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ABSTRACT

Considering the need for defossilization of the chemical industry and the surplus production of glycerol, the present work evaluates the production of hydrogen, methanol, and ammonia from the steam reforming of glycerol. To this end, the process was simulated, and the life cycle assessment was used to estimate its environmental performance. From the proposed method, a sensitivity analysis was built, verifying the effect of the fraction of hydrogen produced that is destined for the production of ammonia and the temperature of the reactor for this production. Within the analyzed range, the best result found was when a fraction of 60% of the hydrogen was used, and the production of ammonia was at 640 K, when the process presented emission of -1.53 kg CO2eq per kilogram of glycerol processed.
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1. Introduction
The reduction of greenhouse gas emissions in order to curb climate change and the increase in the global average temperature is one of the main international challenges today. The development of technologies that allow the reduction of fossil-derived carbon emissions, however, is still limited, and when developed, new technologies still suffer economic obstacles when compared to traditional technologies (Rootz, 2021). 
In the decarbonization (referring to fossil carbon) of energy-intensive industrial sectors, hydrogen (H2) stands out when produced from renewable sources (Augusto et al., 2025). Although widely recognized as a key driver of decarbonization, H2 is still mostly produced from fossil sources (from the steam reforming of methane, SMR) (Luo et al., 2025), and, while it is a base chemical in the production of several other widely used chemicals, such as ammonia and methanol, its production impacts the emission profiles of these other products. Ammonia, for example, is a high-demand product, essential in the production of fertilizers and therefore in the production of food (Ojelade et al., 2023), but 90% of the legacy impact of the ammonia produced comes from the production of H2 through SMR (The Royal Society, 2020). Another widely used component that also comes from H2 is methanol. Produced industrially from syngas, methanol has direct application in the production of multiple chemicals and fuels (Onishi & Himeda, 2024). Similar to ammonia, the development of methanol production processes with low environmental impact through the use of renewable H2 has gained prominence (Cuezzo et al., 2023). Therefore, the production of H2 from renewable sources, and subsequently from its derivatives, would surely promote a significant reduction in emissions from the industrial sector. 
One of the possible ways to produce H2 from biomass is the steam reforming of glycerol. Glycerol is a byproduct of biodiesel production, which, with the increased use of this biofuel, has been overproduced. The surplus of glycerol in the market leads to low prices, particularly in its raw form, making the production of higher-value H2 from glycerol more attractive.
Many studies have been published with respect to steam reforming glycerol, given the prospects surrounding low-carbon H2. Taipabu et al. (2023), for example, proposed a process for the production of electricity, H2, and urea from glycerol and optimized the process using as decision variables the glycerol/water molar ratio, and the reforming temperature and pressure. Among the three scenarios analyzed by the authors, the first and second allowed a specific production of 0.152 kgH2/kggly and 0.587 kgurea/kggly, while the third reached only 0.038 kgH2/kggly and 0.293 kgurea/kggly, being able to completely meet its energy demand with a production of 33.2 MW of power.
Considering the multiplicity of products that can be obtained from glycerol, there is still a wide scope for searching to identify and synthesize processes that ensure, in addition to economic feasibility, a lower environmental impact. In this sense, the present work aims to evaluate one of these systems, producing methanol, H2, and ammonia from glycerol, considering the effect of the variation of operating conditions on the expected environmental impact of the process.
2. Method
In order to evaluate a multi-product biorefinery for the co-production of low-carbon H2, ammonia, and methanol from glycerol, the process was simulated using the Aspen HYSYS® v15 software, and a Python connection was made to the Brightway® software package in order to determine its emission profiles. The methodology adopted for each stage is described in the following subsections. 

2.1. Process simulation
The process is summarized according to the simplified flowchart presented in Figure 1. For the simulation, the thermodynamic packages SRK and NRTL were used to determine the properties of the gas and liquid phases, respectively. 

