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PREFACE 
 

Biomass and biofuels occupy a central place in the current global debate on energy transition, 

sustainability, and climate change. Defined as organic matter of biological origin, biomass can 

be transformed into renewable energy carriers—liquid, solid, or gaseous—through diverse 

technological pathways. Biofuels, derived from these resources, are today considered one of 

the most promising alternatives to fossil fuels, offering the dual advantage of reducing 

greenhouse gas emissions and contributing to energy diversification. 

The importance of this field is not limited to global challenges; it is also directly relevant to 

local contexts such as Algeria, where agricultural residues, livestock waste, and municipal solid 

waste represent abundant but underexploited resources. The rational use of such biomass could 

help reduce dependency on fossil fuels, create new opportunities for rural development, and 

support national strategies for sustainable energy. 

Practical examples highlight the growing role of biofuels in modern energy systems. Ethanol 

derived from sugarcane and corn is widely used in Brazil and the United States to power 

millions of vehicles. Biodiesel, produced from vegetable oils and waste cooking oils, is 

extensively consumed in Europe, reducing dependence on petroleum diesel. Biogas, generated 

from organic waste and animal manure, provides heat and electricity to households and 

industries, while upgraded biomethane is increasingly injected into natural gas grids. Even the 

aviation sector, one of the most difficult to decarbonize, is now turning to Sustainable Aviation 

Fuels (SAF) as a viable solution to reduce its carbon footprint. 

Beyond these applications, the study of biomass and biofuels opens the door to broader 

scientific and technological fields. It involves fundamental chemistry for understanding 

biomass composition, process engineering for designing efficient conversion technologies, and 

environmental science for assessing sustainability through lifecycle analysis. It also requires 

awareness of economics and policy, since large-scale deployment depends on both cost 

competitiveness and regulatory frameworks. 

This manuscript brings together essential concepts, methods, and applications relating to 

biomass and biofuels. It is designed to provide Master’s students in Chemical 

Engineering and Environmental Process Engineering with both the theoretical foundations and 

the practical insights needed to understand, evaluate, and apply biofuel technologies. The 

material is structured into seven chapters, covering: 

• The nature and importance of biomass and biofuels, 

• Biomass characterization and resources, 



 

• Conversion technologies (thermochemical, biochemical, physicochemical), 

• Production and types of biofuels, 

• Process engineering and design considerations, 

• Environmental, economic, and future perspectives, 

• Quality control and international standards. 

Throughout the text, examples, figures, and tables are provided to clarify theoretical 

developments and highlight real-world applications. The objective is not only to convey 

fundamental knowledge, but also to foster critical thinking and problem-solving skills, enabling 

students to engage with both academic research and practical innovation in the bioenergy sector. 

Written as clearly and pedagogically as possible, this manuscript is intended to serve as a 

comprehensive and accessible resource for students, researchers, and professionals. It aims to 

support learning, inspire curiosity, and contribute to the formation of a new generation of 

engineers and scientists capable of advancing sustainable energy solutions. 

We hope that Introduction to Biomass and Biofuels will serve as both a learning companion 

and a source of inspiration for all those engaged in this vital field.
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I.1.  Definition of Biomass and Biofuels 
 
Biomass is the biodegradable fraction of products, waste, and residues from agriculture, 

including plant and animal substances derived from land and sea, forestry, and related 

industries, as well as the biodegradable fraction of industrial and household waste. It is defined 

as organic material of biological origin that stores chemical energy derived from 

photosynthesis. It includes: 

• Agricultural residues: straw, corn stover, husks, sugarcane bagasse. 

• Forestry residues: wood chips, sawdust, bark, black liquor. 

• Dedicated energy crops: miscanthus, switchgrass, jatropha, short-rotation coppice. 

• Algae and aquatic biomass: microalgae, macroalgae, cyanobacteria. 

• Animal manure and livestock waste: dung, slurry, poultry litter. 

• Municipal and industrial organic wastes: food waste, sewage sludge, paper waste. 

Biomass is distinguished from fossil resources because it is renewable within human 

timescales, provided its extraction is sustainable and does not exceed natural regeneration 

rates. 

The main forms of biomass energy are biofuels, liquid or gaseous fuels used for transport 

(primarily produced from cereals, sugar, oilseeds, and used oils); and bioliquids, used for 

heating, cooling, or electricity generation. 

 

Biofuels are fuels produced directly or indirectly from biomass through different conversion 

technologies: 

• Biochemical processes: fermentation of sugars to produce bioethanol, anaerobic 

digestion for biogas. 

• Thermochemical processes: pyrolysis (bio-oil), gasification (syngas), combustion for 

heat/power. 

• Physicochemical processes: transesterification of oils/fats into biodiesel (FAME), 

hydroprocessing into renewable diesel (HVO). 

They are typically categorized into liquid, gaseous, and solid biofuels: 

• Liquid biofuels: bioethanol, biodiesel, renewable diesel, bio-butanol, sustainable 

aviation fuels. 

• Gaseous biofuels: biogas (CH₄ + CO₂), biomethane (upgraded), syngas (CO + H₂). 

• Solid biofuels: firewood, pellets, charcoal, torrefied biomass. 
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There are several generations of biofuels: the first generation comes from food products 

(rapeseed, beets, maize, wheat, etc.) converted into biomass energy through simple technical 

processes; the second generation comes from lignocellulosic sources (straw, leaves, wood, 

etc.) converted into biomass energy via advanced technical processes; and the third generation 

involves the production of hydrogen with microorganisms. 

The most valuable energy recovery in the biomass sector is that of wood. In general, biomass 

is less polluting than fossil fuels. Biomass is now recognized as a major renewable energy 

source, capable of effectively contributing to energy diversification and the reduction of 

greenhouse gas emissions. In Algeria, where the energy transition has become a strategic issue, 

biomass valorization is beginning to gain importance. Agricultural waste, agro-food residues, 

used oils, and sludge from sewage treatment plants represent a considerable but still 

underexploited potential that offers promising prospects for the future. 

It is true that biomass production and use raise some environmental concerns, such as pressure 

on agricultural land, management of energy crops, and impacts related to land-use change. 

However, Algeria is increasingly moving toward solutions that prioritize the valorization of 

waste and residues, which helps to limit these negative effects. This approach addresses both 

ecological objectives by reducing pollution and waste landfilling, and economic goals by 

creating new local energy and valorization sectors. 

The use of biofuels derived from biomass is an interesting alternative to fossil fuels, especially 

in the transport sector, where it significantly reduces greenhouse gas emissions. To support 

this development, sustainability criteria inspired by international standards are increasingly 

being considered to ensure that projects are based on responsible resource management and 

respect environmental balances. 

Thus, although many challenges remain, biomass represents a future pathway for Algeria 

within its energy transition strategy. The country has begun investing in research, pilot 

projects, and awareness campaigns around the use of agricultural and agro-industrial residues. 

This momentum reflects the national desire to transform a constraint—the accumulation of 

waste—into an opportunity for sustainable development, creating value, jobs, and local energy 

solutions. 
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I.2.  Classification of Biomass and Biofuels 

Biomass and biofuels can be classified according to feedstock origin, technological pathway, 

and generation level. This classification is essential to understand the diversity of 

resources available, the conversion challenges, and the sustainability implications of different 

bioenergy systems. 

 

I.2.1.  Biomass Categories 

Biomass resources are highly diverse, and they can be grouped into major categories based on 

their origin and composition. Table 1.1 presents the main categories of biomass, their typical 

examples, as well as their advantages and challenges. 

 

Table 1.1: Main Categories of Biomass Resources 

Biomass 

Category 
Examples Advantages Challenges 

Lignocellulosic 
Wood, straw, forestry 

residues, grasses 

Abundant, non-food, 

renewable carbon source 

Recalcitrant 

structure, costly 

pretreatment 

Algae & 

Cyanobacteria 

Microalgae, 

macroalgae, 

cyanobacteria 

High productivity, non-

arable land use, lipid 

accumulation 

High cost, 

scalability issues 

Energy Crops 
Sugarcane, sorghum, 

rapeseed, jatropha 

High yields, established 

processing technologies 

Land & food 

competition, water 

demand 

Wastes & 

Residues 

MSW, sewage sludge, 

animal manure, food 

waste 

Low cost, sustainable, 

solves waste disposal 
 

 

Table 1.1 shows that lignocellulosic biomass is the most abundant and sustainable option, but 

its complex structure makes conversion costly. Algae and cyanobacteria offer the highest 

productivity per hectare and can be cultivated on marginal lands, but the technologies remain 

expensive and energy-intensive. Energy crops provide high yields and are already widely 

exploited, yet they raise issues of land-use competition with food production. Finally, wastes 
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and residues represent the most sustainable resource from a circular economy perspective, 

although challenges exist in terms of collection, storage, and heterogeneity. This comparison 

underlines the importance of diversifying feedstocks rather than relying on a single category. 

 

I.2.2. Generations of Biofuels 

Another common way to classify biofuels is through the concept of generations, which reflects 

the type of feedstock and the level of technological development. Table 1.2 summarizes the 

four main generations of biofuels, their feedstock base, characteristics, and challenges. 

 

Table 1.2: Generational Classification of Biofuels 

Generation 
Feedstock 

Examples 
Key Characteristics Status/Challenges 

First 
Sugarcane, corn, 

vegetable oils 

Uses food crops; processes include 

fermentation (ethanol) and 

transesterification (biodiesel). 

Mature and 

commercial; food vs 

fuel conflict. 

Second 

Agricultural 

residues, woody 

biomass 

Uses lignocellulosic feedstocks; 

advanced pretreatment and 

enzymatic/thermochemical 

conversion. 

Higher sustainability; 

costly pretreatment. 

Third 
Algae, 

cyanobacteria 

High yield per hectare; can grow in 

saline/wastewater; lipid- and 

carbohydrate-rich. 

High potential but 

costly; still at pilot 

scale. 

Fourth 

Genetically 

engineered 

organisms, 

BECCS systems 

Tailor-made biofuel molecules; 

integration with carbon capture; can 

achieve negative emissions. 

Lab stage; innovative 

but far from 

commercialization. 

 

The first generation of biofuels has dominated the market due to its technological maturity and 

commercial availability. However, the use of food crops as feedstocks has triggered the well-

known “food versus fuel” debate, raising ethical and sustainability concerns. The second 

generation relies on non-food lignocellulosic resources, offering higher sustainability, but 

conversion processes are still expensive and technologically demanding. The third generation, 

based on algae, has the potential to revolutionize biofuel production thanks to its high yield and 
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low land footprint, but large-scale deployment remains limited due to high costs. Finally, 

the fourth generation represents the most innovative frontier, integrating biotechnology and 

carbon capture to produce carbon-negative fuels, but it is still confined to laboratory research 

and pilot projects. 

