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Abstract 

Biomass conversion to biofuels has gained significant attention as a sustainable 

alternative to fossil-based energy, with enzymes playing a crucial role in enhancing 

process efficiency and selectivity under mild operating conditions. This review 

article examines the roles of key enzymes, including cellulases, hemicellulases, 

amylases, lipases, and laccases, in lignocellulosic hydrolysis, lignin structure 

disruption, and lipid esterification and transesterification reactions, enabling the 

production of bioethanol and biodiesel under milder operating conditions with high 

selectivity. Comparative insights are provided to highlight the relative performance 

of these enzymes in terms of conversion efficiency, substrate specificity, operational 

stability, and tolerance to process conditions, as reported in recent studies. The 

review further examines enzyme optimization strategies, including immobilization 

techniques, protein and metabolic engineering approaches, and advanced bioreactor 

configurations, which have been shown to improve enzyme reusability and overall 

process productivity. Quantitative performance indicators reported in the literature, 

such as biofuel yields and conversion efficiencies, are critically analyzed to assess the 

feasibility of enzymatic routes compared to conventional chemical processes. 

Finally, key industrial challenges related to enzyme cost, stability, and scalability are 

discussed, along with emerging technological pathways that support the potential 

industrial implementation of enzymatic biomass conversion for biofuel production. 
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1. Introduction 

The escalating global energy demand, along with increasing concerns over 

climate change and environmental degradation, has accelerated the transition 
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toward low-carbon and sustainable energy systems worldwide [1]. Fossil fuel–based 

energy production remains a dominant contributor to greenhouse gas emissions, air 

pollution, and energy price volatility due to the finite nature of oil and gas reserves, 

thereby posing long-term risks to environmental stability and energy security [2,3]. 

Therefore, the development of renewable energy has become a strategic priority. 

In this context, renewable energy, defined as energy derived from from 

naturally replenishable resources that can be utilized without compromising 

ecosystem resilience [4]. Major renewable energy pathways, including solar, wind, 

hydropower, geothermal, and bioenergy, exhibit distinct technological maturity 

levels, scalability, and integration potential within existing energy systems [5,1]. 

Among these options, bioenergy, particularly liquid biofuels holds a strategic 

advantage due to its compatibility with existing transportation and industrial 

infrastructures [4]. Biofuels include a wide range of liquid and gaseous fuels, such 

as bioethanol, biodiesel, biobutanol, biogas, and biohydrogen. These fuels are 

derived from diverse biomass sources, including food crops, lignocellulosic 

residues, industrial wastes, microorganisms, and microalgae [6,1].  

Biofuels are generally classified into four generations. First-generation biofuels 

are derived from edible feedstocks. Second-generation biofuels utilize non-foo d 

lignocellulosic biomass. Third-generation biofuels are produced from aquatic 

biomass such as microalgae. Fourth-generation biofuels involve genetically 

engineered organisms and synthetic biology approaches [5,1]. At the global level, 

biofuels are considered essential for reducing dependence on fossil fuels and 

mitigating climate change [7]. Although their current contribution to the global 

energy mix is still limited, production trends continue to increase due to policy 

support and decarbonization targets [2,8]. 

Despite these advances, conventional biofuel production pathways present 

structural challenges that constrain long-term sustainability. First-generation 

biofuels raise the food-versus-fuel dilemma by competing with food supplies and 

arable land, potentially undermining food security and inducing undesirable land-

use changes [8,1]. Second-generation biofuels address this concern by utilizing 

abundant non-food biomass; however, the inherent recalcitrance of lignocellulosic 

structures necessitates energy-intensive physicochemical pretreatment processes 

that increase capital and operational costs [4]. Similarly, third-generation biofuels 

derived from microalgae offer high theoretical productivity and efficient CO₂ 

fixation but face persistent challenges, including cultivation stability, high energy 

requirements for drying, and costly harvesting and extraction processes, which 

currently hinder large-scale commercialization [8]. These challenges indicate that 

current biofuel technologies still require significant improvement. 
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From a process engineering perspective, many industrial biofuel production 

pathways rely on chemically intensive conversion methods. Biodiesel production 

commonly uses homogeneous alkaline or acid catalysts, such as NaOH, KOH, or 

H₂SO₄. These methods are fast but sensitive to water content and free fatty acids, 

leading to soap formation and complex separation processes. They also generate 

significant wastewater and require extensive purification steps [9,3]. In 

lignocellulosic bioethanol production, strong acid or alkali pretreatment can result 

in the formation of inhibitory compounds such as furfural and organic acids, which 

adversely affect microbial fermentation efficiency and necessitate additional 

detoxification steps [10,4]. These limitations indicate that purely chemical 

approaches are not fully aligned with sustainability and circular economy principles. 

In response to these limitations, enzymatic bioconversion has emerged as a 

promising alternative pathway for improving the efficiency and sustainability of 

biomass-to-biofuel processes. Enzymes offer high specificity and catalytic efficiency 

under mild operating conditions. As a result, they reduce energy consumption, 

minimize by-product formation, and decrease chemical waste generation. Various 

enzymes, including amylases, cellulases, hemicellulases, lipases, laccases, and 

proteases, have been applied in biofuel production [2,4,3] Enzymatic processes also 

provide advantages across different biofuel platforms. Lipase-catalyzed 

transesterification enables the conversion of triglycerides and free fatty acids 

simultaneously. This approach is suitable for low-cost feedstocks such as waste 

cooking oil and improves glycerol purity [9,11]. In lignocellulosic systems, 

synergistic cellulase–hemicellulase complexes, supported by accessory enzymes, 

enhance the hydrolysis of complex polysaccharides into fermentable sugars, 

especially when integrated with optimized pretreatment strategies [12,13,4]. These 

examples highlight the technical versatility of enzymatic routes across diverse 

biomass conversion pathways. 

