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Steam reforming of ethanol (SRE) represents a prominent method for obtaining hydrogen, as it uses a
renewable and non-toxic biofuel as a primary feedstock. In order to improve the industrial attractiveness of this
catalytic pathway, this work aims to optimize reactor temperatures (°C), pressure (bar), steam-to-ethanol ratio,
and feed flow rate (kg/h) to maximize yield and conversion while reducing the energy consumption and the use
of raw materials. The plant was simulated using Aspen Plus® software, considering a base case with three
fixed-bed reactors in series, a simplified purification process, and compression up to 300 bar. Thermal
integration minimized process energy requirements by implementing heat recovery from inter-reactor streams
for feed preheating. Upon consolidation of the base case, a screening of key process parameters was conducted
via a full 2 factorial experimental design. As a result of this initial statistical analysis (p-value < 0.05), it was
observed that the temperatures of the WGS reactors were not statistically significant. As this range was limited
by the chosen reaction kinetics, these parameters were kept fixed at the minimum value of 250 °C for the second
stage of the optimization study. A Central Composite Design (CCD) was implemented to derive surrogate
models for ethanol conversion and hydrogen yield, while Response Surface Methodology (RSM) was employed
to delineate optimal operating regions. The analysis revealed that maximizing both the temperature (500-600
°C) and the feed molar ratio (1:8-1:9) to their upper bounds yielded the highest performance metrics.

1. Introduction

According to the United Nations Framework Convention on Climate Change (UNFCCC), global efforts are
increasingly focused on the mitigation of greenhouse gas emissions and the systematic addressing of climate
change. As underscored by the International Energy Agency (IEA, 2023), achieving global net-zero carbon
dioxide emissions by 2050 is imperative to constrain global warming to below 1.5°C. In this context, the search
for sustainable alternatives that enhance energy capacity through renewable sources has intensified (Bokde;
Lazi¢; Fanara, 2025). Hydrogen (H2) plays a pivotal role in the transition toward low-emission systems as a
highly efficient and versatile energy vector (Taghizad-Tavana et al., 2025). The steam reforming of ethanol
(SRE), Eq (1), is distinguished by its use of a renewable fuel with a well-established production scale in Brazil.
Furthermore, ethanol offers advantages such as ease of transport and storage, low toxicity, and a high
hydrogen-to-carbon ratio (Bineli; Tasic; Maciel Filho, 2016). This process constitutes a carbon-neutral
alternative, as the CO2 generated during H2 production is offset by the carbon sequestered during the growth
of the precursor biomass (Coors, 2025).

C2Hs50Hg) +3H20 (g) — 6H2 (g) + 2CO2 (g) AH = +173.300 J/mol (1)

The Water Gas Shift (WGS) reaction, Eq (2), is noteworthy as a parallel reaction, especially in an industrial
context, as it converts the generated carbon monoxide, thereby enhancing hydrogen selectivity (Palma et al.,
2014).

CO(g) + H20 (g) & Hz(g)+ 2CO2g) AH =-42.100 J/mol )
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A study by Bineli and Filho (2016) found that ethanol steam reforming can achieve high yields, nearing 100%,
provided that process variables—such as pressure, temperature, and the molar ratio of reactants—are
appropriately selected. Consequently, process parameter optimization studies are essential to evaluate the
influence of each variable on sustainable hydrogen production via SRE, thereby enhancing its competitiveness
against environmentally detrimental alternatives (Phan et al., 2022). The present work aims to simulate
hydrogen production in an ethanol steam reforming plant utilizing fixed-bed reactors, assessing the impact of
key process variables including temperature, pressure, reactant proportions, and flow rates. To achieve this,
responses for ethanol conversion and hydrogen yield were analysed through the development of a surrogate
model by Response Surface Methodology. This model was employed to identify optimal operating conditions
for the process.

2. Methodology

A schematic overview of the methodology is available in Figure 1.
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Figure 1: General outline of the methodology.

2.1 Simulation

The simulation of the ethanol steam reforming plant was performed using Aspen Plus® software. To ensure the
simulation accurately represents the real process, an appropriate selection of the thermodynamic property
package is essential (Carlson, 1996). Accordingly, the modified Predictive Soave-Redlich-Kwong (PSRK)
equation of state was selected.

Reaction kinetics were adopted from Palma et al. (2014), who analyzed the performance of a bimetallic Pt (3
wt%) and Ni (10 wt%) sample supported on CeOz2, evaluating its catalytic activity, selectivity, and stability. Since
promising results were reported between 250 and 600 °C, this temperature range was selected for the analysis
of optimization parameters.

The plant was initially simulated considering a base case with three fixed-bed reactors in series: the first one for
ESR, Eq (1), and the next two with lower temperatures in order to favor the WGS reaction, Eq (2). Next, simplified
purification was performed using a flash process with water recovery, which was recycled, and a separation
column. Finally, compression up to 300 bar of hydrogen with 99.99% purity was considered (Bouwkamp;
Burgunder; Casey, 2017). Energy integration was also assessed in the simulation with the aim of reducing the
energy consumption required in the process by taking advantage of the heat that would be lost between the
reactors to preheat the feed.