This generational framework demonstrates that the future of biofuels lies in transitioning from 

first-generation to advanced biofuels, balancing sustainability, efficiency, and economic 

viability. 

 

I.2.3.  Definition and Typology of Biofuels 

Biofuels can be further classified according to their physical state: 

• Liquid biofuels: include bioethanol, produced through fermentation of sugars and 

starches; biodiesel (FAME)from vegetable oils or animal fats; hydrotreated vegetable oils 

(HVO); and sustainable aviation fuels (SAF) derived from multiple routes (HEFA, FT, 

ATJ). These fuels are mainly used in transportation and are compatible with existing 

engines and infrastructure. 

• Gaseous biofuels: primarily biogas, a methane-rich gas produced via anaerobic digestion 

of organic matter, and biomethane, which is upgraded to pipeline quality and injected into 

natural gas grids. Syngas, obtained from gasification, is also a versatile intermediate for 

power, heat, or synthetic fuel production. 

• Solid biofuels: include firewood, charcoal, wood pellets, briquettes, and torrefied biomass. 

These are mainly used for heating and combined heat and power (CHP) generation, 

especially in Europe and Asia where pellet trade is well developed. 

From a technological perspective, three primary conversion routes dominate: 

• Biochemical processes (fermentation, anaerobic digestion, enzymatic hydrolysis). 

• Thermochemical processes (combustion, pyrolysis, gasification). 

• Physicochemical processes (transesterification, hydroprocessing). 

This classification demonstrates that biofuels are not a single entity but rather a diverse family 

of energy carriers, each with its own advantages, limitations, and applications. 
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I.3. Global Bioenergy Context 

Bioenergy plays a central role in the renewable energy mix worldwide, supplying 

approximately 12% of global final energy consumption (REN21, 2024). This makes it the 

largest renewable energy source, ahead of wind and solar when considering heat and transport 

applications. Its strength lies in versatility, as it can provide electricity, heat, and fuels for 

multiple uses. 

To illustrate the relative importance of bioenergy compared with other renewables, Figure 

1.1 presents the share of bioenergy in the global renewable energy mix for 2022. 

 

 
Figure 1.1: Global Bioenergy Share in Renewable Energy Mix (2022) 

 

Recent data show that liquid biofuels (ethanol, biodiesel, renewable diesel, and sustainable 

aviation fuels) reached around 170 billion liters in 2022, with projections exceeding 200 billion 

liters by 2028 (IEA, 2023). Solid biomass continues to dominate renewable heat production in 

Europe and Asia, while gaseous biofuels such as biogas and biomethane are increasingly 

integrated into gas grids in Europe and North America. 
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Table 1.3: Global Bioenergy Production and Trends (2022) 

Type of 

Bioenergy 
Main Products Global Status (2022) Trends 2023–2028 

Liquid 

Biofuels 

Ethanol, biodiesel, 

renewable diesel, 

SAF 

~170 billion liters 

produced 

Projected to exceed 200 billion 

liters by 2028 

Solid 

Biomass 

Wood, pellets, chips, 

briquettes 

Dominates renewable 

heating in EU & Asia 

Expanding trade of wood 

pellets (EU imports from 

USA/Canada) 

Gaseous 

Biofuels 

Biogas, biomethane, 

syngas 

Growing role in EU, 

NA energy systems 

Expansion of biomethane 

injection into gas grids 

 

Table 1.3 shows that liquid biofuels represent the most dynamic sector of bioenergy, with 

strong growth projected due to their importance in transport decarbonization. Solid 

biomass remains the backbone of renewable heating, particularly in Europe and Asia, supported 

by large-scale wood pellet trade. Gaseous biofuels, especially biomethane, are increasingly 

relevant as countries seek to integrate renewable gases into existing natural gas infrastructure. 

The overall trend highlights a shift towards advanced fuels such as SAF and biomethane, which 

are critical for achieving climate neutrality. 

The production of biofuels, however, is not evenly distributed across regions. Table 1.4 

summarizes regional production patterns for ethanol and biodiesel in 2022. 
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Table 1.4: Regional Biofuel Production (2022) 

Region Main Feedstocks Used 
Dominant 

Products 
Key Features 

North 

America 
Corn (USA) Ethanol 

Largest global ethanol producer; 

strong blending mandates. 

South 

America 

Sugarcane (Brazil), soy oil 

(Argentina) 

Ethanol, 

biodiesel 

Brazil: highly efficient sugarcane 

ethanol system; Argentina: biodiesel 

exports. 

Europe 
Rapeseed, used cooking 

oil, animal fats 
Biodiesel 

EU: world leader in biodiesel; strong 

sustainability criteria. 

Asia 

Palm oil (Indonesia, 

Malaysia), cassava (China, 

Thailand) 

Biodiesel, 

ethanol 

Indonesia: largest palm biodiesel 

program; China: rapid ethanol 

growth from cassava. 

 

Regional production patterns illustrate the diversity of biofuel strategies. North 

America dominates ethanol production, mainly from corn, supported by government blending 

mandates. South America, led by Brazil, benefits from the high efficiency of sugarcane ethanol, 

while Argentina focuses on biodiesel exports. Europe is the global leader in biodiesel, driven 

by rapeseed and waste oils under strict sustainability regulations. In Asia, Indonesia and 

Malaysia have built large biodiesel programs based on palm oil, while China has expanded 

ethanol production from cassava. These patterns underline that biofuel development is region-

specific, shaped by local resources, agricultural systems, and energy policies. 

To visualize these regional differences more clearly, Figure 1.2 compares ethanol and biodiesel 

production across North America, South America, Europe, and Asia. 
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Figure 1.2: Regional Biofuel Production (2022) 

 

I.4. Biomass and Biofuels in Algeria 

Algeria possesses significant but largely untapped biomass potential, which could play an 

important role in diversifying the country’s energy mix and supporting its transition towards 

renewable energy. Although the national strategy currently prioritizes solar photovoltaic and 

wind power, biomass resources are abundant and represent an opportunity for both energy 

production and rural development. The main sources of biomass in Algeria are summarized in 

Table 1.5. 
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Table 1.5: Main Biomass Resources in Algeria 

Biomass 

Category 
Examples 

Estimated 

Potential/Extent 
Remarks 

Agricultural 

residues 

Wheat and barley 

straw, olive pomace, 

date palm waste 

Large availability due to 

extensive agriculture 

High potential for 

bioethanol and solid 

biofuels 

Livestock 

manure 

Cattle, sheep, poultry 

manure 

Strong potential for 

biogas production 

Suitable for rural biogas 

units 

Municipal 

solid waste 

Household organic 

fraction (~13 million 

tons annually) 

Considerable resource 

across major cities 

Opportunity for waste-

to-energy plants 

Forests 

~4.2 million hectares 

(1.8% of national 

territory) 

Limited due to Sahara 

dominance 

Supplementary resource 

for wood/charcoal 

Total potential 

≈ 1.3 million tons oil 

equivalent (Mtoe) 

annually 

Underexploited 
Requires infrastructure 

development 

 

Agricultural residues represent the largest share of biomass potential in Algeria, reflecting the 

importance of cereals, olive cultivation, and date palms. These resources could be valorized 

through bioethanol production, palletization, or anaerobic digestion. Livestock manure is 

another abundant feedstock, particularly in rural areas, and is ideal for biogas generation. 

Municipal solid waste, with its large organic fraction, offers a dual benefit of energy recovery 

and improved waste management in urban centers. Forest resources, although limited (covering 

only 1.8% of the national territory), can still contribute to small-scale solid biofuel production. 

The theoretical national biomass potential is estimated at around 1.3 Mtoe annually, but only a 

very small fraction is currently exploited. 

Despite its potential, biomass contributes less than 5% to Algeria’s renewable energy strategy, 

which remains strongly oriented towards solar and wind projects. Existing biogas initiatives are 

generally small-scale, often limited to rural households or agricultural cooperatives. Some 



Chapter I: Introduction to Biomass and Biofuels 

 11 

research projects are exploring the use of Geographic Information Systems (GIS) to map 

biomass hotspots and optimize feedstock collection. However, large-scale biofuel or waste-to-

energy plants have not yet been implemented. 

 

I.5. Importance of Biomass and Biofuels 

The importance of biomass and biofuels can be analyzed through four main dimensions: energy 

transition, climate change mitigation, energy security, and socio-economic development. 

 

• Energy transition 

Biomass and biofuels offer renewable and dispatchable energy alternatives, unlike 

intermittent renewables such as wind and solar. 

They are particularly suited for hard-to-electrify sectors such as long-haul transport, aviation, 

maritime shipping, and high-temperature industrial processes. 

Their flexibility allows them to be used as liquid, gaseous, or solid fuels, fitting diverse energy 

systems. 

 

• Climate mitigation 

When produced sustainably, biofuels can achieve 50–90% reduction in GHG 

emissions compared to fossil fuels. 

Using agricultural residues, forestry by-products, and wastes reduces competition with food 

crops and avoids indirect land-use change. 

Emerging concepts such as Bioenergy with Carbon Capture and Storage (BECCS) could even 

provide negative emissions, making bioenergy a strategic tool for achieving global climate 

goals. 

 

• Energy security 

Biofuels reduce dependence on finite fossil fuel reserves and contribute to energy 

diversification. 

Locally produced bioenergy enhances national energy independence and resilience against fuel 

price volatility. 

Biogas and biomethane can be integrated into existing gas infrastructure, supporting stable and 

secure energy systems. 
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• Socio-economic impact 

Biomass valorization creates new rural employment opportunities, from collection and logistics 

to processing and conversion. 

Farmers and communities can generate additional income by selling crop residues or manure. 

Bioenergy supports the circular economy, turning waste streams into valuable energy. 

In developing countries, it can improve energy access, stimulate local entrepreneurship, and 

foster sustainable rural development.



 

 

 

 

 
 
 
 

 
 

II.        Chapter II  

Biomass Characterization 
and Resources



Chapter II: Biomass Characterization and Resources 

 14 

II.1. Introduction 

Before any biomass conversion process can be effectively designed, it is essential to first 

understand the nature of biomass and the diversity of resources it represents. Unlike fossil fuels, 

which are relatively uniform in composition, biomass varies widely depending on its origin—

ranging from agricultural residues (such as straw or corn stalks) to forestry by-products (like 

sawdust), algae, and even organic municipal waste. 

Though these materials all contain carbon, hydrogen, and oxygen, their elemental composition, 

moisture content, ash levels, and structural components (like cellulose, hemicellulose, and 

lignin) can differ significantly. These variations directly influence their energy potential, 

reactivity during conversion, and the choice of the most appropriate processing technology. 