Nevertheless, despite these advantages, the industrial application of enzymatic 

technologies remains limited. The main challenges include high enzyme costs, 

limited operational stability, and low reusability. To overcome these issues, several 

strategies have been developed, such as enzyme immobilization, advanced 

bioreactor design, and the use of functional nanomaterials as enzyme supports. In 

addition, advances in protein engineering and metabolic engineering have enabled 

the development of more robust and efficient enzymes [14,6,15,16,3]. However, the 

effectiveness of these strategies varies depending on the type of enzyme, feedstock, 

and process conditions. 

Although numerous studies have explored enzymatic biomass conversion, 

most reviews focus on specific aspects, such as reaction mechanisms or individual 

biofuel pathways. Comprehensive studies that integrate mechanisms, optimization 
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strategies, and industrial challenges across multiple platforms are still limited. 

Therefore, this review aims to systematically analyze enzymatic conversion 

mechanisms, compare enzyme optimization strategies, and evaluate challenges in 

industrial implementation. This study is expected to provide an integrated 

perspective to support the development of scalable and sustainable biofuel 

technologies. 

 
2. Methods 

This study applies a systematic literature review approach guided by the 

PRISMA protocol to ensure a transparent and reproducible selection process. The 

literature search was conducted across major academic databases, including 

ScienceDirect, Scopus, SpringerLink, Wiley Online Library, and Google Scholar, 

focusing on peer-reviewed journal articles published between 2015 and 2025. A 

combination of targeted keywords and Boolean operators was used, such as 

“enzymatic biofuel production,” “biomass conversion,” “enzyme-catalyzed 

transesterification,” “lignocellulosic bioethanol,” “lipase-catalyzed biodiesel,” 

“cellulase and hemicellulase systems,” “enzyme immobilization,” “protein 

engineering,” “metabolic engineering,” “nanomaterials for enzyme stabilization,” 

and “industrial biocatalysis.” The inclusion criteria comprised (i) articles indexed in 

SINTA, Scopus or Web of Science, (ii) studies directly related to enzymatic biomass-

to-biofuel conversion, (iii) availability of quantitative performance data (e.g., yield 

or conversion efficiency), and (iv) full-text accessibility. Studies were excluded if 

they were non-peer-reviewed, lacked methodological clarity, focused solely on 

thermochemical processes, or did not meet quality standards based on critical 

evaluation. 

 
Figure 1. Methodological Framework for Enzymatic Biofuel Review 



Sesilia Romalinda, Vita Putri Ningtyas, Adha Raihan Fahrezi 

Energy: Jurnal Ilmiah Ilmu-ilmu Teknik, Vol. 16 No. 1 (2026) 42 

 

The selection process followed PRISMA stages, including identification, 

screening, eligibility, and inclusion. A total of 80 articles were initially identified, of 

which 45 were excluded during title and abstract screening due to irrelevance. 

Following full-text evaluation, an additional 25 articles were excluded because they 

did not meet the inclusion criteria, resulting in 10 eligible articles for synthesis. These 

ten articles were selected as the core dataset for in-depth comparative analysis based 

on data completeness, methodological robustness, and representativeness across key 

subtopics. Data extracted from the selected studies included enzyme type, biomass 

feedstock, process conditions, optimization strategies, and biofuel performance 

metrics. The data were then analyzed using a comparative and narrative synthesis 

approach to identify trends, evaluate technological performance, and highlight key 

challenges in enzymatic biofuel production. 

 
3.Results and Discussion 

Following a comprehensive literature search conducted through Google 

Scholar, PubMed, and ScienceDirect, ten articles were selected as the primary 

scientific basis of this review. The selection was based on relevance to enzymatic 

biofuel conversion, originality, and the availability of quantitative performance 

metrics. The characteristics of the analyzed studies are presented in Table 1. 

 

Figure 2. Diagram of Enzymatic procedure 
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Table 1. Characteristics of the Analyzed Articles 

Author & 

Year 
Objective Method Key Findings 

Nath, S. 

(2024) 

Review biotechnology’s role 

in biofuel production, 

focusing on sustainability, 

efficiency, and productivity 

Narrative 

literature 

review 

Biotechnology (genetic, metabolic engineering, 

synthetic biology) enhances biofuel efficiency 

and sustainability; large-scale adoption faces 

technical, economic, ethical, and policy 

challenges 

Khan et al. 

(2021) 

Evaluate biofuels as 

renewable alternatives for 

transport and aviation 

Literature 

review & 

comparati

ve analysis 

Biofuels reduce PM & CO emissions but may 

increase NOx; non-edible biomass biofuels are 

more sustainable but constrained by cost and 

technology readiness 

Bangaru et 

al. (2022) 

Review enzyme-based 

catalysis in biofuel 

production for energy-

efficient, eco-friendly 

processes 

Narrative 

literature 

review 

Enzymes improve efficiency and sustainability; 

immobilization and metagenomic approaches 

effective; technical and economic challenges 

remain 

Singh et al. 

