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The energy transition has driven the development of sustainable routes for hydrogen production, due to the 

dependence on fossil fuel-based methods and their high emissions. Glycerol, an abundant and low-cost by-

product of the biodiesel industry, stands out as a promising feedstock for hydrogen generation and higher value-

added products. This work proposes a global synthesis methodology, formulated as a linear programming 

model, to identify high-value products and hydrogen as a co-product, using purified glycerol and ensuring zero 

CO₂ emissions. Eight scenarios were evaluated with the objective of maximizing the sale price, varying the fixed 

hydrogen production (nH₂) and, in specific scenarios (4-8), applying additional restrictions on the use of raw 

materials. All scenarios met the imposed restrictions. Scenario 2 exhibited the best economic performance, with 

a selling price of US$ 30,960, an enthalpy of –18,600 kJ, and the production of glycolic acid (150 kmol) and 

hydrogen (100 kmol). Scenario 7 showed greater product diversity, including the formation of acrylonitrile (10 

kmol) and higher hydrogen production (200 kmol), resulting in a financial return of US$ 21,240. Thus, the model 

demonstrated the ability to identify diverse and viable combinations for converting glycerol into industrially 

relevant compounds and hydrogen. 

1. Introduction 

In recent years, the need to reduce emissions and mitigate the impacts of climate change has driven the search 

for cleaner energy matrices. Among these, hydrogen has emerged as a strategic vector for decarbonization due 

to its high energy density (Ishaq et al., 2022). Although abundant in nature, less than 1% is found in it molecular 

form (H₂), and its production is still predominantly based on fossil routes, such as methane steam reforming, 

which leads to greenhouse gas (GHG) emissions (Gujar et al., 2025). Green alternatives, such as water 

electrolysis, remain limited by their high cost and substantial energy demand (Odenweller and Ueckerdt, 2025). 

In this context, glycerol has gained attention as a promising feedstock for hydrogen production. As a byproduct 

of biodiesel production, it accounts for approximately 10 wt% of the total output (Khor et al., 2022). In its purified 

form, glycerol has applications in the food, cosmetic, and pharmaceutical sectors. However, the rapid expansion 

of the biodiesel sector has increased glycerol supply far beyond industrial demand, reducing its commercial 

value. Thus, its conversion into higher value-added products and hydrogen generation has emerged as a 

promising strategy for valorization (Sandid et al., 2024). Glycerol conversion into hydrogen can occur through 

routes such as steam reforming, autothermal reforming, and gasification. Nevertheless, these technologies still 

require high energy inputs and generate significant emissions, which limit their efficiency (Rastegari et al., 2018) 

and reinforce the need for more sustainable and efficient alternatives. The objective of this work is to develop a 

global process synthesis methodology capable of identifying products with high profit margins, using purified 

glycerol as feedstock and hydrogen as a co-product, under zero CO₂ production in the global reaction. The 

model is formulated as a linear programming problem, based on atomic balance equations, non-negativity 

constraints, and a global enthalpy requirement that ensures an exothermic process. 

2. Methodology 

The mathematical formulation follows the linear programming model presented by Silva et al. (2025), in which 

only glycerol (C₃H₈O₃) is pre-defined as the feedstock and hydrogen as the desired co-product. The other 
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reactants and products are not initially specified, being determined by the model itself during optimization. The 

objective function aims to maximize the final selling price of the process, as expressed in Eq. (1). The calculation 

of the final selling price is given by Eq. (2), where, 𝑛𝑖 is defined as the number of moles of substance i (kgmol), 

𝑝𝑖 as the individual price of substance i (US$/kg) e 𝑚𝑚𝑖 as its molar mass (kg/kgmol). 

max
𝑛𝑖

 {𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑟𝑖𝑐𝑒 } (1) 

 

𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑃𝑟𝑖𝑐𝑒 =  ∑(𝑝𝑖  . 𝑛𝑖  . 𝑚𝑚𝑖) (2) 

The system incorporates the atomic balance constraint (Eq. 3) and the global enthalpy constraint (Eq. 4), 

ensuring the thermodynamic consistency of the process. Similarly, the non-negativity constraint (Eq. 5) is 

applied, preventing the model from generating negative molar values and preserving the physical meaning of 

the process. 