Biomass characterization, therefore, plays a critical role in process design. By analyzing both 

physical (e.g., moisture, density, particle size) and chemical properties (e.g., elemental 

composition, calorific value), engineers can determine the most suitable conversion pathway—

be it thermochemical (combustion, pyrolysis, gasification), biochemical (fermentation, 

anaerobic digestion), or a hybrid approach. 

In addition to technical parameters, the availability and accessibility of biomass resources—

both locally and globally—must be considered. Factors such as seasonality, transportation 

logistics, and competing land uses influence not only feasibility but also the long-term 

sustainability of biomass-based energy systems. 

Ultimately, characterizing biomass is far more than a preparatory step. It is the foundation for 

developing efficient, cost-effective, and environmentally responsible bioenergy solutions, 

contributing to the broader transition toward renewable and circular energy systems. 
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II.2.  Types and Sources of Biomass 

Biomass resources are highly diverse, and their characteristics depend largely on their origin 

and composition. These differences influence their energy potential and determine the most 

suitable conversion processes. To better understand these distinctions, Table 2.1 summarizes 

the main categories of biomass, their typical composition ranges, energy content, and common 

applications. 

 

Table 2.1: Scientific Classification of Biomass Resources 

Biomass Category 
Typical Composition (wt%, dry 

basis) 

HHV 

(MJ/kg) 
Main Applications 

Lignocellulosic 

biomass 

Cellulose 40–50%; Hemicellulose 

20–30%; Lignin 15–25% 
15–20 

Bioethanol (2G), 

syngas, pellets, 

biochar 

Algae & Aquatic 

Biomass 

Lipids 20–50%; Proteins 30–50%; 

Carbohydrates 10–30% 
20–25 

Biodiesel (lipids), 

bioethanol, 

biohydrogen 

Energy Crops 
Variable; e.g., sugarcane (sucrose 

~15%), rapeseed oil (~40%) 
18–22 

1G bioethanol, 

biodiesel, biogas 

Organic Wastes & 

Residues 

Moisture 20–60%; Volatile matter 

50–70%; Ash 5–25% 
10–18 

Biogas, waste-to-

energy, composting 

 
Lignocellulosic biomass is by far the most abundant renewable resource on Earth. Its structure 

is dominated by cellulose, hemicellulose, and lignin, which together form a rigid and resistant 

matrix. This complexity explains why it requires pretreatment before being converted into 

fuels, particularly for processes such as enzymatic hydrolysis or fermentation. Despite these 

challenges, its abundance and non-food nature make it a cornerstone of second-generation 

biofuels. 
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Algae and aquatic biomass represent another promising resource. Their high growth rates, lipid 

content, and ability to thrive in saline or wastewater environments make them particularly 

attractive. Unlike terrestrial crops, they do not compete with food production. However, large-

scale exploitation remains limited because of the energy-intensive steps of harvesting and 

processing. If these barriers are overcome, algae could become one of the most efficient 

feedstocks for advanced biofuels. 

Energy crops, such as sugarcane, sorghum, rapeseed, and jatropha, are cultivated specifically 

for energy production. They provide high yields and benefit from well-established processing 

technologies. Sugarcane ethanol, for instance, is considered one of the most efficient biofuel 

systems in terms of energy balance. Nevertheless, the large-scale cultivation of energy crops 

raises concerns about land use, biodiversity, and water demand, especially in regions where 

agricultural land is already under pressure. 

Organic wastes and residues are increasingly valued as a sustainable and low-cost feedstock. 

This category includes municipal solid waste, sewage sludge, animal manure, and food industry 

residues. Their use offers a dual benefit: energy recovery and improved waste management. 

Yet, their heterogeneous composition and high moisture content reduce their calorific value and 

complicate large-scale logistics. Still, waste-to-energy projects are expanding, especially in 

urban areas where waste management is a pressing issue. 

 

II.3.  Biomass Composition and Properties 

The performance of biomass as an energy source depends largely on its chemical 

composition and physical properties. Unlike fossil fuels, biomass contains significant amounts 

of oxygen and moisture, which influence its heating value and combustion behavior. Two 

common analytical approaches are used: proximate analysis (moisture, volatile matter, fixed 

carbon, ash) and ultimate analysis (C, H, O, N, S). These parameters allow engineers to evaluate 

the potential energy content and possible environmental impacts of each resource. 

To better illustrate these differences, Table 2.2 summarizes the proximate and ultimate analysis 

of representative biomass resources. 
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Table 2.2: Typical Proximate and Ultimate Analysis of Selected Biomass (Dry Basis) 

Biomass 

Type 

Moisture 

(%) 

Volatile 

Matter 

(%) 

Fixed 

Carbon 

(%) 

Ash 

(%) 

C 

(%) 

H 

(%) 

O 

(%) 
N (%) 

S 

(%) 

HHV 

(MJ/kg) 

Wood 

residues 
10–20 70–80 15–25 0.5–2 

45–

50 
5–6 

42–

45 
AZQ`<1 <0.1 18–20 

Agricultural 

straw 
8–15 65–75 12–18 5–8 

40–

45 
5–6 

40–

45 
0.5–1.5 <0.2 15–17 

Algae 

(microalgae) 
5–10 60–70 10–15 

10–

20 

45–

55 
6–7 

30–

40 
5–8 <0.5 20–25 

MSW 

(organic 

fraction) 

20–40 50–65 10–15 
15–

25 

35–

45 
4–6 

30–

40 
1–2 

0.5–

1 
10–15 

 

Wood residues and straw are characterized by low ash and high volatile matter, making them 

suitable for combustion and gasification. Algae have higher nitrogen and ash content, which 

complicates thermal conversion, but their higher calorific value makes them attractive for 

advanced biofuels. Municipal solid waste has lower HHV due to moisture and ash, but its 

abundance compensates for this limitation. 

A specific case of interest is lignocellulosic biomass, whose structure is dominated by cellulose, 

hemicellulose, and lignin. These three components largely determine its reactivity and 

conversion pathway. The proportions of these constituents are shown in Figure 2.1, which 

highlights cellulose as the dominant fraction. 
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Figure 2.1: Typical Composition of Lignocellulosic Biomass 

 

While composition defines the type of processing required, the energy content remains a 

decisive factor for process selection. To visualize the differences in calorific value among 

biomass categories, Figure 2.2 compares the typical higher heating values (HHV) of wood, 

straw, algae, and municipal solid waste. 

 

 
Figure 2.2: Comparative Higher Heating Values of biomass types 
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Figure 2.1 confirms that cellulose is the principal constituent of lignocellulosic biomass, making 

it suitable for fermentation after hydrolysis. Hemicellulose and lignin, although present in lower 

amounts, influence process design, as lignin provides energy for thermochemical conversion. 

Figure 2.2 illustrates that algae present the highest HHV, followed by wood and straw, while 

MSW shows the lowest values. This comparison reinforces the idea that while waste streams 

are abundant, higher quality biofuels are often derived from dedicated biomass or algae. 

 

II.4.  Biomass Availability and Sustainability Issues 

The global potential of biomass resources is substantial, but their effective use is shaped 

by environmental, socio-economic, and logistical constraints. Although often described as 

abundant, biomass is not uniformly available or exploitable everywhere. The degree to which 

it can contribute to energy systems depends on sustainability considerations such as land use, 

food security, biodiversity protection, and greenhouse gas balances. 

Residues such as straw, husks, or forestry by-products are widely recognized as sustainable 

resources since they make use of existing agricultural and forestry streams. In contrast, energy 

crops, while productive, may create competition with food production and land use conflicts. 

Algae and organic wastes provide additional opportunities but still face challenges in terms 

of technology costs and collection systems. Table 2.3 summarizes the main categories of 

biomass resources, their availability, and associated sustainability concerns. 

 

Table 2.3: Availability and Sustainability of Biomass Resources 

Biomass Resource Availability Potential Key Sustainability Issues 

Agricultural residues 
High (hundreds of Mt 

annually worldwide) 

Seasonal collection, soil fertility 

reduction if overharvested 

Forestry residues 
Moderate, region-

dependent 

Deforestation risk, biodiversity loss 

if not managed sustainably 

Energy crops High yields per hectare 
Competition with food, land use 

change, high water demand 

Algae & aquatic biomass 
Very high theoretical 

productivity 

High energy inputs for cultivation 

and harvesting 
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Biomass Resource Availability Potential Key Sustainability Issues 

Organic wastes (MSW, 

manure, sludge) 

Abundant in urban and 

rural areas 

Collection logistics, contamination, 

variable composition 

 

Agricultural residues are particularly attractive because they are widely available, but removing 

too much can threaten soil fertility. Forestry residues can contribute significantly in certain 

regions but must be harvested responsibly to avoid deforestation and biodiversity loss. Energy 

crops show strong yields per hectare, yet they demand land and water resources that could 

otherwise be dedicated to food crops. Algae offer extraordinary theoretical productivity, though 

current harvesting and drying technologies remain energy-intensive. Organic wastes and 

residues are abundant and often low-cost, but their heterogeneity and contamination risks limit 

large-scale deployment without advanced treatment systems. 

To better illustrate the distribution of global biomass resources, Figure 2.3 presents their 

relative shares. It shows that agricultural residues dominate worldwide potential, followed by 

forestry residues and organic wastes, while energy crops and algae currently contribute less in 

practice despite their high theoretical productivity. 

 

 
Figure 2.3: Global Biomass Availability by Resource Type 

 



Chapter II: Biomass Characterization and Resources 

 21 

While availability is important, sustainability remains the decisive factor. The exploitation of 

biomass must avoid unintended consequences such as deforestation, excessive water demand, 

or disruption of food systems. Figure 2.4 highlights the main sustainability challenges 

associated with biomass utilization. It emphasizes that land use change and food vs. fuel 

competition remain among the most sensitive issues, alongside water consumption, biodiversity 

protection, and the cost of logistics. 

 

 
Figure 2.4: Sustainability Issues in Biomass Utilization 

 

Figure 2.3 makes it clear that the largest opportunities lie in residues and wastes, which are 

already generated in large volumes and can be valorized without major land use change. 

Conversely, Figure 2.4 reminds us that even abundant resources cannot be considered 

sustainable unless environmental and social impacts are minimized. Sustainable biomass 

strategies must therefore focus on maximizing residues and waste valorization, while ensuring 

that dedicated energy crops and algae are developed under strict sustainability frameworks. 
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II.5. Conclusion 

Biomass is a heterogeneous resource with varied origins, compositions, and energy potentials. 

Agricultural and forestry residues, algae, energy crops, and organic wastes each present specific 

opportunities and challenges. Characterization through proximate and ultimate analysis is 

essential to determine their suitability for different energy pathways. 