(2022) 

Review enzyme roles across 

multiple biofuel pathways 

and biotechnological 

applications 

Narrative 

literature 

review 

Enzymes enhance efficiency and quality; high 

cost and limited stability are challenges; genetic 

engineering and process optimization promising 

Maghraby 

et al. (2023) 

Review enzyme 

immobilization techniques 

and industrial applications 

Narrative 

literature 

review 

Immobilized enzymes offer higher stability, 

reusability, and process efficiency; material and 

technique selection is critical; pandemic impacted 

global enzyme production 

Tao et al. 

(2022) 

Examine integrated biomass-

based biofuel systems 

(biological + 

thermochemical) 

Critical 

literature 

review 

Integration improves carbon conversion: 

biological 70.71%, thermochemical 75.29%, 

combined 70.44%; integrative approaches 

enhance sustainability and efficiency 

Cao et al. 

(2024) 

Review enzyme biofuel cells 

(EBFCs) with nanomaterial 

applications 

Narrative 

critical 

literature 

review 

Nanomaterials enhance conductivity, 

biocompatibility, and catalysis; EBFCs enable 

self-powered sensors; research focuses on 

efficiency, fuel diversity, and sensing 

Quayson et 

al. (2020) 

Assess immobilized lipases 

for large-scale biodiesel and 

green chemistry strategies 

Narrative 

critical 

literature 

review 

Immobilized lipases improve selectivity and 

product quality; cost and sustainability remain 

challenges; green chemistry improves economic 

feasibility 

Mignogna 

et al. (2024) 

Highlight biomass potential 

for renewable energy and 

circular economy 

Narrative 

review 

with 

conceptual 

approach 

Biomass converts waste to biofuels/bioproducts 

reducing GHG; large-scale use limited by food-

energy competition and need for integrated tech 

and policies 

Pambudi et 

al. (2023) 

Analyze renewable energy 

potential in Indonesia 

Descriptiv

e literature 

review 

Fossil fuels dominate consumption; renewable 

potential ~419 GW; strategic policies and 

integrated efforts needed for energy transition 

and emission reduction 
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3.1 Role of Enzymes in Biofuel Production  

Based on the reviewed literature, enzymes function as the core biocatalytic 

drivers governing the efficiency, selectivity, and sustainability of biomass-to-biofuel 

conversion pathways, rather than serving merely as auxiliary catalysts. Across 

different biofuel platforms including lignocellulosic bioethanol, biodiesel, and other 

advanced biofuels enzymes determine reaction specificity, operating severity, 

downstream separation requirements, and ultimately process economics [1]. 

Compared with chemically intensive routes, enzymatic processes generally operate 

under milder conditions and exhibit higher selectivity, thereby reducing energy 

consumption and the formation of inhibitory or undesired by-products. From a 

functional standpoint, enzymes involved in biofuel production can be broadly 

categorized into hydrolytic enzymes (e.g., cellulases, hemicellulases, β-glucosidases, 

and amylases), oxidative enzymes (e.g., laccases and peroxidases), and lipolytic 

enzymes (lipases). Each enzyme group is associated with specific biofuel pathways 

and exhibits distinct performance characteristics in terms of conversion efficiency, 

operational stability, and industrial applicability [6,4]. Consequently, enzyme 

performance must be evaluated in relation to the targeted biofuel pathway rather 

than in isolation. To provide clearer insights into the relative performance and 

limitations of the reviewed studies, a comparative analysis is presented in Table 2. 

Cellulase Enzymes in Lignocellulosic Hydrolysis Production 

Cellulase-mediated hydrolysis represents the rate-limiting step in second-

generation bioethanol production from lignocellulosic biomass. Cellulases constitute 

a complex enzymatic consortium comprising three major classes: endoglucanases 

(EC 3.2.1.4), exoglucanases/cellobiohydrolases (EC 3.2.1.91), and β-glucosidases (EC 

3.2.1.21), which act coordinately to hydrolyze cellulose polymers into glucose units 

(Porto De Souza et al., 2025). These EC numbers refer to the Enzyme Commission 

(EC) classification system, which categorizes enzymes by the chemical reactions they 

catalyze. Specifically, EC 3 enzymes catalyze hydrolytic reactions, with the 

subsequent digits indicating substrate specificity and reaction mechanisms. 

The cellulose fibril structure consists of β-1,4-glucan chains interconnected by 

intra- and intermolecular hydrogen bonds, resulting in high crystallinity that 

renders cellulose highly resistant to chemical and physical degradation [1]. 

Endoglucanases randomly cleave amorphous regions of cellulose fibers, producing 

short cellodextrins [12,17]. Exoglucanases subsequently act on the non-reducing 

ends of cellulose chains, progressively releasing cellobiose units [13]. β-Glucosidases 

then convert cellobiose into glucose, thereby preventing product inhibition that 

would otherwise suppress the activities of endoglucanases and exoglucanases 

[12,17]. The synergistic action of these three enzymes establishes a stepwise, efficient 
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hydrolysis mechanism that maximizes fermentable sugar production from 

lignocellulosic biomass. 