𝑛𝑖 ≥ 0 (3) 
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𝑁

𝑖=1
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𝑁

𝑖=1

 (4) 

 

∆𝐻𝑅
global(𝑇0, 𝑃0) = ∑ 𝑛𝑖

products
∙ ℎ̂𝑖(𝑇0, 𝑃0)

𝑁
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− ∑ 𝑛𝑖
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∙ ℎ̂𝑖(𝑇0, 𝑃0)

𝑁

𝑖=1

  (5) 

The term 𝑎𝑚𝑖 represents the number of atoms of element m in substance i; ∆𝐻𝑅
global

 is the global reaction 

enthalpy; 𝑇0, 𝑃0 correspond to standard temperature and pressure conditions (25 °C and 1 atm); and ℎ̂𝑖 

corresponds to the specific enthalpy of substance i. The enthalpy of formation values were obtained from 

thermodynamic tables available in the literature (CRC Handbook, 2003). 

3. Case Study 

The substances considered in the model were divided into potential reactants and products. The feedstocks 

evaluated were: 

• Glycerol (C3H8O3);  

• Oxygen (O2);  

• Nitrogen (N2); 

• Water (H2O). 

The potential products were selected based on the literature, encompassing species obtained from glycerol 

through known thermochemical routes such as oxidation, hydrogenolysis, and dehydration (Koronian et al., 

2022). In total, fifteen products were considered, including hydrogen. Table 1 shows the chemical formula, 

standard enthalpy of formation, and unit prices, along with the reference year adopted, for each substance 

considered in the model. 

Table 1: Chemical formula and standard enthalpy of formation of the substances and unit price 

Component Formula H°f (kJ/mol) Price (US$/kg) Reference year  Source 

Formic acid CH2O2 -425.00 0.44 2024 Sunsirs (2025) 

Glycolic acid C2H4O3 -583.00 2.68 2022 PMarket research (2025) 

Lactic acid C₃H₆O₃ -674.50 1.15 2024 Imarc (2025a) 

Methanol CH₃OH -239.20 0.22 2023 Methanex (2025) 

1,2-propanediol C3H8O2 -421.50 1.52 2023 Imarc (2025b) 

Acetone C₃H₆O -248.40 1.22 2024 Imarc (2025c) 

1-propanol C3H8O -302.60 1.3 2024 Echemi (2025) 

2-propanol C3H8O -272.10 1.28 2024 Imarc (2025d) 

Propylene C3H6 20.23 0.87 2022 Statista (2025a) 

Propane C3H8 -103.80 0.46 2025 EIA (2025) 

Acrolein C3H4O -85.80 1.4 2023 Vargas, B.J et al. (2023) 

Acrylonitrile C3H3N 185.00 1.3 2024 Statista (2025b) 

Acrylic acid C3H4O2 -355.90 1.40 2024 Imarc (2025e) 

Ethylene glycol C₂H₆O₂ -392.20 0.72 2022 Sunsirs (2022) 

Hydrogen H2 0.00 1.70 2023 Curcio (2025) 
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3.1 Scenario Construction 

Eight optimization scenarios were evaluated using the same objective function and database, with a fixed 

glycerol feed of 100 kgmol (nC₃H₈O₃ = 100). In Scenarios 1–3, only the fixed hydrogen production (nH₂) was 

varied. To evaluate the influence of the water-oxygen ratio, Scenarios 4–6 were formulated by imposing 

simultaneous restrictions on the use of O₂ and H₂O. Finally, since N₂ was not selected in the initial scenarios, 

Scenarios 7 and 8 included a minimum usage restriction for this component, aiming to evaluate its effect and 

the possible formation of new compounds. 

• Scenario 1: nH2=0; 

• Scenario 2: nH2=100; 

• Scenario 3: nH2=200; 

• Scenario 4: nO₂ ≤ 5; nH₂O ≥ 30; nH2=100; 

• Scenario 5: nO₂ ≤ 10; nH₂O ≥ 30; nH2=100; 

• Scenario 6: nO₂ ≤ 15; nH₂O ≥ 30; nH2=100; 

• Scenario 7: nN₂ ≥ 5; nH₂O ≥ 50; nH2=200; 

• Scenario 8: nN₂ ≥ 10; nH₂O ≥ 30; nH2=200. 