While the global potential of biomass is large, its sustainable use requires careful attention to 

land, water, biodiversity, and logistics. Residues and wastes remain the most promising 

feedstocks in the short term, while algae and energy crops may gain importance as technologies 

improve. 

The next chapter will examine how these diverse resources can be transformed into useful 

energy carriers through conversion technologies.
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III.1.  Introduction 

The transformation of biomass into usable energy relies on a variety of technological routes, 

each of which must be tailored to the specific characteristics of the biomass being processed. 

Unlike fossil fuels, which are generally uniform in composition, biomass is inherently 

heterogeneous. It encompasses a wide range of organic materials, including agricultural 

residues, forestry by-products, algae, and waste materials from industrial or municipal sources. 

These materials are rich in oxygen and often contain high moisture content, which significantly 

affects their energy density, combustion characteristics, and overall conversion efficiency. The 

presence of oxygen, in particular, reduces the energy content per unit mass when compared to 

fossil fuels, which are primarily composed of carbon and hydrogen. Additionally, the moisture 

content in biomass can lower its heating value and increase energy consumption during 

processing, particularly in processes like combustion or gasification. 

This complexity necessitates the use of specialized and adaptable processing strategies to 

effectively convert biomass into high-quality energy products. Biomass conversion 

technologies are designed to address these challenges, maximizing the energy output while 

minimizing environmental impact. These technologies are broadly categorized into three main 

types, each focusing on different conversion mechanisms and end-products: 

1. Thermochemical conversion: This involves the direct use of heat to decompose biomass 

into energy carriers such as syngas, bio-oil, or char. Common thermochemical processes 

include combustion, pyrolysis, and gasification. These methods primarily rely on high 

temperatures to break down the complex organic materials in biomass, releasing energy in 

the form of heat or electricity. Thermochemical conversion is particularly suited for 

feedstocks with high lignin or cellulose content, such as wood residues or agricultural 

straws. 

2. Biochemical conversion: This pathway involves microbial or enzymatic processes to break 

down biomass into simpler compounds, such as ethanol or biogas. Microorganisms or 

enzymes act on the sugars and biodegradable fractions of biomass to produce biofuels 

through fermentation or anaerobic digestion. Biochemical conversion is highly efficient for 

feedstocks with high carbohydrate content, such as corn, sugarcane, or agricultural waste. 

3. Physicochemical conversion: This method involves the chemical modification of oils and 

fats (often derived from algae, crops like soybeans, or waste animal fats) into biofuels like 

biodiesel. Through processes such as transesterification, triglycerides in oils are converted 
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into fatty acid methyl esters (FAMEs), which are suitable for use in diesel engines. This 

pathway is commonly used to produce biodiesel, a widely adopted alternative to traditional 

diesel fuel. 

In many cases, these conversion processes are integrated into biorefineries, which utilize a 

multifaceted approach to biomass processing. Biorefineries are designed to produce a range of 

products—heat, electricity, biofuels, and co-products like chemicals and fertilizers—all from 

the same biomass feedstock. This integrated approach maximizes the economic value of the 

biomass while promoting sustainability through the efficient use of resources and minimizing 

waste. The convergence of different conversion technologies within biorefineries highlights the 

growing importance of circular economy principles in the bioenergy sector, where waste from 

one process can become a feedstock for another. 

Given the wide variety of biomass sources and the diversity of conversion processes available, 

selecting the appropriate technology for a given feedstock requires careful consideration of 

factors such as biomass composition, availability, and regional conditions. Understanding these 

parameters is crucial to optimize the energy yield, economic feasibility, and environmental 

sustainability of biomass-based energy systems. 
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III.2.  Thermochemical Conversion 

Thermochemical processes involve the decomposition of biomass under the effect of heat. They 

are particularly well adapted to lignocellulosic feedstocks such as wood, straw, and forestry 

residues. 

 

III.2.1.  Combustion 

Combustion is the oldest and most straightforward way of converting biomass into energy. It 

consists of the complete oxidation of the fuel in the presence of excess oxygen, releasing heat 

that can be used directly or transformed into electricity in combined heat and power (CHP) 

systems. The overall reaction can be simplified as: 

 

CxHyOz   +  O2    →  CO2   +  H2O  +  ΔH 

 

The efficiency of combustion depends strongly on the properties of the fuel. For example, low 

moisture and ash contents favor stable and complete combustion. In modern CHP plants, 

electrical efficiency typically ranges between 20 and 40%, but when heat recovery is included, 

the overall efficiency can reach 80 to 85%, making combustion one of the most effective 

pathways for large-scale biomass utilization. 

Applications of biomass combustion are diverse, ranging from domestic heating with pellet 

stoves to industrial boilers supplying the food, pulp, and cement industries, as well as district 

heating networks in urban areas. Northern European countries have pioneered the use of 

biomass in district heating: in Sweden and Finland, wood chips and pellets now supply more 

than 40% of heating demand. Austria has also invested heavily in medium-scale heating plants 

that serve both households and local industries. In the Mediterranean region, Algeria has 

explored the use of olive pomace, a by-product of olive oil extraction, as an alternative fuel in 

cement kilns. This practice not only reduces waste disposal problems but also provides a 

renewable substitute for heavy fuel oil, thereby contributing to local energy diversification and 

sustainability. 

 

III.2.2.  Gasification 

Gasification is a more advanced thermochemical pathway, operating at higher temperatures 

(700–1000 °C) and under limited oxygen conditions. Instead of complete combustion, the 

process involves partial oxidation, producing a combustible gas mixture known as syngas, 
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mainly composed of carbon monoxide (CO) and hydrogen (H₂). Several reactions occur 

simultaneously, including: 

C  +  O2  →  CO2 

C  +  1/2O2  →  CO 

C  +  H2O  →  CO  +  H2 

CO  +  H2O  ↔  CO2  +  H2 

 

Syngas is a versatile intermediate that can be burned directly for heat and power or further 

upgraded into synthetic fuels (via Fischer–Tropsch synthesis), hydrogen, or even chemicals. 

Gasification efficiencies are typically higher than combustion when syngas is used in advanced 

power cycles such as Integrated Gasification Combined Cycle (IGCC). However, technical 

challenges remain, especially related to tar formation and gas cleaning. 

Practical applications of gasification have been demonstrated worldwide. The Värnamo plant 

in Sweden was the first biomass-integrated gasification combined cycle (BIGCC) 

demonstration, producing both heat and electricity. In India and China, smaller-scale downdraft 

gasifiers are used in rural areas to supply power to communities. These examples show the 

flexibility of gasification, from decentralized systems to advanced industrial plants. 

 

III.2.3.  Pyrolysis 

Pyrolysis is the thermal decomposition of biomass in the absence of oxygen, generally at 

temperatures between 300 and 600 °C. Unlike combustion or gasification, pyrolysis does not 

involve direct oxidation. Instead, biomass is broken down into three fractions: a liquid (bio-oil), 

a solid (biochar), and non-condensable gases. The distribution of products depends on process 

conditions, with fast pyrolysis typically yielding 50–70% bio-oil, 10–25% biochar, and 15–

25% gas. 

Bio-oil can be used directly as a heating fuel or upgraded through refining into transport fuels. 

Biochar is increasingly recognized as a soil amendment with potential benefits for carbon 

sequestration, while the gas fraction is often recycled to supply process heat. 

Industrial interest in pyrolysis has grown significantly. The Empyro plant in the Netherlands 

processes around 25,000 tons of wood residues annually to produce about 20 million liters of 

pyrolysis oil, used as an alternative to fuel oil. In Canada, pilot projects are exploring the co-

production of biochar and bio-oil from forestry residues, aligning with both energy and 

agricultural sustainability goals. 
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Figure 3.2: Comparison of Thermochemical Processes 

 

Thermochemical processes represent a robust and versatile set of technologies for converting 

lignocellulosic biomass into energy. Combustion remains the most established and widely 

applied, providing heat and power on both small and large scales. Gasification offers a flexible 

pathway to produce syngas for electricity or liquid fuels but still faces challenges in gas 

cleaning. Pyrolysis, meanwhile, is gaining attention as a route to liquid biofuels and carbon-

negative biochar. Together, these processes highlight the central role of heat-based technologies 

in the global bioenergy landscape. 

 

III.3.  Biochemical Conversion 

Biochemical conversion relies on the ability of microorganisms and enzymes to break down 

organic matter into fuels and other energy carriers. Unlike thermochemical methods that depend 

on high temperatures, these processes occur under mild operating conditions and are 

particularly well suited for biomass rich in sugars, starch, or biodegradable organic fractions. 

They are generally selective and environmentally friendly, although they often require 

pretreatment steps to make the biomass more accessible. The most important pathways 

include fermentation to produce bioethanol, anaerobic digestion to generate biogas, and 

several advanced processes currently under development. 
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III.3.1.  Fermentation 

Fermentation is the best-known biochemical process for fuel production. It involves the 

conversion of simple sugars such as glucose into ethanol and carbon dioxide, under the action 

of yeasts (mainly Saccharomyces cerevisiae). The reaction can be summarized as: 

 

C6H12O6   →  2C2H5OH  +  2CO2 

 

Ethanol produced in this way can be blended with gasoline at different proportions (E10, E85) 

or even used in pure form (E100). Its advantages include relatively simple technology and 

compatibility with existing transport infrastructure. However, the sustainability of first-

generation ethanol, produced from food crops such as corn or sugarcane, has been debated due 

to land competition. 

Real-world applications illustrate the diversity of this pathway. In Brazil, sugarcane-based 

ethanol provides nearly 40% of transport fuel demand, thanks to the high sucrose content and 

favorable energy balance of the crop. In the United States, corn dominates ethanol production, 

supported by large-scale agricultural systems. More recently, second-generation ethanol plants 

have emerged, such as Project Liberty (Iowa, USA), which converts corn stover into cellulosic 

ethanol. These facilities rely on enzymatic hydrolysis to break down cellulose and 

hemicellulose into fermentable sugars, opening the way to more sustainable ethanol production. 

 

III.3.2.  Anaerobic Digestion 

Anaerobic digestion is another widely applied biochemical process, in which microorganisms 

degrade organic matter in the absence of oxygen. It occurs through four successive stages: 

hydrolysis, acidogenesis, acetogenesis, and methanogenesis. In the final stage, archaea convert 

carbon dioxide and hydrogen into methane according to the reaction: 

 

CO2  +  4H2  →  CH4  +  2H2O 

 

The main product, biogas, typically contains 55–70% methane and 30–45% carbon dioxide, 

along with traces of other gases. Once purified, biogas becomes biomethane, suitable for 

injection into natural gas grids or use as compressed/liquefied vehicle fuel. The solid residue, 

known as digestate, can also be applied as an organic fertilizer, closing the nutrient cycle. 
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Anaerobic digestion is particularly valuable for waste management and rural energy autonomy. 