Table 2. Comparative Analysis of Enzymatic Biofuel Studies 

Study Focus Area Enzyme 
Key 

Performance 
Advantages Limitations 

Key 

Contribution 

Nath 

(2024) 

Biotechnolo

gy in biofuel 

Genetic & 

metabolic 

engineering 

Improved 

efficiency & 

productivity 

Enhances 

sustainability 

& scalability 

Economic & 

policy 

barriers 

Integration of 

biotech + ML + 

LCA 

Khan et 

al. 

(2021) 

Environmen

tal impact 

General 

biofuel 

systems 

Emission 

reduction 

(CO, PM ↓; 

NOx ↑) 

Cleaner than 

fossil fuels 

Trade-off in 

emissions 

Highlights 

sustainability 

vs emission 

trade-off 

Bangar

u et al. 

(2022) 

Enzymatic 

catalysis 

Multiple 

enzymes 

Higher 

efficiency, 

lower energy 

demand 

Eco-friendly, 

selective 

reactions 

Scale-up 

challenges 

Enzyme 

optimization 

importance 

Singh 

et al. 

(2022) 

Multi-

pathway 

enzymes 

Cellulase, 

lipase, etc. 

Improved 

yield & 

product 

quality 

Broad 

applicability 

High cost, 

low stability 

Identifies key 

bottlenecks 

Maghra

by et al. 

(2023) 

Immobilizat

ion 

Immobilized 

enzymes 

Increased 

stability & 

reusability 

Suitable for 

industry 

Dependent 

on support 

material 

Key strategy 

for 

industrializatio

n 

Tao et 

al. 

(2022) 

Integrated 

systems 

Bio + thermo 

integration 

70–75% 

carbon 

efficiency 

High system 

efficiency 

Complex 

system 

design 

Strong case for 

hybrid systems 

Cao et 

al. 

(2024) 

EBFC Nanomaterial-

enzyme 

Improved 

conductivity 

& efficiency 

Enables self-

powered 

systems 

Still 

emerging 

Expands 

application 

beyond fuels 

Quayso

n et al. 

(2020) 

Biodiesel Immobilized 

lipase 

High 

selectivity & 

product 

purity 

Works with 

waste oil 

Cost issue Green 

chemistry 

approach 

Mignog

na et al. 

(2024) 

Biomass 

potential 

General 

biofuel 

Reduced 

emissions 

Circular 

economy 

support 

Food vs fuel 

issue 

System-level 

sustainability 

Pambu

di et al. 

(2023) 

Indonesia 

context 

Renewable 

energy 

419 GW 

potential 

Huge 

national 

opportunity 

Low 

utilization 

Policy gap 

identification 

Nath 

(2024) 

Biotechnolo

gy in biofuel 

Genetic & 

metabolic 

engineering 

Improved 

efficiency & 

productivity 

Enhances 

sustainability 

& scalability 

Economic & 

policy 

barriers 

Integration of 

biotech + ML + 

LCA 

 

The strategic role of cellulases is particularly critical in second-generation 

bioethanol production, which utilizes non-food biomass such as rice straw, corn 

cobs, sugarcane bagasse, wood waste, and lignocellulosic industrial residues [2]. 

While cellulases effectively hydrolyze pretreated cellulose into fermentable glucose, 
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comparative evidence by Porto De Souza et al. indicates that their performance is 

intrinsically constrained by the lignin matrix, which restricts enzyme penetration 

and necessitates upstream pretreatment to enhance substrate accessibility [4]. Across 

multiple studies, cellulase-mediated hydrolysis has consistently demonstrated 

conversion efficiencies exceeding 85% under optimized conditions, highlighting a 

substantial sustainability advantage over conventional strong-acid hydrolysis, 

which is associated with the formation of inhibitory by-products such as furfural and 

hydroxymethylfurfural (HMF) that compromise downstream fermentation [12]. 

These hydrolysates are subsequently fermented by Saccharomyces cerevisiae 

or engineered microbial platforms to produce bioethanol, establishing cellulases as 

a central enabler linking biomass deconstruction with biological fuel synthesis 

[13,10,18]. More recently, advances in protein engineering have shifted cellulase 

development from activity-focused optimization toward robustness-oriented 

design, yielding ethanol-tolerant, thermally stable, and lignin-inhibitor-resistant 

variants that significantly enhance industrial saccharification performance 

[18,19,20]. Collectively, these findings indicate a paradigm shift from conventional 

enzyme deployment toward tailored cellulase systems adapted to process-specific 

constraints, although large-scale techno-economic validation of these engineered 

enzymes remains limited. 

Lipase-Catalyzed Biodiesel Production as a Biofuel Sub-Pathway 

Within the broader biofuel framework, biodiesel production represents one of 

the most industrially mature applications of enzymatic biocatalysis. Among various 

enzyme systems, lipases (EC 3.1.1.3) have been extensively investigated and applied 

due to their high catalytic efficiency, substrate versatility, and compatibility with 

mild operating conditions [6,21]. Across multiple studies, lipases consistently 

demonstrate dual functionality by catalyzing triglyceride hydrolysis and, in the 

presence of short-chain alcohols, driving esterification and transesterification 

reactions to form fatty acid methyl esters (FAMEs), the primary constituents of 

biodiesel [6,22]. Comparative analyses further indicate that, unlike conventional 

alkaline catalysts, lipase-based systems exhibit strong tolerance toward high free 

fatty acid (FFA) feedstocks, including waste cooking oil, microalgal oil, tallow, and 

animal fats, without soap formation, thereby substantially expanding the utilization 

of low-cost, non-edible lipid resources and enhancing overall process sustainability 

[21,23,15]. This characteristic significantly expands the range of low-cost and non-

edible lipid resources that can be utilized for biodiesel production, thereby 

improving overall process sustainability.  