4. Results and Discussion 

Table 2 summarizes the enthalpy variation and selling price obtained for each optimization scenario. The 

detailed molar composition of reactants and products is presented in Table 3. 

Table 2: Global enthalpy and final selling price  

Scenario  Enthalpy ∆H (kJ) Selling price 

1 -13,370 21,146 

2 -18,600 30,960 

3 0.00 27,882 

4 0.00 8,968 

5 0.00 13,297 

6 0.00 17,627 

7 0.00 21,240 

8 0.00 14,599 

Table 3: Results of the scenarios 

Scenario Reactants   Products   

1 
C₃H₈O₃ O2    C2H4O3 CH3OH    

n=100 n=50    n=100 n=100    

           

2 
C₃H₈O₃ O2    C2H4O3 H2    

n=100 n=75    n=150 n=100    

           

3 
C₃H₈O₃ O2 H2O   CH2O2 C2H4O3 H2   

n=100 n=35,5 n=100   n=41.82 n=129.10 n=200   

           

4 C₃H₈O₃ O2 H2O   CH2O2 C2H4O3 C3H6O3 C3H8O H2 

n=100 n=5 n=30   n=96.94 n=3.06 n=35.64 n=30 n=100 

           

5 C₃H₈O₃ O2 H2O   CH2O2 C2H4O3 C3H6O3 C3H8O H2 

n=100 n=10 n=30   n=76.98 n=33.01 n=22.33 n=30 n=100 

           

6 C₃H₈O₃ O2 H2O   CH2O2 C2H4O3 C3H6O3 C3H8O H2 

 n=100 n=15 n=30   n=57.04 n=62.96 n=9,01 n=30 n=100 

           

7 C₃H₈O₃ O2 H2O N2  CH2O2 C2H4O3 C3H3N H2  

 n=100 n=33.5 n=85 n=5  n=94.01 n=87.99 n=10 n=200  

           

8 C₃H₈O₃ O2 H2O N2  CH2O2 C2H4O3 C3H3N H2  

 n=100 n=31.5 n=70 n=10  n=146.20 n=46.89 n=20 n=200  

n= number of moles (kgmol) 
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In Scenario 1, the model resulted in the formation of glycolic acid (C₂H₄O₃) and methanol (CH₃OH), configuring 

a strongly exothermic process. Glycolic acid was selected due to its high unit value and compatibility with the 

atomic balance, being one of the main C₂ products derived from glycerol oxidation (Koronian et al., 2022). 

Tavera Ruiz et al. (2021) reported its production with 100% glycerol conversion using cerium–zirconium 

catalysts. Methanol, although having a lower individual value, contributes to closing the H, C, and O balances 

and appears in larger amounts due to its low molar mass, increasing the total value of the scenario. Industrially, 

it can be produced from syngas generated by the reforming or partial oxidation of glycerol (Lin, 2013). 

In Scenario 2, the requirement to generate 100 kmol of H₂ alters the global balance and directs the solution 

primarily toward the formation of glycolic acid. This compound has a high unit value and is obtained in a greater 

amount than in Scenario 1, which, combined with the additional hydrogen generation, significantly increases the 

final process value. Furthermore, this scenario presents the most exothermic reaction among those evaluated 

(-18,600 kJ), indicating good energy viability. As a result, the combination of high economic value per unit and 

stoichiometric viability makes glycolic acid the optimal solution for maximizing the final price when moderate 

hydrogen production is required. In Scenario 3, the requirement of a fixed production of 200 kmol of hydrogen 

changes the optimal configuration of the system. Since the hydrogen contained in glycerol is not sufficient to 

meet this demand, the model incorporates water as a reactant to supply additional hydrogen, adjusting the H 

and O balances without any relevant economic impact. In this more oxidizing scenario, in addition to glycolic 

acid, formic acid (CH₂O₃) is also formed, a compound compatible with the lower H/C ratio required. Industrially, 

this compound is mainly obtained through the selective oxidation of glycerol. Xu et al. (2014) reported that 

metallic catalysts such as Ru(OH)₄/r-GO and FeCl₃ can direct glycerol oxidation toward formic acid, achieving 