In Germany, more than 9,000 biogas plants are in operation, often using manure and maize 

silage to supply both electricity and heat.  

In China, millions of small-scale household digesters provide cooking gas and improve 

sanitation in rural communities. 

 Pilot projects have also been launched in North Africa, where animal manure and organic 

residues represent a promising but underexploited feedstock. 

 

III.3.3.  Advanced Bioprocesses 

Beyond ethanol and biogas, several advanced biochemical routes are being explored to improve 

efficiency and diversify products. One example is the production 

of biobutanol through Clostridium fermentation. Compared to ethanol, biobutanol has a higher 

energy density, is less hygroscopic, and blends more easily with gasoline, making it attractive 

as a transport fuel. Companies such as Butamax (USA) are developing industrial-scale 

processes for this technology. 

Another promising direction is the use of algae and cyanobacteria as substrates. After lipid 

extraction, their residual carbohydrates can be fermented into ethanol, hydrogen, or organic 

acids. Research also focuses on dark fermentation and photo-fermentation for hydrogen 

production, which could provide clean fuels for future energy systems. 

Although still at pilot or laboratory scale, these advanced processes highlight the potential of 

biotechnology to overcome current limitations of biofuel production and to move toward more 

sustainable, high-yield solutions. 

Biochemical conversion technologies demonstrate the capacity of biology to transform 

renewable resources into valuable fuels. Fermentation has already achieved large-scale 

deployment, especially in Brazil and the United States, while anaerobic digestion contributes 

significantly to waste management and rural energy access worldwide. Advanced processes 

such as biobutanol or algal fermentation are still emerging but point to a future where 

biotechnology could complement or even replace conventional fuels. Together, these processes 

show how living organisms can play a central role in the global transition toward sustainable 

energy systems. 
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III.4.  Physicochemical Conversion 

Physicochemical conversion refers to processes in which biomass lipids—primarily vegetable 

oils, animal fats, and algal oils—are chemically transformed into fuels. Unlike thermochemical 

and biochemical routes that act on complex carbohydrates or whole organic matter, this 

pathway specifically targets the lipid fraction, which has a high energy density and is 

chemically close to fossil diesel. The most important physicochemical process 

is transesterification, although oil extraction and upgrading methods also play a key role. 

 

III.4.1.  Oil Extraction 

The first step in lipid-based biofuel production is the extraction of oils and fats from the 

feedstock. Several techniques are available: mechanical pressing, solvent extraction (commonly 

with hexane), and more advanced methods such as supercritical CO₂ extraction. The yield 

depends on the crop and the method: rapeseed contains about 35–45% oil, soybean around 18–

20%, and palm fruit up to 50%. Microalgae, though promising for their high lipid content (20–

60% of dry weight), still face technical challenges in harvesting and large-scale processing. 

Extraction processes not only determine the overall efficiency but also influence the quality of 

the oil, which must often undergo refining steps (degumming, neutralization, bleaching) before 

further conversion. 

 

III.4.2.  Transesterification to Biodiesel 

The main conversion step is transesterification, in which triglycerides from oils and fats react 

with a short-chain alcohol (usually methanol) in the presence of a catalyst such as sodium 

hydroxide (NaOH) or potassium hydroxide (KOH). The reaction produces fatty acid methyl 

esters (FAME), commonly called biodiesel, and glycerol as a by-product: 

 

Triglyceride    +3CH3OH                     3R−COOCH3 + C3H8O3 

 

Biodiesel is compatible with diesel engines and can be blended with fossil diesel in different 

proportions (B5, B20, B100). Its main advantages are its biodegradability, lower sulfur content, 

and reduced particulate emissions compared to fossil diesel. However, issues such as oxidative 

stability, cold-flow properties, and competition with food oil production need to be carefully 

managed. 

NaOH 



Chapter III: Conversion Technologies of Biomass 

 32 

Applications and Examples 

Physicochemical conversion is already well established at an industrial scale. In Europe, 

biodiesel is mainly produced from rapeseed oil and increasingly from used cooking oils (UCO) 

and animal fats, in line with circular economy principles. France and Spain operate large 

biodiesel facilities that recycle UCO, reducing both waste and fossil fuel dependence. In 

Southeast Asia, palm oil has become the dominant feedstock, especially in Indonesia and 

Malaysia, where biodiesel programs have been scaled up to national blending mandates. 

In addition, research projects have explored algal oils as a sustainable alternative. Companies 

such as Sapphire Energy (USA) demonstrated the production of “green crude” from 

microalgae, which can be refined into diesel and jet fuel. Although these technologies remain 

costly, they highlight the long-term potential of algae as a non-food, high-yield source of lipids 

for biofuel production. 

 

The comparison clearly shows that there is no single universal solution for biomass conversion. 

Thermochemical processes dominate in regions rich in forestry resources, biochemical routes 

thrive where agricultural residues are abundant, and physicochemical methods succeed in areas 

with strong edible or waste oil industries. The future of bioenergy lies in integrated 

biorefineries, where multiple conversion routes are combined to maximize efficiency, minimize 

waste, and produce a broad spectrum of energy carriers and co-products. 

 

III.5.  Comparative Assessment 

Biomass conversion can be achieved through different technological routes, each with its own 

strengths, limitations, and fields of application. Comparing these processes is essential to guide 

technology choice according to local resources, infrastructure, and energy needs. 

The main technical characteristics of the three pathways are summarized in Table 3.1, which 

highlights their respective feedstocks, products, efficiencies, advantages, and limitations. 
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Table 3.1: Technical Comparison of Biomass Conversion Pathways 

Conversion 

route 

Typical 

feedstocks 

Main 

products 

Efficiency 

range 
Advantages Limitations 

Thermochemical 

Wood, straw, 

forestry 

residues, 

wastes 

Heat, power, 

syngas, bio-

oil 

60–75% 

(CHP) 

Robust, 

scalable, 

multiple 

products 

Sensitive to 

moisture/ash, 

gas cleaning 

required 

Biochemical 

Sugars, starch 

crops, 

agricultural 

residues, 

manure 

Ethanol, 

biogas, 

hydrogen 

40–60% 

Selective, low 

emissions, 

waste 

valorization 

Pretreatment 

needed, slower 

processes 

Physicochemical 

Vegetable oils, 

animal fats, 

algae oils 

Biodiesel 

(FAME), 

glycerol, 

renewable 

diesel 

80–95% 

Mature, high 

yields, 

compatible 

with engines 

Limited 

feedstock 

availability, 

food vs. fuel 

debate 

 

From Table 3.1, it is clear that thermochemical processes are the most versatile, capable of 

handling heterogeneous lignocellulosic biomass and producing a variety of energy carriers. 

Biochemical processes are more selective and environmentally friendly, though less efficient 

and slower, while physicochemical conversion stands out for its maturity and high efficiency 

but remains dependent on lipid-rich feedstocks. 

To complement this technical comparison, Table 3.2 presents real-world examples of how 

different countries and regions have implemented these technologies, showing how local 

resources and policies influence the preferred conversion route. 
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Table 3.2: Real-World Applications of Biomass Conversion 

Conversion route 
Country / 

Project 
Feedstock 

Main 

product 
Key insight 

Combustion 
Sweden & 

Finland 

Wood chips, 

pellets 

Heat & 

power 

>40% of district heating 

demand covered by 

biomass 

Gasification 
Värnamo 

(Sweden) 

Wood 

residues 
Syngas 

First BIGCC 

demonstration in Europe 

Pyrolysis 
Empyro 

(Netherlands) 

Wood 

residues 
Bio-oil 

Industrial-scale fast 

pyrolysis 

Fermentation 
Brazil ethanol 

program 
Sugarcane Bioethanol 

Efficient, ~40% of 

national transport fuel 

Anaerobic 

digestion 

Germany biogas 

plants 

Manure, 

maize silage 
Biogas 

>9,000 plants operating 

nationwide 

Transesterification France/Spain 
Used cooking 

oil 
Biodiesel 

Waste valorization in a 

circular economy 

 
The examples presented in Table 3.2 highlight how each technology finds its place depending 

on local contexts. In Northern Europe, abundant forestry resources support combustion and 

district heating, while in Brazil, sugarcane ethanol has become a pillar of the transport sector. 

Germany leads in biogas production thanks to its agricultural structure, and France and Spain 

promote circular economy models through biodiesel from used cooking oils. These case studies 

confirm that there is no universal solution, but rather a portfolio of technologies adapted to 

regional strengths. 

The comparative analysis, supported by Table 3.1 and Table 3.2, demonstrates that the diversity 

of biomass conversion routes is an asset for the global energy transition. Each pathway has its 

role, and the integration of these processes into biorefineries appears as the most promising 

strategy for maximizing resource efficiency and minimizing environmental impacts. 
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IV.1.  Introduction 

Biofuels represent the most direct way to substitute fossil fuels in the transport and energy 

sectors. Unlike electricity or hydrogen, which often require major infrastructure changes, 

biofuels are generally compatible with existing engines, boilers, and distribution networks. 

Their production relies on a variety of biomass resources and conversion technologies, leading 

to different categories of fuels with specific advantages and limitations. 

In this chapter, biofuels are grouped into three main categories: liquid, gaseous, and solid fuels. 

Each type contributes differently to the global energy mix, depending on regional feedstock 

availability, technological maturity, and policy frameworks. The overall classification is 

presented in Figure 4.1, which shows the three main groups of biofuels and their typical 

examples. 

 

 
 

Figure 4.1 : Main Categories of Biofuels 
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IV.2.  Liquid Biofuels 

Liquid biofuels are the most commercially advanced, widely used in the transport sector, and 

easily integrated into existing fuel infrastructure. They include bioethanol, biodiesel, 

biobutanol, and advanced fuels such as hydrotreated vegetable oils (HVO) and sustainable 

aviation fuels (SAF). 

 

IV.2.1.  Bioethanol 

Bioethanol is produced mainly through fermentation of sugar- and starch-rich biomass. The 

simplified reaction is: 

 

C6H12O6  →  2C2H5OH  +  2CO2 

 

First-generation ethanol comes from sugarcane, corn, or wheat, while second-generation 

ethanol uses lignocellulosic residues after enzymatic hydrolysis. The main properties of 

bioethanol compared with gasoline are presented in Table 4.1. 