In addition, lipases operate efficiently at relatively low temperatures, typically 

between 25 and 45 °C, which reduces energy consumption and minimizes thermal 

degradation of products [3]. At the molecular scale, their interfacial activation 
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mechanism characterized by lid-domain opening at the oil–water interface facilitates 

enhanced triglyceride accessibility and conversion efficiency. Process-level 

advantages are further reflected in simplified downstream separation, as the absence 

of homogeneous chemical catalysts enables recovery of higher-purity glycerol 

without salt contamination, collectively lowering environmental burden relative to 

alkali-catalyzed routes [3,10]. These advantages collectively contribute to improved 

process efficiency and reduced environmental burden compared to alkali-catalyzed 

biodiesel production.  

Notably, enzyme immobilization has emerged as a critical enabler for 

industrial deployment, providing improved operational stability, facile catalyst 

recovery, and repeated reuse. Immobilized lipase systems have been reported to 

retain substantial catalytic activity over 10–30 reaction cycles, significantly 

improving process economics through extended enzyme lifetimes [16,15,24]. When 

contrasted with cellulase-based systems employed in lignocellulosic bioethanol 

production, lipases generally exhibit superior stability and reusability, although 

their applicability remains inherently restricted to lipid-derived biofuel pathways. 

Collectively, these findings highlight a fundamental trade-off between operational 

robustness and feedstock versatility across enzymatic biofuel platforms, 

underscoring the necessity of pathway-specific enzyme selection and integrated 

process design to maximize both technical performance and sustainability. 

Supporting Enzymes Across Biofuel Pathways 

Beyond the primary catalytic roles of cellulases and lipases, supporting 

enzymes such as hemicellulases, amylases, and laccases provide critical auxiliary 

functions that collectively enhance biomass accessibility, sugar availability, and 

overall conversion efficiency across diverse biofuel pathways. In lignocellulosic 

systems, hemicellulases particularly xylanases and mannanases hydrolyze the 

amorphous hemicellulose fraction into C5 sugars, including xylose and arabinose, 

while simultaneously improving cellulase access to cellulose fibers, thereby 

increasing total fermentable sugar yields [13,4]. This synergistic interaction between 

hemicellulases and cellulases underscores the importance of multi-enzyme 

coordination rather than isolated enzyme performance in maximizing 

saccharification efficiency. 

In parallel, amylases, notably α-amylase and glucoamylase, play a central role 

in starch-based bioethanol production by converting starch into maltose and 

glucose, which directly serve as fermentation substrates in both food and non-food 

derived feedstocks [4]. Compared with conventional acid hydrolysis, enzymatic 

starch conversion operates under milder conditions and avoids the generation of 

inhibitory compounds, offering a more sustainable and fermentation-compatible 

route for sugar release [12]. Complementing hydrolytic enzymes, laccases also play 
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an important role during the pretreatment stage of lignocellulosic biomass for 

biofuel production.  

Laccase (EC 1.10.3.2) is an oxidative enzyme that oxidizes the aromatic rings of 

lignin to phenoxy radicals, thereby disrupting lignin bonds and opening the biomass 

structure (Bangaru et al., 2022). Laccase-assisted pretreatment has been shown to 

reduce the need for chemical pretreatment, lower lignin-derived inhibitors, and 

enhance glucose yields during saccharification [25,1]. Collectively, these supporting 

enzymes function as integral components of coordinated enzymatic cascades, 

linking pretreatment, hydrolysis, and fermentation into more efficient conversion 

pathways. This integrated perspective highlights that biofuel productivity is 

governed not by single-enzyme performance but by synergistic multi-enzyme 

systems, emphasizing the need for holistic process design that aligns auxiliary 

enzyme deployment with feedstock characteristics and targeted biofuel platforms. 

3.2 Enzyme Optimization Strategies at the Industrial Scale 

At the industrial scale, enzyme optimization is a decisive factor that governs 

the technical feasibility, economic viability, and long-term stability of enzyme-based 

biofuel production processes. Unlike laboratory-scale systems, industrial biofuel 

conversion operates under harsh and fluctuating conditions, including elevated 

temperatures, high alcohol concentrations, shear stress, and the presence of 

inhibitory compounds derived from biomass pretreatment. Consequently, enzymes 

must exhibit not only high catalytic activity but also operational robustness, 

reusability, and cost-effectiveness. To address these challenges, three major and 

often complementary optimization strategies have been extensively developed: 

enzyme immobilization, protein engineering, and the use of genetically engineered 

microorganisms [1,4]. The effectiveness of each strategy depends on the targeted 

biofuel pathway and process conditions. In biodiesel production, lipase-catalyzed 

transesterification requires high alcohol tolerance, efficient catalyst recovery, and 

simplified downstream separation. In contrast, lignocellulosic bioethanol 

production emphasizes enzyme stability under lignin-derived inhibitors, high-

temperature conditions, and synergistic interactions among enzymes such as 

endoglucanases (EC 3.2.1.4), exoglucanases (EC 3.2.1.91), and β-glucosidases (EC 

3.2.1.21), as defined by the Enzyme Commission classification system.  