Figure 1. Simulated process flowsheet.
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	The process begins with a feed stream of vaporized glycerol and water, with a glycerol/water molar ratio of 1:12, which is fed to the reforming reactor. For the present study, a calculation basis of 5 t/h of glycerol was considered. The reaction was simulated as a Gibbs reactor operating at 500 °C and 1 bar. For the reforming, the equilibrium condition was adopted, as high operating temperatures and sufficient residence times are expected to favor near-equilibrium conditions. Nevertheless, the concentrations of methane and carbon monoxide (CO) produced were adjusted by setting component flow specs to reflect experimental data reported by  Sadanandam et al. (2012) for the reforming reaction under the same simulated conditions. The syngas obtained is fractionated: 70% is directed to the water-gas shift reactor (WGS), promoting a greater conversion of the CO. By not subjecting all the syngas to the shift process, it is guaranteed that there will be enough CO for the production of methanol. The reaction of WGS, at a temperature of 300 °C and 1 bar, was simulated from kinetic parameters reported by Choi & Stenger (2003) in a plug flow reactor.
The WGS product, mixed with the remaining syngas, is sent to a separation unit by pressure swing adsorption (PSA). The process was simulated in the software component separator blocks, and the operating pressures and separation efficiency of each bed were considered according to the methodology proposed by Puig-Gamero et al. (2018). From the separation unit, three product streams are obtained: H2, CO, and carbon dioxide (CO2), as well as a residual stream that contains methane in addition to losses of the other components. 
The H2 stream is divided into three fractions: the first one is destined for sale, the second for the production of ammonia, and the rest for the production of methanol. H2 destined for sale goes through a compression cycle with inter-stage cooling (300 K) up to 200 bar, considering the commercialization pressure. The second fraction is intended for the production of ammonia. In this stream, nitrogen is added in a stoichiometric proportion according to the Haber-Bosch (HB) process. The mixture is then compressed to 150 bar, again in a compression cycle with inter-stage cooling, and heated to reaction temperature, to then be fed to the reactor. The HB reaction was simulated from the kinetics presented by Araújo & Skogestad (2008). The reactor product is cooled by a propylene refrigeration cycle, so that the ammonia is liquefied and removed in a separation vessel, while the unconverted reactants are recycled into the reactor. In this study, the H2 fraction destined for ammonia production () and the temperature of the HB reactor () were considered as input variables for the analysis of the process sensitivity. The analysis range of the H2 fraction for the production of ammonia was from 20% to 65% of the H2 produced, 20% was fixed for the production of methanol, and the remaining was destined for sale. For the reactor, the analysis comprised the temperature range of 610 K to 780 K.
Finally, the fraction of H2 sent to the production of methanol is mixed with some of the monoxide and CO2 separated in the PSA unit. The methanol synthesis reaction strongly depends on parameters such as the carbon oxide ratio (COR), defined as in Equation (1), and the stoichiometric number (SN), defined as in Equation (2) (Nestler et al., 2020), where , , and  represent the molar fractions of H2, CO2, and CO in the reactor feed, respectively. For the present study, fixed values of COR = 0.50 and SN = 2.43 were considered. 

	

	(1)

	

	(2)


Analogously to the production of ammonia, the reactant mixture is pressurized to 70 bar and heated to 280 °C before being fed into the reactor. The reactor, in turn, was simulated from the kinetic data reported by Nestler et al. (2020). The reactor product is cooled to room temperature to remove the liquid phase rich in water and methanol. The vapor, rich in H2 and unreacted carbon oxides, is recycled to the PSA stage while the liquid phase is decompressed and fed to a distillation column, from where methanol is obtained as distillate to a purity of 99.9%, with a loss of 0.1% in the water stream at the bottom of the column.

2.2. Environmental efficiency evaluation: life cycle assessment
To evaluate the environmental performance of the simulated system, a life cycle analysis (LCA) was performed. For this purpose, the Brightway package and the Ecoinvent 3.12 database in Python were used. The algorithm built varied the decision variables in the simulator and imported the inputs and outputs of the simulated process, listed in Table 1, to then calculate the impact associated with the production process. In the present study, the IPPC 2021: fossil – Global Warming Potential (GWP100) was chosen as the method of impact assessment, as much of the legislation on low-carbon H2 is governed by the impact of H2 in kg CO2eq.

Table 1. Process inputs and outputs.
	Process inputs
	Process outputs

	Processes from technosphere
	Products

	Glycerol, from soybean oil esterification
	Hydrogen 200 bar (99.99% purity)

	Nitrogen, from air separation
	Ammonia, liquid (99.77% purity)

	Heat, burning wood chips
	Methanol, liquid (99.90% purity)

	Electricity, high voltage, Brazilian grid
	Emissions

	Cooling energy, at -45 °C, propylene
	Carbon dioxide, to air (biogenic)

	Resources
	Carbon monoxide, to air (biogenic)

	Water, cooling
	Methane, to air (biogenic)

	Water, process
	Methanol to water

	
	Water, to water

	
	Water, to air



	For the present study, glycerol was considered as a residue from biodiesel production, and therefore does not inherit the impacts of biofuel production. Considering the wide production of biodiesel in Brazil, the good adaptability of the glycerol reforming process to the Brazilian reality, and to the technosphere processes, preference was given to processes with Brazilian data. Exceptions include nitrogen and cooling energy, for which production data were not available for Brazil, and global average data were considered. For cooling energy, however, the energy grid used in the process was changed to the Brazilian average grid. 
	Considering that the proposed process is a multi-product biorefinery, the definition of the functional unit is a central element of the analysis. Given that for each operating condition the production of the tree products is variable, the functional unit is considered as 1 kg of glycerol processed in the biorefinery (5 t/h capacity).
In order to compare the environmental efficiency of each pair of temperature and fraction of hydrogen to produce ammonia, despite the different production profiles, the net impact was evaluated, as shown in Equation (3). In the equation,  is the net impact of the process,  is the total impact of the proposed process,  is the glycerol mass processed, and  and  are respectively the mass produced of each of the three products, H2, ammonia, and methanol, and the specific impact of the production of these compounds from traditional methods, which would be avoided. Thus, the net impact evaluates the effective gain, compared to traditional processes, which is reached for each operating condition (and its respective functional unit). For the present work, the impacts associated with the traditional production were taken from the Ecoinvent database, and were 13.29, 2.71, and 1.01 kg CO2eq/kg for H2, ammonia, and methanol, respectively. 