 

Table 4.1: Comparison between Bioethanol and Gasoline 

Property Bioethanol Gasoline 

Energy density (MJ/L) 21–23 32–34 

Octane number 108 87–95 

Oxygen content (%) 34–35 0 

CO₂ reduction (%) 40–90 — 

 

As shown in Table 4.1, ethanol has a lower energy density than gasoline, which means higher 

fuel consumption per kilometer, but its high-octane number improves engine performance. It is 

widely blended in transport fuels: E10 (10% ethanol) in Europe, E85 in the USA, and 

even E100 in Brazil, where sugarcane ethanol covers nearly 40% of national fuel demand. 
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IV.2.2.  Biodiesel 

Biodiesel is obtained through transesterification of vegetable oils, animal fats, or used cooking 

oils with methanol. The reaction is illustrated in Figure 4.2: 

 

 
Figure 4.2: Biodiesel Production via Transesterification 

 

Compared to fossil diesel, biodiesel has a higher cetane number and lower sulfur content, 

reducing particulate emissions. However, it presents challenges with cold flow properties and 

oxidative stability. 

 

Examples: In Europe, biodiesel production reached nearly 15 billion liters in 2022, mostly from 

rapeseed and UCO. In Southeast Asia, Indonesia and Malaysia use palm oil as the main 

feedstock. In Algeria, the valorization of non-edible oils such as jatropha is being studied as a 

sustainable alternative. 

 

IV.2.3.  Advanced Liquid Biofuels 

In addition to ethanol and biodiesel, several advanced fuels are under development: 

• Biobutanol, which has a higher energy density and better blending capacity than 

ethanol. 

• Hydrotreated Vegetable Oil (HVO), obtained by hydrogenation of oils and fats, 

producing a fuel almost identical to fossil diesel. 

• Sustainable Aviation Fuels (SAF), produced from oils, residues, or syngas, which are 

essential for decarbonizing aviation. 

The main properties and applications of these liquid biofuels are summarized in Table 4.2. 
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Table 4.2: Comparative properties of liquid biofuels 

Fuel (route) 
Typical 

feedstocks 

Lower 

heating 

value 

(LHV) 

Key 

fuel 

index 

Typical 

blend 

limit 

Indicative 

GHG 

reduction 

vs fossil* 

Typical 

applications 
Notes 

Ethanol 

(fermentati

on) 

Sugarcane, 

corn, wheat; 

lignocellulosic 

hydrolysates 

(2G) 

21–23 

MJ/L 

RON ≈ 

108 

E10–

E85 

(E100 

in flex-

fuel) 

40–90% 

Spark-

ignition 

engines 

High octane; 

hygroscopic; 

lower energy 

density than 

gasoline 

Biodiesel / 

FAME 

(transesteri

fication) 

Rapeseed, 

soybean, used-

cooking oils, 

animal fats, 

jatropha 

33–35 

MJ/L 

Cetane 

50–65 

B5–B20 

(B100 

in 

suitable 

engines) 

50–90% 

Compression

-ignition 

(diesel) 

Higher NOx 

possible; cold-

flow & 

oxidation 

stability to 

manage 

HVO / 

Renewable 

diesel 

(hydroproc

essing) 

Vegetable/ 

waste oils, 

tallow 

34–35 

MJ/L 

Cetane 

70–90 

Drop-in 

(up to 

100%) 

50–90% 

Diesel 

engines, 

fleets 

Superior cold 

flow; low 

aromatics/sulfu

r; higher 

CapEx/Opex 

Biobutanol 

(ABE 

fermentatio

n) 

Sugars, starch, 

cellulosics 

(advanced) 

≈27 

MJ/L 

RON ≈ 

96 

~Up to 

20% 

(higher 

with 

calibrati

on) 

30–70% 
Gasoline 

blendstock 

Less 

hygroscopic 

than EtOH; 

ongoing scale-

up 

SAF 

(HEFA/FT/

ATJ) 

Waste oils, 

lipids, 

residues, 

syngas 

≈34 

MJ/L 

—

meets 

Jet-A 

specs) 

Up to 

50% 

(ASTM 

D7566) 

60–90% 
Aviation 

turbine fuel 

Stringent 

specs; growing 

policy support 
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As shown above, ethanol brings high octane but lower volumetric energy; FAME is mature yet 

sensitive to cold-flow; HVO is a true drop-in diesel with excellent cetane; biobutanol improves 

blending over ethanol; SAF is pivotal for aviation with certified blends up to 50%. 

 

IV.3.  Gaseous Biofuels 

Gaseous biofuels include biogas, biomethane, and syngas. Their production pathways are 

shown in Figure 4.3. 

 

 
Figure 4.3: Main Production Pathways of Gaseous Biofuels 

 

Biogas is produced by anaerobic digestion of manure, sewage sludge, and organic waste, 

containing 55–70% methane. It can be used directly for cooking or electricity generation, or 

upgraded into biomethane. Germany operates more than 9,000 biogas plants, while China has 

promoted millions of household-scale digesters. 

Syngas, obtained by gasification, consists mainly of CO and H₂. It can be burned directly or 

converted into synthetic fuels via Fischer–Tropsch synthesis. Its versatility makes it a key 

intermediate in advanced biofuel systems. 

 

IV.4.  Solid Biofuels and Emerging Carriers 

Solid biofuels remain essential, especially in heating and combined heat and power (CHP). 

They include firewood, pellets, charcoal, and torrefied biomass. Their main characteristics are 

summarized in Table 4.4, which compares solid and emerging biofuels in terms of energy 

density and applications. 
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Table 4.4 : Solid biofuels and emerging carriers 

 

 

Carrier 
Typical 

feedstocks 

LHV 

(basis) 
Typical uses 

  

Tech 

maturity 
Notes 

Firewood / 

Chips 

Forestry 

residues, short-

rotation 

coppice 

15–18 

MJ/kg 

Space heating, 

small boilers 
Commercial 

Moisture control 

crucial for 

efficiency/emissio

ns 

Wood pellets 

Densified 

sawdust, 

shavings 

17–18 

MJ/kg 

Residential/indust

rial boilers; CHP 
Commercial 

High bulk 

density; 

standardized 

(ENplus) 

Charcoal 

Slow pyrolysis 

of wood/agro-

residues 

28–30 

MJ/kg 

Cooking, 

metallurgy 
Commercial 

Cleaner burn than 

raw wood; 

production must 

avoid 

deforestation 

Torrefied 

biomass 

Mild pyrolysis 

of 

lignocellulosics 

20–23 

MJ/kg 

Co-firing, coal 

substitution 

Demo/early 

commercial 

Hydrophobic; 

improved 

grindability & 

logistics 

Biohydrogen 

(dark/photo 

fermentation

, reforming 

of bio-

oils/biogas) 

Carbohydrate-

rich streams; 

syngas 

≈120 

MJ/kg 

H₂ 

Fuel cells, 

refineries 
Pilot/Demo 

High gravimetric 

energy; low 

volumetric 

density → storage 

challenge 

Microbial 

fuel cells 

(MFC) 

Wastewater, 

organics 
— 

Niche power + 

wastewater 

treatment 

Lab/Pilot 

Very low power 

density; co-

benefits in 

treatment plants 
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Solid fuels (wood, pellets, charcoal, torrefied biomass) are commercial and logistics-friendly 

for heat/CHP, with pellets offering the most standardized supply chain. Emerging carriers 

like bio-H₂ and MFC power are promising but remain pilot-stage; they serve more as future 

options or co-benefits (e.g., wastewater treatment) than near-term bulk energy. 

Emerging carriers such as biohydrogen and bioelectricity from microbial fuel cells represent 

promising frontiers, though they are still at pilot or laboratory scale. 

 

IV.5. Conclusion 

The diversity of biofuels—liquid, gaseous, and solid—illustrates the adaptability of biomass to 

different energy needs. Liquid fuels dominate the transport sector, gaseous fuels play a major 

role in decentralized energy and waste valorization, and solid fuels remain critical for heating. 

Advanced options such as SAF, HVO, and algal fuels point to the future of sustainable 

bioenergy, especially for hard-to-decarbonize sectors like aviation and maritime shipping.
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V.1. Introduction 

The conversion of biomass into biofuels is not only a question of chemistry and biology. In 

practice, the success of bioenergy systems depends on how processes are engineered and 

designed. Engineering defines the type of reactor used, the operating conditions, the way heat 

and mass flows are balanced, and the strategies adopted to scale up from the laboratory to the 

industrial level. 

A well-designed process ensures not only technical efficiency but also economic 

viability and environmental sustainability. In biofuel production, engineers must take into 

account the heterogeneity of biomass, its seasonal availability, and the need to integrate 

different conversion routes into coherent systems. 

 

 
Figure 5.1: Key Aspects of Process Engineering in biomass conversion 

 

As shown in Figure 5.1, process engineering in biomass conversion encompasses four major 

aspects: reactor design, mass and energy balances, pilot-to-industrial scale-up, and optimization 

strategies. 
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V.2. Reactor Types for Biomass Conversion 

Reactor design is at the heart of biomass conversion. A reactor is not simply a container; it is 

the engine of transformation, where complex physical, chemical, and biological reactions take 

place. The choice of reactor depends on the feedstock (solid, liquid, gaseous), the conversion 

route (thermochemical, biochemical, physicochemical), and the desired product (heat, power, 

ethanol, biogas, biodiesel). 

Thermochemical processes often require fixed-bed or fluidized-bed reactors capable of 

withstanding high temperatures. Biochemical processes, in contrast, rely on fermenters or 

digesters where temperature and microbial activity must be carefully 

controlled. Physicochemical processes, such as biodiesel production, use stirred tank reactors 

where good mixing of oil, alcohol, and catalyst is essential. 

Table 5.1 summarizes the main types of reactors used in biomass conversion and their 

characteristics. 

 

Table 5.1: Comparison of Reactor Types for Biomass Conversion 

Reactor type 
Typical 

process 
Key features Advantages Limitations 

Fixed-bed 

Combustion, 

small-scale 

gasification 

Biomass passes 

through a 

packed bed 

Simple, low 

cost, robust 

Inhomogeneous 

temperature, limited 

scale 

Fluidized-bed 
Gasification, 

fast pyrolysis 

Biomass 

suspended in 

inert medium 

(sand) 

High 

efficiency, 

excellent 

mixing, 

scalable 

Complex design, risk 

of erosion 

Batch fermenter 

Ethanol 

fermentation 

(1G) 

Closed system, 

fed at once 

Easy to 

operate, good 

for R&D 

Downtime between 

runs, low productivity 

CSTR (Continuous 

Stirred Tank 

Reactor) 

Anaerobic 

digestion, 

fermentation 

(2G) 

Continuous 

feeding and 

mixing 

Stable, 

scalable, easier 

control 

Dilution effects, lower 

concentration 



Chapter V: Process Engineering and Design 
 

 46 

Reactor type 
Typical 

process 
Key features Advantages Limitations 

Transesterification 

reactor 

Biodiesel 

production 

Stirred or 

tubular 

configuration 

High yields, 

mature tech 

Sensitive to impurities, 

soap formation 

possible 

 

As presented in Table 5.1, the choice of reactor strongly influences the efficiency and reliability 

of biomass conversion. Fixed-bed reactors, although simple and inexpensive, are better suited 

for small-scale applications due to poor heat distribution and temperature gradients inside the 

bed. By contrast, fluidized-bed reactors achieve excellent mixing and uniform heat transfer, 

which explains why they dominate in modern gasification and pyrolysis research. However, 

their complexity and high material wear require more sophisticated engineering solutions. 