These differences indicate that enzyme optimization must be pathway-specific 

rather than generalized. Among available strategies, enzyme immobilization is the 

most mature and widely applied approach. It enhances stability, enables reuse, and 

reduces operational costs by mitigating thermal denaturation, alcohol-induced 

deactivation, and mechanical shear stress [15]. In biodiesel systems, immobilized 

lipases show improved methanol tolerance and reduced glycerol inhibition, leading 



Sesilia Romalinda, Vita Putri Ningtyas, Adha Raihan Fahrezi 

Energy: Jurnal Ilmiah Ilmu-ilmu Teknik, Vol. 16 No. 1 (2026) 49 

 

to more stable fatty acid methyl ester (FAME) production and cost reductions of 40–

60% due to reuse [11,26,21]. In lignocellulosic systems, immobilization is more 

complex due to multienzyme interactions; however, immobilized cellulases exhibit 

improved resistance to lignin-derived inhibitors and compatibility with continuous 

reactors such as packed-bed and fluidized-bed systems [6,12]. The effectiveness of 

immobilization depends on the selected method and support material, including 

adsorption, covalent binding, entrapment, and cross-linked enzyme aggregates 

(CLEAs), each presenting trade-offs between catalytic performance and mass 

transfer limitations [27,28,7]. 

Protein Engineering: Tailoring Enzymes for Pathway-Specific Demands 

Protein engineering provides a complementary strategy by improving enzyme 

performance at the molecular level. This approach enhances thermal stability, 

catalytic efficiency, substrate affinity, and tolerance to extreme pH, inhibitors, and 

organic solvents such as methanol and ethanol [6]. Two main approaches are widely 

used, namely rational design and directed evolution [29.30]. Rational design 

involves targeted modification of amino acid residues based on structural analysis, 

enabling improvements in enzyme stability and catalytic performance [31]. In 

contrast, directed evolution employs iterative mutation and selection to generate 

enzyme variants without requiring detailed structural knowledge [16,1,21,18,32]. 

Applications in biofuel systems demonstrate significant improvements, including 

increased hydrophobicity of lipase active sites, enhanced oxidative stability of 

laccases, and improved tolerance of cellulases to inhibitors such as furfural and 

acetic acid [9,16,4,13].  

At a more detailed level, rational design focuses on modifying key structural 

regions, including active sites, substrate-binding pockets, flexible loops, and 

stabilizing domains, supported by techniques such as X-ray crystallography, 

molecular docking, and molecular dynamics simulations [29]. These modifications 

enhance catalytic efficiency and stability under harsh industrial conditions, such as 

improving lipase transesterification performance and cellulase affinity for crystalline 

cellulose [9,16,4,13]. In contrast, directed evolution mimics natural selection through 

iterative mutagenesis and screening to generate enzyme variants with enhanced 

robustness [32]. This approach creates genetic diversity at the target-gene level and 

enables selection based on compatibility with biofuel processing conditions without 

requiring detailed structural knowledge [31,30,33]. As a result, directed evolution 

has produced lipases with 5–10-fold higher methanol tolerance and cellulases with 

3–6-fold increased hydrolytic activity, along with other enzymes exhibiting 

improved thermal and oxidative stability [15,7,13,16,32]. Collectively, these findings 
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demonstrate that protein engineering is essential for developing enzymes that meet 

industrial biofuel processing requirements. 

Genetically Engineered Microorganisms: Toward Integrated and Cost-Efficient 

Systems 

Genetically engineered microorganisms have become a central component of 

industrial enzyme optimization by enabling integrated systems that combine 

enzyme production and substrate conversion. Various expression hosts, including 

Escherichia coli, Saccharomyces cerevisiae, Pichia pastoris, and Bacillus subtilis, 

have been engineered to enhance enzyme yield and stability for cellulases, lipases, 

hemicellulases, and laccases, resulting in a more reliable and cost-effective enzyme 

supply compared to native strains [6,4,18,30]. In addition to improving expression 

levels, metabolic engineering strategies optimize intracellular flux, secretion 

pathways, and proteolytic stability, thereby increasing volumetric productivity and 

process consistency [13].  

Comparative studies further demonstrate that engineered strains can be 

tailored to withstand industrial stressors, including elevated ethanol concentrations, 

organic acids, and pretreatment-derived inhibitors such as furfural capabilities that 

are particularly critical for maintaining stable performance in lignocellulosic 

bioethanol systems [34,4]. In biodiesel production, recombinant lipase platforms 

enable scalable enzyme production with consistent catalytic activity [34], while 

genetic modification of microalgae enhances lipid accumulation by up to 2–3-fold, 

improving feedstock availability [8]. At the process level, consolidated bioprocessing 

(CBP) integrates pretreatment, hydrolysis, and fermentation within a single 

microorganism, significantly reducing process complexity and operational costs [1]. 

Despite these advances, challenges related to strain robustness, regulatory 

constraints, and scale-up remain, indicating that future progress requires the 

integration of microbial engineering with reactor design and techno-economic 

optimization. 

3.3 Economic and Environmental Implications of Enzyme Performance in Biofuel 

Pathways 

Enzymatic technologies have gained increasing attention in biofuel production 

because they enable highly selective catalytic transformations under mild operating 

conditions, which are particularly advantageous for biomass-derived feedstocks that 

are chemically heterogeneous and sensitive to harsh processing environments 

[36,37]. Unlike conventional chemical catalysts, enzymes can be tailored through 

immobilization and molecular engineering to achieve improved stability, 

reusability, and compatibility with low-quality feedstocks, including waste cooking 
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oil and lignocellulosic residues, thereby enhancing both economic feasibility and 

environmental performance [38]. As a result, enzymatic pathways are increasingly 

regarded not merely as alternative technologies, but as enabling components of 

sustainable biorefinery systems that integrate energy production with waste 

valorization and emissions reduction. 