A base case was initially established for the simulation, assuming an ethanol feed capacity of 40,000 t/y. This
capacity was selected based on a commercial example of a second-generation bioethanol plant currently
commercialized by the Biochemtex group (Martinov et al., 2015). Additionally, a feed mixture with an ethanol-
to-water molar ratio of 1:6 was employed. Although this is lower than the ratio described as optimal (Patel;
Jindal; Pant, 2013), this composition was defined because it is readily achievable in industrial settings through
ethanol purification via distillation.

2.2 Factorial Design

The statistical study in this work, ranging from experimental design to response analysis and optimization, was
performed using Statistica software (version 7.0). Based on the obtained results, Pareto charts were generated
with a 95% confidence interval. Initially, a two-level full factorial design was conducted to screen the influence
of each evaluated parameter: feedstock flow rate, temperatures in the ESR, HT-WGS, and LT-WGS reactors,
pressure, and the Ethanol-to-Water reagent ratio. For this purpose, a two-level full factorial design (2¥) was
employed (k = 6), totaling 64 experimental runs. The high and low levels for each factor are listed in Table 1.
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Table 1: High and low levels for each operation factor.

Level Flowrate ESR Temp. HT-WGS Temp. LT-WGS Temp. Pressure Reagent Ratio
(kg/h) (°C) (°C) (°C) (bar) (Ethanol : Water)
(-1) 10,000 250 250 250 1 1:1
(+1) 35,000 600 350 280 6 1:9

This preliminary analysis aimed to track parameter variation trends, validate pre-established ranges, and
eliminate variables with no significant influence on the responses: ethanol conversion and H: yield. The
equations used to calculate ethanol conversion and hydrogen yield are presented in Eq (3) and Eq (4),
respectively.

Moles of Ethanol comsulmed
0, =
X( /0) Moles of Ethanol fed (3)
Y(%) — Moles of Hydrogen (4)

Moles of Ethanol fed

Subsequently, a Face-Centered Central Composite Design (FCCCD) was employed to identify the system's
optimum region (Barros Neto; Scarminio; Bruns, 2001). For this purpose, parameters deemed statistically non-
significant in the previous analysis were excluded. From the FCCCD data, Pareto charts were generated for
each response to determine the significant parameters for the analysis and the effects and coefficients used in
the models. Response surfaces were constructed by varying the parameters pairwise while maintaining the
remaining variables at their center points. Through this analysis, the optimum regions for conversion and yield
were determined. Simplified mathematical models, known as Surrogate Models, were also defined for each
response variable (Wu et al., 2025).

3. Results

This section is organized into two parts: the simulation base case and the mapping of optimal operating
conditions.

3.1 Base Case

Upon comparing the configurations with and without energy integration, it was observed that the implementation
of integration resulted in a reduction of 8,899.6 Mcal/h in hot utility and the complete elimination of cold utility,
representing a significant result. It is noteworthy that, even with energy integration, the heat duty required to
maintain reactor temperatures remains high. This is attributed to the high operating temperatures selected for
the base case: 600 °C, 350 °C, and 280 °C for the ESR, HT-WGS, and LT-WGS reactors, respectively. The
reactor effluent flows into a Flash separator, where excess of water is removed and recycled back into the
process, recovering 93% of the water that would otherwise be lost as wastewater. The product recovered from
the top of the Flash unit is directed to the PSA column. It was observed that the simulation results aligned closely
with literature expectations, showing a 70 mol% hydrogen feed to the PSA unit (Ruth; Laffen; Timbario, 2009),
which supports the model's validation. The simulated PSA purification step assumed a hydrogen recovery with
99.99% purity, as described by ISO/TC 197 (2019). The heat duty for this process was -184.72 Mcal/h. Finally,
a compression stage was added to bring the purified hydrogen to 300 bar and 25 °C, requiring a power input of
7,308.62 kW. The simulation base case resulted in 100% ethanol conversion, a yield of 88.71%, and a hydrogen
production rate of 1,063.54 kg/h. These parameters will be compared with the results obtained from the
optimization process. CO, CO2, CH4 and CH3CHO were formed as byproducts.

The main simulation flowsheet is presented in Figure 2.
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Figure 2: Flow Diagram at Aspen Plus® Software.