In biochemical processes, batch fermenters are valuable at laboratory scale, offering simplicity 

and tight control, but they remain inefficient for large-scale operations because of downtime 

between runs. Continuous stirred tank reactors (CSTRs) solve this limitation by enabling stable 

and scalable continuous processes, which explains their widespread use in anaerobic digestion 

plants in Europe. Finally, reactors for transesterification, used in biodiesel production, represent 

one of the most mature and standardized technologies. Their efficiency is high, but the process 

is sensitive to impurities in feedstocks such as free fatty acids or water, which can generate 

soaps and reduce yields. 

 

V.3. Mass and Energy Balance Considerations 

In process engineering, one of the first tasks is to establish mass and energy balances. These 

balances allow engineers to quantify inputs, outputs, losses, and efficiencies. For biomass 

conversion, they are indispensable due to the variability of feedstocks. 

 

V.3.1. Mass balances 

• In fermentation, for every mole of glucose (180 g) consumed, about 92 g of ethanol and 

88 g of CO₂ are produced. 

• In biodiesel production, 100 kg of vegetable oil typically yields ~100 kg of biodiesel and 

~10 kg of glycerol. 

• In biogas, the methane content depends on the C/N ratio of feedstock; 1 ton of cattle 

manure can generate ~20–30 m³ of biogas. 
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V.3.2. Energy balances 

• Combustion focuses on the calorific value of biomass (15–20 MJ/kg for wood). 

• Gasification requires accounting for syngas energy (H₂ + CO). 

• Anaerobic digestion is evaluated by the energy in methane produced (10 kWh/m³). 

 

 
 

Figure 5.2: Simplified Energy Balance in Biomass Gasification 

 

Figure 5.2 shows a simplified energy balance of a gasification-based combined heat and power 

(CHP) plant, highlighting input energy, useful outputs, and unavoidable losses. 

 

Note: mass and energy balances help identify inefficiencies. For example, if 30% of the energy 

in biomass is lost as heat, engineers may propose heat recovery or cogeneration to improve 

overall performance. 

 

V.4. Pilot and Industrial-Scale Processes 

Scaling up from laboratory to industrial production is one of the greatest challenges in biomass 

conversion. Pilot plants act as bridges: they test technologies in realistic conditions, provide 

data for design, and reveal bottlenecks. 

• In Sweden, the Värnamo BIGCC plant demonstrated how biomass gasification can be 

integrated with combined cycle turbines to produce electricity with high efficiency. 

• In the USA, Project Liberty (Iowa) is a landmark facility producing second-generation 

ethanol from corn stover, proving the feasibility of lignocellulosic ethanol at scale. 
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• The Empyro plant in the Netherlands processes 25,000 tons/year of wood residues into 

bio-oil, showing that fast pyrolysis can operate industrially. 

• In Germany, biogas is fully integrated into the electricity grid, with thousands of 

digesters using manure and maize silage. 

• In Algeria, pilot units have explored the production of biodiesel from jatropha oil and 

waste cooking oils, while rural digesters for animal manure are tested for decentralized 

energy production. 

Table 5.2 presents representative examples of pilot and industrial facilities worldwide. 

 

Table 5.2: Examples of Pilot and Industrial Biofuel Facilities 

Location / 

Project 
Technology Feedstock Output Significance 

Värnamo 

(Sweden) 
BIGCC gasification 

Wood 

residues 

Syngas + 

Power 

First biomass IGCC 

demonstration 

Project Liberty 

(USA) 

Lignocellulosic 

ethanol 
Corn stover 

Cellulosic 

ethanol 

Proof of 2G ethanol 

feasibility 

Empyro 

(Netherlands) 
Fast pyrolysis 

Wood 

residues 
Bio-oil 

Industrial-scale 

pyrolysis 

Germany 

(nationwide) 
Anaerobic digestion 

Manure, 

maize 

Biogas, 

power 

>9,000 digesters in 

operation 

France/Spain Transesterification 
UCO, animal 

fats 
Biodiesel 

Waste valorization, EU 

mandates 

Algeria (pilot) Biodiesel + Biogas 
Jatropha, 

manure 

Biodiesel, 

methane 

Research and rural 

electrification 

 

Table 5.2 highlights several flagship projects that demonstrate how different technologies move 

from laboratory to industrial reality. The Värnamo plant in Sweden proved the feasibility of 

biomass integrated gasification combined cycle (BIGCC), paving the way for more efficient 

power generation. Project Liberty in the USA is a milestone in second-generation bioethanol 

production, showing that agricultural residues like corn stover can be valorized at scale despite 
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high pretreatment costs. Similarly, the Empyro plant in the Netherlands shows that fast 

pyrolysis of wood residues can deliver industrial quantities of bio-oil, opening the door to new 

liquid fuel markets. 

Germany’s extensive biogas sector illustrates the importance of policy support: with over 9,000 

digesters, biogas has become a central pillar of the country’s renewable energy strategy. In 

southern Europe, biodiesel plants using used cooking oils and animal fats demonstrate the 

potential of circular economy approaches to reduce waste and produce cleaner fuels. In Algeria, 

smaller-scale pilot projects using jatropha oil and manure show that while the country’s biofuel 

industry is still in its infancy, there are clear opportunities for rural electrification and 

substitution of imported fossil fuels. 

 

V.5. Optimization Strategies 

Optimization is at the core of process engineering. Engineers seek to maximize efficiency, 

minimize costs, and reduce environmental impacts. 

• Heat and power integration: In combined heat and power (CHP) systems, waste heat 

from electricity generation is recovered for district heating, raising overall efficiency above 

80%. 

• Catalysis and process intensification: In biodiesel, heterogeneous catalysts reduce soap 

formation; in gasification, tar-reducing catalysts improve syngas quality. 

• By-product valorization: Glycerol from biodiesel can be fermented into ethanol or 

hydrogen; digestate from biogas can be used as organic fertilizer. 

• Digital modeling and simulation: Computational fluid dynamics (CFD) is used to model 

fluidized-bed reactors, while fermentation kinetics can be simulated to predict ethanol 

yields. 

• Process integration in biorefineries: As illustrated in Figure 5.3, biorefineries combine 

several conversion routes (ethanol, biodiesel, biogas, power) within one system, 

maximizing the value extracted from biomass. 
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Figure 5.3: Concept of an Integrated Biorefinery 

 

V.6. Conclusion 

Process engineering is the backbone of biofuel production. By designing reactors adapted to 

biomass properties, balancing mass and energy flows, and optimizing integration, engineers 

turn scientific concepts into industrial reality. Real-world examples—from Sweden’s 

gasification plants to Algeria’s biodiesel pilots—show that engineering makes the difference 

between potential and practice. 

The next chapter will address environmental, economic, and future perspectives, showing how 

process design interacts with sustainability, policy, and markets.
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VI.1.  Introduction 

The sustainability of biofuels extends far beyond conversion efficiency or fuel yield. A 

complete evaluation must consider environmental impacts, economic feasibility, and future 

prospects within global energy transitions. Unlike fossil fuels, which provide dense and cheap 

energy but carry heavy climate burdens, biofuels offer the promise of reduced emissions and 

resource circularity. However, this promise depends on how they are produced and integrated 

into energy systems. 

Figure 6.1 introduces the three pillars of sustainability — environment, economy, and 

innovation as the foundation of biofuel assessment. 

 

 
Figure 6.1: Three Pillars of Biofuel Sustainability 
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VI.2. Life cycle Environmental Assessment (LCA) 

Lifecycle analysis (LCA) is a critical tool used to evaluate the overall environmental 

performance of biofuels, assessing their impact from “cradle to grave.” This means accounting 

for every stage of the product’s life — from the cultivation of feedstocks, through harvesting, 

transport, conversion, and distribution, all the way to end-use combustion or application. Unlike 

traditional assessments that focus only on emissions during fuel use, LCA provides a holistic 

view of how different feedstocks and processing technologies contribute to environmental 

outcomes, particularly in terms of greenhouse gas (GHG) emissions, water use, land 

occupation, and biodiversity impacts. 

 

One of the most prominent metrics in LCA is GHG emissions, expressed in CO₂-equivalent per 

unit of energy produced. These emissions vary significantly depending on the type of biomass 

used and the agricultural and industrial practices involved: 

• Corn ethanol, widely produced in the United States, often achieves only 20–30% GHG 

reductions compared to gasoline, especially when accounting for fertilizer use, energy-

intensive farming, and indirect land-use change (ILUC) — such as converting forests or 

grasslands into cropland to meet demand. 

• In contrast, sugarcane ethanol, particularly in Brazil, can achieve up to 80% reductions. 

This is due to the crop’s high photosynthetic efficiency, and the use of bagasse (a fibrous 

residue) as a bioenergy source to power the processing facilities, making the production 

process largely self-sufficient. 

• Biodiesel from palm oil presents a more complex case. While the oil yield per hectare is 

high, if tropical rainforests or peatlands are cleared to establish plantations, the resulting 

carbon emissions can exceed those of fossil diesel, negating the environmental benefits and 

contributing to biodiversity loss. 

• On the other hand, advanced biofuels derived from agricultural residues, municipal waste, 

or algae show the most promising environmental profiles. Because these feedstocks do not 

require dedicated land or intensive inputs, they can achieve over 70% GHG reductions, 

sometimes even approaching carbon neutrality when co-products and energy recovery are 

included in the analysis. 

 

Another critical dimension of LCA is the water footprint. Irrigated crops like corn and 

sugarcane require substantial water inputs, which can strain freshwater supplies, especially in 
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arid regions. In contrast, feedstocks like crop residues, animal manure, or algae cultivated in 

wastewater or saltwater systems have minimal additional water demands, making them more 

sustainable under growing water scarcity concerns. 

Land use and biodiversity are also key concerns. The expansion of food-based biofuel crops 

can lead to deforestation, soil degradation, and the loss of habitats vital to global biodiversity. 