	

	(3)


3. Results and discussion
Initially, for model validation, the present work was compared with data from the literature (Araújo & Skogestad, 2008; Choi & Stenger, 2003; Nestler et al., 2020) in terms of the amounts produced of each product (see Table 2) at each reaction stage, and showed good agreement. The temperature and pressure conditions, as well as the concentrations of the reactants, were selected respecting the limits for which the kinetics were experimentally determined, which justifies the good performance of the model.

Figure 2. HB fraction and temperature effect in GWP100.
[image: ]

From the proposed simulated process and the impact assessment methodology, varying the fraction of H2 destined for ammonia production and the temperature of this reactor, the impact profile of the process is shown in Figure 2. The best point found was [0.60,640]. For this operating point, the result indicates that the proposed biorefinery would be able to avoid emissions of 7777.88 kg CO2eq for the calculation basis adopted, i.e., -1.53 kg CO2eq/kggly, by replacing the traditional production processes.
	It is interesting to note that, although a single minimum value was found, other regions have impacts that are close to the best impact found. At points [0.45,620] and [0.5,660], for example, the impacts found are similar, of -1.52 and -1.51 kgCO2eq/kggly. The determination of these distinct regions could help the profitability of the process, making it possible to vary the fraction produced of each of the three products in order to ensure a good adaptation of the biorefinery to the demand conditions, while maintaining adequate conditions of environmental impact. For example, at the point of best environmental impact, the production of H2 and ammonia would be 144 kg and 2672 kg, respectively, while for the other two points of operation mentioned, the production would be 252 kg and 2081 kg, or 216 kg and 2180 kg, respectively. 
In the condition of the best scenario regarding environmental impact determined from the sensitivity analysis, the life cycle inventory is presented in Table 2, while the contribution of each of the constituent processes to the GWP100 is shown in Figure 3. For this operating condition, the specific production of each component was 0.03 kgH2/kggly, 0.53 kgNH3/kggly, and 0.03 kgMeOH/kggly. The results show that electricity, nitrogen for ammonia production, and the refrigeration cycle with propylene are the three main processes that affect the GWP100 of the process, while heat represents only 13%, given the renewability of the feedstock (wood). It is also noteworthy that glycerol, despite being an input of the process, was considered as a residue of transesterification, and, therefore, without an environmental burden associated with it, thus other forms of allocation could promote different effects. In the same database used, for example, the glycerol produced in Brazil is presented with a GWP100 of 1.11 kg CO2eq/kggly. Considering this value, the difference between the proposed process and the traditional ones would be less sensitive, of -0.42 kg CO2eq per kggly processed in the biorefinery. 
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Table 2. Life cycle inventory results.
	Streams
	Quantity

	Inputs
	

	Glycerol
	5079 kg

	Nitrogen 
	2003 kg

	Heat
	70456 MJ

	Electrcity
	5132 kWh

	Cooling at -45 °C
	10342 MJ

	Water, cooling
	884 m³

	Water, process
	12 m³

	Outputs
	

	Carbon dioxide
	5820 kg

	Carbon monoxide
	351 kg

	Methane
	116 kg

	Methanol
	0.24 kg

	Water, to water
	10541 m³

	Water, to air
	0.02 m³

	Hydrogen
	144 kg

	Ammonia
	2673 kg

	Methanol
	135 kg



Figure 3. Contribution to total GWP100.
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4. Conclusions
The use of low-value-added and highly available compounds such as glycerol can contribute significantly to the defossilization of the chemical industry. In the present study, a biorefinery was simulated to produce ammonia, H2, and methanol from glycerol steam reforming. The proposed biorefinery design was evaluated from an environmental perspective (GWP100) as a function of the operating conditions of ammonia production. At the best operating point found, the process reached a specific production of 0.03 kgH2/kggly, 0.53 kgNH3/kggly, and 0.03 kgMeOH/kggly, with an emission profile of -1.53 kg CO2eq/kggly. The analysis of this multi-product biorefinery also draws special attention to the fact that it is possible to find different operating points that guarantee good environmental performance. In this way, it would be possible to allow a flexibility of the operating conditions to ensure a good adaptability of the process, which could be adjusted to the demand of each product, ensuring economic return, while still producing satisfactory emission profiles. Therefore, future studies could address multi-objective optimizations, which, in addition to environmental parameters, would also maximize the economic return of these processes. Additionally, the number of environmental indicators used could be expanded to assess burden shifting. Economic viability remains one of the main obstacles to the full application of these new technologies in the chemical industry.
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