Carbon Emission Reduction and Environmental Sustainability 

From an environmental perspective, the primary advantage of enzymatic 

biofuel pathways lies in their reduced energy intensity and lower reliance on 

corrosive chemical reagents. Biocatalytic processes such as lipase-catalyzed 

transesterification for biodiesel and cellulase-mediated saccharification for 

lignocellulosic ethanol typically operate at low temperatures and near-atmospheric 

pressure, leading to substantially lower thermal energy demand compared with 

acid- or base-catalyzed routes [36,39]. In biodiesel production, immobilized lipases 

eliminate the need for strong alkaline catalysts, thereby avoiding soap formation and 

significantly reducing wastewater generation associated with repeated water-

washing steps, while simultaneously enabling the recovery of high-purity glycerol 

as a valuable co-product [21,39]. 

For second-generation bioethanol, the utilization of enzymes (cellulases, 

hemicellulases, and laccases) enables the valorization of lignocellulosic residues such 

as straw and bagasse, alleviating land-use pressure, mitigating food-versus-fuel 

conflicts, and avoiding emissions associated with open-field residue burning [39,36]. 

Life cycle assessment studies consistently indicate that enzyme-based biodiesel and 

bioethanol production can reduce greenhouse gas emissions by approximately 40–

60% relative to conventional chemical routes, primarily due to lower energy 

intensity, reduced use of corrosive chemicals, and simplified purification steps. 

Furthermore, enzymatic processes enhance carbon efficiency in renewable diesel 

systems based on vegetable oils or waste lipids by enabling the conversion of high-

free fatty acid feedstocks without soap formation, thereby reducing waste generation 

and increasing overall yield [40,41]. Overall, enzymatic biofuel pathways generate 

less waste, pose lower pollution risks, and, through process optimization, can 

minimize waste formation throughout biomass conversion, aligning closely with 

low-carbon energy transition goals [42,36,41]. 

Cost Efficiency Compared with Conventional Methods 

From an economic perspective, biodiesel production costs are largely dictated 

by feedstock expenses, which can account for 70–80% of total costs, particularly 

when refined vegetable oils such as soybean, rapeseed, or palm oil are used. 

Accordingly, the most rational strategy for cost reduction is to shift toward lower-
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cost feedstocks, such as waste cooking oil, low-grade animal fats, or industrial 

residues, without compromising final fuel quality [38]. In this context, cost efficiency 

is determined not only by reaction rate but also by a process's ability to utilize widely 

available, low-cost raw materials effectively. 

Chemical methods employing homogeneous base catalysts are known for 

rapid reaction rates and high conversions but often incur substantial hidden costs, 

including heating requirements, multi-stage purification, wastewater treatment, and 

handling of corrosive catalysts [38]. Process assessments indicate that when 

externalities and end-of-pipe treatment costs are considered, the economic 

advantage of chemical routes becomes less pronounced particularly for low-quality, 

high-FFA feedstocks that promote soap formation and increase processing 

complexity [40]. Therefore, fair cost comparisons must account for the entire process 

chain rather than core reaction costs alone. 

In enzymatic biodiesel production, the primary initial barrier is the relatively 

high cost of enzymes; however, technological advances have driven significant cost 

reductions through enzyme immobilization and improved enzyme production 

productivity. Case studies from China report that enzymatic biodiesel plants with 

capacities of 10,000–40,000 tons per year can achieve enzyme costs as low as USD 

0.03 per kg of biodiesel when immobilized lipases are reused extensively and 

enzyme supply is scaled adequately [9]. This economic advantage is further 

strengthened by lipases' ability to process high-FFA feedstocks such as waste 

cooking oil, tallow, and residual fats, thereby enabling reliance on raw materials that 

are substantially cheaper than refined vegetable oils [40]. 

Techno-economic analyses indicate that when inexpensive feedstocks are 

available and enzymes can be reused for dozens of cycles, enzymatic biodiesel costs 

can approach or even outperform chemical processes on a per-liter basis while 

offering superior environmental performance [43,44,39]. Biorefinery approaches that 

maximize co-product value, such as glycerol, potassium-rich ash fertilizers, and 

other high-value compounds can further enhance economic viability and improve 

energy return on investment [45,46,36,47]. Nevertheless, several studies emphasize 

that long-term global economic data on enzyme costs, waste feedstock price 

dynamics, and the impacts of subsidies and fiscal incentives remain limited; 

therefore, cost evaluations should incorporate variable pricing and policy scenarios 

while tracking advances in genetic engineering, fermentation, and reactor 

technologies [16,46,48,47,41]. 
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Commercialization Challenges 

Although enzymatic biofuel technologies have demonstrated technical and 

environmental advantages at laboratory and pilot scales, commercialization remains 

constrained by structural barriers [42]. Major challenges arise from infrastructure 

requirements, including substantial capital investment, limited integration with 

existing energy systems, and process equipment that is not yet optimized for 

biocatalytic operations, making facility modernization and industrial readiness 

critical prerequisites for broader adoption. In biodiesel applications, these challenges 

often necessitate retrofitting chemical-catalyst-based facilities to enzyme-compatible 

reactor configurations, involving modifications to reactor design, mixing systems, 

temperature control, and the stabilization of multiphase operations [9]. 