conversions of up to 95% and yields above 50%. Scenarios 4–6, despite the different proportions of oxygen and 

water, resulted in the same set of products, varying only in the molar quantities obtained. This behaviour reflects 

the role of oxygen in the redistribution of oxygenated products according to their availability, while water primarily 

acts to adjust the hydrogen balance of the system. The additional formation of 1-propanol (C₃H₈O) was 

observed, remaining almost constant and accommodating the excess hydrogen introduced by the minimum 

water restriction. Another compound present is lactic acid (C₃H₆O₃), which acts as an economically viable 

alternative for maximizing the objective function when the formation of glycolic acid (C₂H₄O₃), one of the 

products with the highest unit value considered, is limited by oxygen availability. The feasibility of converting 

glycerol into lactic acid has been widely reported in the literature. Venkateshappa et al. (2024) demonstrated 

high yields and selectivity in the production of lactic acid from glycerol using iron catalytic complexes, highlighting 

the potential of this compound as a high value-added product derived from glycerol. As oxygen availability 

increases, as observed in Scenario 6, the system progressively approaches the behaviour observed in Scenario 

3, resulting in higher final selling prices. This trend is associated with the enhanced formation of glycolic acid 

(C₂H₄O₃), thereby improving the overall economic attractiveness of the system. Overall, Scenarios 4-6 can be 

interpreted as restricted adaptations of Scenario 3, preserving the trend toward economic optimization while 

adjusting the distribution of products under feedstock availability constraints imposed on the system. Scenarios 

7 and 8 introduce a new perspective to the system by imposing a minimum restriction on N₂ use, which leads 

to the formation of a new compound, acrylonitrile (C₃H₃N), without compromising high H₂ production. The 

production of acrylonitrile from glycerol has attracted growing industrial interest. Guerra et al. (2023) proposed 

obtaining renewable acrylonitrile from glycerol using green propylene as an intermediate, highlighting the 

versatility of this route for converting renewable feedstocks into high value-added nitrogenous products. In 

Scenario 7, N₂ acts as a secondary component, resulting in limited acrylonitrile formation. In contrast, in 

Scenario 8, the increased availability of N₂ intensifies the formation of C₃H₃N, demonstrating the system's ability 

to direct carbon to nitrogenous products as nitrogen availability increases. Despite the higher production of 

acrylonitrile in Scenario 8, the final price of the process is lower than that observed in Scenario 7. This behaviour 

is associated with a reduction in the formation of glycolic acid (C₂H₄O₃) and an increase in the production of 

formic acid (CH₂O₂), which has a lower economic value. The inclusion of N₂ in the system enables the formation 

of high value-added nitrogen compounds, expanding the possibilities for glycerol valorization. Although these 

results highlight the potential of the proposed pathways, a detailed estimation of investment costs was not 

considered at this stage and will be evaluated in future work, including process simulation in Aspen Plus and a 

techno-economic analysis of the scenarios. 

5. Conclusions 

This work presented a global synthesis methodology to identify economically attractive reaction routes using 

purified glycerol as feedstock and hydrogen as a coproduct under zero CO₂ production conditions. The linear 

programming model enabled the determination of optimal combinations of reactants and products. 
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All evaluated scenarios satisfied atomic balance, non-negativity, and global enthalpy constraints, resulting in 

exothermic processes. Scenario 2 exhibited the best economic performance, with a fixed hydrogen production 

of 100 kmol, a financial return of US$ 30,960, and the highest energetic feasibility (–18,600 kJ). 

Although Scenario 7 presents a lower final selling price than Scenario 2, it stands out due to its greater product 

diversity and higher hydrogen production (200 kmol). Additionally, the formation of acrylonitrile, even in low 

amounts, highlights the potential of the system to produce nitrogen-containing compounds of industrial interest, 

thereby expanding the possibilities for glycerol valorization. The formation of glycolic acid, observed in all 

scenarios, was decisive for economic viability due to its high unit value and significant production. Overall, the 

model proved to be an efficient tool for selecting viable reactants and products, contributing to glycerol 

valorization and highlighting the potential of hydrogen as a coproduct in maximizing the overall process value. 
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