82

3.2 Mapping of optimal operating conditions

The initial analysis for the optimization using Surrogate Models consisted of screening the effects of each of the
six evaluated parameters. Considering a 95% confidence interval, all main effects were found to be significant:
ESR temperature, pressure, reagent ratio, and feed flow rate, with the exception of the HT-WGS and LT-WGS
temperatures. Furthermore, several two-factor interaction effects were also deemed significant, excluding
interactions involving WGS temperatures, as the main effects of these variables were not significant. The non-
significance of the WGS temperatures is attributed to the narrow variation range defined for these reactors using
the available literature, which was insufficient to significantly influence the observed results. Since this range
was constrained by the selected reaction kinetics and could not be altered, these parameters were excluded
from the subsequent optimization study. Instead, they were fixed at the minimum value of 250 °C to reduce the
energy consumption. Following the initial screening of parameter influence and the exclusion of the WGS reactor
temperatures, FCCCD was conducted to generate response surfaces and identify optimal operating regions.
The values used for the lower (-1), center (0), and upper (+1) levels of the design are listed in Table 2.

Table 2: High, low and center levels for each operation factor.

Level Flow rate ESR Temp. Pressure Reagent Ratio
(kg/h) (°C) (bar) (Ethanol : Water)
(-1) 10,000 250 1 11
0) 22,500 425 3.5 1:5
(+1) 35,000 600 6 1:9

A total of 26 computational experiments were conducted and Pareto charts were obtained. Concerning ethanol
conversion (Figure 3a), the most influential parameter was the ethanol-to-water ratio (p-value = 0.000114),
followed by the interaction between the ethanol-to-water ratio and the ESR temperature (p-value = 0.029715).
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Figure 3: (a) Pareto Chart for conversion of ethanol; (b) Pareto Chart for yield of hydrogen.

The yield analysis (Figure 3b) revealed three statistically significant effects: temperature (p-value = 0.000060),
the interaction between temperature and the ethanol-to-water ratio (p-value = 0.000140), and the ethanol-to-
water ratio (p-value = 0.000229). Thus, the surrogate model for conversion (Xeton) was defined as a function of
the significant effects: reactant ratio (RR) and the interaction between reactant ratio and temperature (RR . T),
as shown in Equation 4. Regarding yield, the surrogate model (Yn2) was established as a function of the
significant effects: temperature (T), reactant ratio (RR), and the combined effect of reactant ratio and
temperature (RR . T), as presented in Equation 5. The models exhibited R?values of 0.9502 for conversion and
0.9542 for yield.

Xeron= 84.5128+14.1109-RR — 12.5647-RR-T (4)

®)

Response surfaces were constructed by varying the parameters pairwise while maintaining the remaining
variables at their center points, allowing for the mapping of optimal operating regions. The response surfaces
for conversion (Figure 4a) and yield (Figure 4b) are presented as a function of the significant parameters:
temperature and reactant ratio. Global optima could not be determined for all variables, as this would necessitate
extrapolating beyond the validity range of the kinetic model employed, a procedure that cannot be performed.

Yuz =89.0117 + 15.7123 - RR + 13.4090 - T - 15.0818 - RR - T
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Figure 4: Response surfaces as a function of the significant parameters: temperature and reactant ratio (a) for
conversion; (b) for yield.

Table 3 presents the local maximum obtained within the range established by the kinetic study. For all response
parameters, lower pressures and higher temperatures yielded optimal results for the case under study. This
behaviour was expected based on the literature (Rossi et al., 2009; Gasparetto; Gongalves Salau, 2026), as
high pressures hinder hydrogen formation and promote coke formation, whereas elevated temperatures favor

ESR. Furthermore, more diluted ethanol-to-water ratios favored the reforming reaction, a result that also aligns
with the literature (Paes; Silva, 2020).

Table 3: Local optima results obtained for the response parameters.

Parameters Local maximum Ratio Pressure Flow rate Temperature
(%) (Ethanol : Water) (bar) (t/h) (°C)
Conversion 100 1:8-1:9 1-3 16-28 500-600
Yield 100 1:8-1:9 1-3 16-28 500-600

4. Conclusions

Herein, an optimization study of an ethanol steam reforming plant using fixed-bed reactors was conducted to
evaluate the influence of process variables. To this end, ethanol conversion and hydrogen yield responses were
analyzed through the development of a model aimed at identifying optimal operating regions. Results from the
Full Factorial Design statistical study indicated that the temperatures of the WGS reactors showed no statistical
significance. Therefore, they were fixed at their minimum values in subsequent steps. Subsequently, using a
CCF, response surfaces were generated, allowing for the determination of optimal operating regions, with
temperatures ranging from 500 to 600 °C and an ethanol to water ratio between 1:8 and 1:9. It is noteworthy,
however, that defining global optima for all variables was not possible, as this would imply extrapolating the
validity limits of the adopted kinetic model, which is not permissible. Finally, surrogate models, which linearly
model response variables as a function of significant parameters, were established. Coefficient of determination
R? values of 0.95022 and 0.95421 were obtained for conversion and yield, respectively, demonstrating that the
developed models are valid for predicting the behavior of the responses.

Nomenclature

RR - reactant ratio, Ethanol:Water

XetoH — conversion, %
T — temperature, °C

Yn2 — hydrogen yield, %
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