Scalability is also strongly influenced by the availability of large volumes of 

enzymes at competitive costs, rendering commercial success dependent on advances 

in enzyme production biotechnology and improved fermentation efficiency [6,39]. 

From a policy and market perspective, enzymatic biofuels often compete against 

subsidized fossil fuels; without blending mandates, tax incentives, or carbon pricing 

mechanisms, their competitiveness remains uncertain [49,50]. Policy instability, 

inadequate logistics for waste oil collection, and weak coordination among farmers, 

industry, and policymakers further hinder the establishment of robust, resilient 

biodiesel value chains [49,39]. 

For more complex pathways such as second-generation bioethanol and 

microalgae-based biofuels, barriers are even greater due to high capital expenditures 

(CAPEX), including investments in pretreatment facilities, photobioreactors, or 

large-scale open ponds integrated with enzymatic processing units. Additional risks 

arise from feedstock price uncertainty, global oil price volatility, and competition 

from alternative technologies, such as electric vehicles, which may alter long-term 

demand projections [8,46]. Nevertheless, global energy outlooks consistently project 

rising biofuel demand, particularly for biodiesel and renewable diesel, through 2028, 

with significant contributions expected from Brazil, Indonesia, and India, creating 

opportunities for broader implementation of enzymatic biofuels when aligned with 

sustainable energy policy frameworks [51,46,49,48]. 

Future Prospects 

The future trajectory of enzyme-based biofuels is increasingly shaped by the 

convergence of advanced genetic engineering, smart process integration, and 

biorefinery-driven system optimization. Precision genome-editing tools such as 

CRISPR/Cas9 are enabling targeted enhancement of enzyme-producing 

microorganisms, improving catalytic performance, stability, and expression 
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efficiency while simultaneously lowering production costs [52]. These molecular 

advances gain amplified impact when coupled with emerging smart bioreactor 

platforms, where immobilized enzymes operate within continuous systems 

supported by in-line monitoring, intelligent sensing, and machine-learning-assisted 

optimization. Such digitally enabled bioprocesses offer the potential to maximize 

conversion efficiency, extend enzyme operational lifetimes, and dynamically adapt 

operating conditions to fluctuating feedstock quality [53,54,34,55].  

Within integrated biorefinery frameworks, enzymatic lignocellulose 

hydrolysis is increasingly aligned with downstream fermentation, biogas generation 

from residual streams, and valorization of lignin and other high-value coproducts, 

enabling whole-feedstock utilization and substantially improving both economic 

performance and life-cycle carbon intensity [39,36]. Extending toward third and 

fourth-generation biofuels, genetic engineering of microalgae and recombinant 

microorganisms is expected to enhance lipid accumulation, productivity, and CO₂ 

fixation capacity, positioning enzymatic biofuels not only as renewable energy 

carriers but also as contributors to bio-based carbon management strategies [8,46].  

At the energy-system level, increasing synergies between enzymatic biofuels 

and complementary technologies, including renewable electricity, green hydrogen, 

and carbon capture and utilization are creating opportunities for hybrid energy 

portfolios in which biofuels serve strategic roles in hard-to-electrify sectors such as 

aviation, maritime transport, heavy-duty logistics, and segments of the chemical 

industry [56,46,39]. Realizing this transition, however, requires coordinated progress 

across the value chain, encompassing large-scale enzyme manufacturing enabled by 

high-yield engineered strains (Bangaru et al., 2022), biofuel plant designs tailored to 

enzyme-compatible reactors with optimized separation and heat integration, and 

policy frameworks, including blending mandates, carbon pricing, fiscal incentives, 

and sustainability certification to ensure market competitiveness against fossil-based 

alternative [39,46,40]. Collectively, these developments signal a shift from isolated 

technological improvements toward integrated techno-biological ecosystems, 

underscoring that the long-term viability of enzyme-based biofuels will depend on 

harmonizing molecular innovation, process intensification, and systemic policy 

support. 

 
4. Conclusion 

The development of enzyme-based biofuels has proven capable of overcoming 

many limitations of conventional chemical processes and opening pathways toward 

more efficient, cleaner, and more sustainable renewable energy production. Key 

enzymes such as cellulases, hemicellulases, lipases, amylases, and laccases have 
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delivered significant improvements in biomass and lipid conversion through 

reactions that are more selective, faster, and less energy-intensive. A range of 

optimization strategies, including enzyme immobilization, protein engineering, and 

directed evolution has successfully enhanced enzyme stability and robustness under 

industrial process conditions. Moreover, advances in modern enzyme modification 

technologies and their integration with intelligent bioreactor systems have further 

improved productivity and operational consistency. The use of non-food feedstocks 

and waste materials strengthens environmental sustainability by reducing 

competition with food resources while enabling efficient waste valorization. 

Nevertheless, challenges such as the need for facility retrofitting, high initial capital 

investment, and dependence on supportive energy policies remain major barriers to 

large-scale deployment. Overall, enzyme-based biofuels hold strong promise within 

the future energy mix, particularly when integrated with biorefinery concepts and 

next-generation bioprocess technologies. 
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