition (b) Effect of the steam reforming temperature and the use of a CO removal reactor on the CO composition, (c) H2 conversion on the CO-removal reactor for all the experiments. 
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Figure 7. Polarization curve for syngas fed to HT-PEMFC. Red line: (H2: 100 mol%; CO: 0.0 mol%; CO2: 0.0 mol%; CH4: 0.0 mol%; N2 balance); Blue line: (H2: 13.7 mol%; CO: 0.0 mol%; CO2: 7.0 mol%; CH4: 0.2 mol%; H2O: 3.10 mol%; N2 balance); green line (H2: 17.5 mol%; CO: 4.2 mol%; CO2: 3.1 mol%; CH4: 0.2 mol%; H2O: 10.2 mol%; N2 balance). 
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Figure 8. Correlation between the molar steam-to-ethanol ratio (S/E) and CO-removal temperature with the inlet ethanol concentration (wt.%). 
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Table 1. Ethanol composition from different agro-industrial feedstocks after fermentation.
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	Feedstock
	Generation
	Fermentation

Conditions
	Ethanol

(g L−1)
	Ethanol

(wt.%)
	Ref.





	Sugarcane press-mud
	First
	T = 30 °C, 200 rpm, pH = 5.5, 24 h
	61.0
	6.21
	[34]



	Sugar molasses
	First
	T = 30 °C, 115 rpm, 12 h
	78.6
	8.00
	[35]



	Cane molasses
	First
	T = 33 °C, 150 rpm, 48 h
	92.0
	9.37
	[35]



	Beet molasses
	First
	T = 30 °C, pH = 5.0, 40 rpm, 36 h
	52.3
	5.33
	[36]



	Cassava mash
	First
	T = 33 °C, 100 rpm, 42 h
	86.1
	8.77
	[35]



	Sorghum juice
	First
	T = 30 °C, 72 h
	98.5
	10.03
	[35]



	Waste wood
	Second
	T = 30 °C, 150 rpm, pH = 5.5, 16 h
	18.5
	1.88
	[35]



	Wheat straw
	Second
	T = 42 °C, pH = 5.5, 72 h
	36.2
	3.69
	[35]



	Cotton stalk
	Second
	T = 30 °C, 150 rpm, 96 h
	9.81
	0.99
	[37]



	Date palm sap
	Second
	T = 30 °C, 150 rpm, 72 h
	86.8
	8.91
	[38]



	Waste hamburger
	Second
	T = 30 °C, 400 rpm, 50 h
	27.4
	2.77
	[39]



	Rice straw
	Second
	T = 37 °C, 48 h
	112.3
	11.61
	[40]



	Rice straw
	Second
	T = 30 °C, 150 rpm, 72 h
	9.65
	0.95
	[41]



	Reed
	Second
	T= 36 °C, 48 h
	66.5
	6.79
	[42]



	C. vulgaris
	Third
	T = 30 °C, pH= 5.0–6.0, 60 h
	11.7
	1.18
	[43]



	H. tetrachotoma ME03
	Third
	T = 30 °C, 150 rpm, 36 h
	11.2
	1.13
	[44]



	Hydrodictyon

reticulatum
	Third
	T = 30 °C, 120 rpm, 48 h
	26.2
	2.65
	[45]










[image: Table] 





Table 2. Optimized variables to produce power from raw bioethanol.
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Parameter

	
Unit

	
Value






	
EtOH content

	
wt.%

	
7.0

	
7.5

	
8.0

	
8.5

	
9.0




	
Alembic load

	
kg

	
6.0

	
6.0

	
6.0

	
6.0

	
6.0




	
S/E

	

	
5.0

	
4.6

	
4.3

	
4.0

	
3.8




	
ESR temperature

	
°C

	
700

	
700

	
700

	
700

	
700




	
CO-removal temperature

	
°C

	
236

	
253

	
269

	
286

	
297




	
Power

	
kWh kg−1

	
0.07

	
0.07

	
0.07

	
0.07

	
0.07




	
Efficiency

	
%

	
17.8

	
17.6

	
17.4

	
17.4

	
17.2




	
Energy consumption

	
kW kg−1

	
0.37

	
0.37

	
0.37

	
0.36

	
0.36




	
Number of cells

	

	
13

	
13

	
13

	
13

	
13




	
H2 flow rate

	
mol s−1 kg−1

	
2.68

	
2.73

	
2.77

	
2.77

	
2.78
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