Moreover, this expansion may compete with food production, raising ethical and economic 

concerns about food security. In comparison, using residues, non-food crops grown on marginal 

lands, or microalgae avoids these issues and contributes to a more circular and resource-

efficient model of bioenergy production. 

In summary, while biofuels have the potential to significantly reduce environmental impacts 

compared to fossil fuels, their benefits are highly feedstock- and technology-dependent. The 

Table 6.1 summarizes and compares these lifecycle impacts, offering a clear overview of the 

trade-offs and advantages of various biofuel pathways. Incorporating LCA into policy and 

technology development is essential to ensure that biofuels truly support climate goals, water 

conservation, and biodiversity protection. 

 

Table 6.1: Environmental Impacts of Different Biofuels 

Biofuel type 
Typical 

feedstock 

GHG 

savings 

vs fossil 

Water 

use 

Land/biodiversity 

issues 

Overall 

sustainability 

Corn ethanol (1G) Corn, maize 20–40% 

High 

(irrigated 

crops) 

Food vs fuel, ILUC 

risk 

Moderate to 

low 

Sugarcane ethanol 

(1G) 
Sugarcane 60–80% 

Medium 

(rain-fed 

regions 

better) 

Expansion into 

sensitive areas 

possible 

High in Brazil 

Biodiesel (palm, 

soybean, rapeseed) 

Vegetable 

oils 
30–70% Medium 

Deforestation, food 

competition 
Variable 

Cellulosic ethanol 

(2G) 

Straw, corn 

stover, wood 
70–90% Low Minimal ILUC High 
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Biofuel type 
Typical 

feedstock 

GHG 

savings 

vs fossil 

Water 

use 

Land/biodiversity 

issues 

Overall 

sustainability 

Algal biodiesel (3G) 
Microalgae, 

wastewater 
80–90% 

Low–

medium 

(depends 

on 

system) 

No ILUC, can use 

saline land 

Very high (but 

costly) 

Biogas/biomethane 

Manure, 

MSW, 

sewage 

sludge 

70–

120%* 
Very low 

Waste valorization, 

reduces methane 

leaks 

Excellent 

* >100% when avoided methane emissions from waste treatment are counted. 

 

As shown in Table 6.1, first-generation fuels offer limited or variable sustainability, strongly 

dependent on agricultural practices and land-use change. In contrast, second-generation 

(residues, cellulosics) and third-generation (algae) biofuels deliver far greater benefits, 

particularly in GHG reductions and land neutrality. Biogas stands out, as it not only provides 

energy but also mitigates methane emissions from manure and waste. 

In Brazil, sugarcane ethanol provides up to 80% GHG reduction. In Germany, biogas plants cut 

methane emissions from livestock farms while producing renewable energy. In Algeria, 

valorizing olive pomace and manure could reduce both waste and fossil fuel imports. 

 

VI.3. Economic Feasibility 

The economics of biofuels are shaped by three factors: feedstock price, conversion technology 

costs, and market competition with fossil fuels. 

• Ethanol (corn, sugarcane): In Brazil, sugarcane ethanol is among the cheapest biofuels 

(0.35–0.50 USD/L). Corn ethanol in the USA is competitive thanks to subsidies, though 

feedstock costs remain high. 

• Biodiesel: Costs range from 0.70 to 1.20 USD/L depending on feedstock (rapeseed oil > 

used cooking oil). 

• Advanced biofuels: Lignocellulosic ethanol costs 0.8–1.0 USD/L due to pretreatment and 

enzymes, but costs are expected to decline with scaling. 
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• Biogas/biomethane: Often competitive with natural gas, especially when waste treatment 

credits are considered. 

Table 6.2 summarizes typical production costs compared with fossil fuels. 

 

Table 6.2: Comparative Costs of Biofuels vs Fossil Fuels 

Fuel Feedstock 
Production 

cost (USD/L) 

Fossil 

equivalent 

(USD/L) 

Competitiveness 

Corn ethanol Corn, maize 0.50–0.65 
Gasoline 

~0.60–0.80 

Moderate, subsidy-

dependent 

Sugarcane ethanol Sugarcane 0.35–0.50 
Gasoline 

~0.60–0.80 

High 

competitiveness 

Biodiesel (rapeseed) Vegetable oil 0.90–1.20 
Diesel ~0.70–

0.90 

Limited without 

subsidies 

Biodiesel (used 

cooking oil) 
Waste oils 0.60–0.80 

Diesel ~0.70–

0.90 

Competitive, circular 

economy 

Cellulosic ethanol 

(2G) 

Straw, wood, 

stover 
0.80–1.00 

Gasoline 

~0.60–0.80 
Not yet competitive 

Biogas/biomethane 
Manure, 

MSW 
0.40–0.70 

Natural gas 

~0.50–0.70 
Often competitive 

 

The table highlights that only some biofuels (sugarcane ethanol, UCO-based biodiesel, biogas) 

are currently competitive with fossil fuels. Advanced biofuels remain costly but are likely to 

fall in price as technologies mature. Policies and subsidies play a decisive role in making 

biofuels viable. 

In Europe, biodiesel from used cooking oils is incentivized through waste valorization policies. 

In Algeria, the abundance of date palm residues and animal manure provides a low-cost 

feedstock base for biogas. 
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VI.4. Policies and Standards 

VI.4.1.  Policies 

The deployment of biofuels has never been driven by technology alone. In practice, it has been 

strongly supported by policies and regulatory frameworks that create market incentives and 

ensure sustainability. 

• European Union (RED II): The Renewable Energy Directive requires that at 

least 14% of energy used in transport by 2030 must come from renewable sources. This 

includes strict sustainability criteria to prevent deforestation and excessive land use for 

biofuel crops. 

• United States (RFS): The Renewable Fuel Standard sets mandatory blending 

obligations for fuel suppliers, ensuring minimum volumes of ethanol and biodiesel in 

gasoline and diesel. This policy has made the USA the largest producer of corn ethanol. 

• Brazil: Considered a global pioneer, Brazil introduced flex-fuel cars capable of running 

on gasoline, ethanol, or any blend of the two. Ethanol blending levels can reach up 

to 100% (E100), making Brazil the country with the most deeply integrated biofuel 

policy. 

• Algeria: The national renewable energy strategy focuses primarily on solar and wind 

power, while the biomass potential (agricultural residues, MSW, manure) remains 

underexploited. However, introducing blending mandates and incentives could open 

new opportunities for rural development and waste management. 

 

VI.4.2.  Standards 

Policies provide the framework, but standards ensure quality and market confidence. Biofuels 

must comply with international specifications that guarantee: 

• Engine compatibility → preventing damage or performance loss. 

• Environmental compliance → reducing harmful emissions. 

• Trade acceptance → allowing biofuels to be sold globally. 

To be used in engines, biofuels must meet strict quality standards ensuring safety, efficiency, 

and compatibility with fossil fuels: 

• Bioethanol (ASTM D4806, EN 15376): Must respect limits on water content, acidity, 

and impurities to prevent corrosion and ensure clean combustion. 
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• Biodiesel (ASTM D6751, EN 14214): Controlled for cetane number, viscosity, 

oxidation stability, glycerol content, and cold-flow properties to ensure reliable 

performance in all climates. 

• Biogas/Biomethane (ISO 20675): Specifications include minimum methane 

concentration, absence of H₂S and siloxanes, and clear standards for grid injection. 

Table 6.3 summarizes the main quality parameters required for ethanol, biodiesel, and biogas. 

 

Table 6.3: Key Quality Parameters of Biofuels 

Biofuel Parameter Requirement Importance 

Ethanol Water content <0.5% Prevents phase separation in blends 

 Acidity Neutral Avoids corrosion in fuel systems 

Biodiesel Cetane number >47 Ensures good ignition quality 

 Viscosity 1.9–6.0 mm²/s Guarantees proper fuel injection 

 
Oxidation 

stability 
≥6 h Prevents degradation during storage 

 Glycerol content <0.02% Prevents injector clogging 

Biogas CH₄ fraction >95% (upgraded) Defines energy content 

 H₂S removal <50 ppm Protects engines and turbines 

 
Siloxane 

removal 
Required Avoids deposits in turbines and engines 

 

Standards are essential for biofuels to compete with fossil fuels in terms of safety and reliability. 

For example, biodiesel with insufficient cold-flow properties can crystallize in winter and clog 

filters, while ethanol with excessive water content may separate from gasoline blends, leading 

to engine failure. Similarly, untreated biogas with high levels of H₂S or siloxanes can corrode 

engines and turbines. 
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VI.5. Future Perspectives 

The future of biofuels lies in moving beyond traditional first-generation processes and scaling 

up advanced and sustainable pathways. Research and innovation are continuously improving 

conversion efficiency, reducing costs, and opening new applications, particularly in sectors that 

are difficult to electrify such as aviation, maritime transport, and heavy industry. Figure 

6.2 illustrates this roadmap, highlighting the role of innovation in future biofuel development. 

 
 

Figure 6.2: Roadmap of Biofuel Generations and Applications 

 

VI.5.1.  Algal Fuels (Third Generation) 

Algae represent one of the most promising biofuel feedstocks thanks to their: 

• High productivity per hectare, often 10–20 times greater than terrestrial crops. 

• Non-competition with food crops, as they can grow on saline water or wastewater. 

• Versatility, since microalgae can produce both lipids (for biodiesel, jet fuel) and 

carbohydrates (for ethanol, biogas). 

Example: Pilot plants in the USA and Europe are testing large-scale algae cultivation in 

photobioreactors and open ponds. However, challenges remain in harvesting, drying, and 

processing costs, which currently limit industrial deployment. 

 

VI.5.2.  Synthetic and Engineered Fuels (Fourth Generation) 

Fourth-generation biofuels integrate genetic engineering, synthetic biology, and carbon capture 

technologies. 

• Genetically modified microorganisms (e.g., engineered yeasts, bacteria) can directly 

produce advanced fuels such as biobutanol or drop-in hydrocarbons. 
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• Bioenergy with Carbon Capture and Storage (BECCS) combines biomass combustion or 

fermentation with CO₂ capture, resulting in negative emissions. 

• Synthetic fuels (also called e-fuels) are produced by using captured CO₂ and renewable 

hydrogen, potentially closing the carbon cycle. 

Example: The UK and Sweden are exploring BECCS for large biomass power plants, aiming 

to remove millions of tons of CO₂ annually while generating renewable electricity. 

 

VI.5.3.  Biorefineries 

Future biofuel production is increasingly based on the biorefinery concept, inspired by 

petroleum refineries but using biomass instead. 

• Multiple products (fuels, heat, power, chemicals, fertilizers) are derived from the same 

feedstock. 

• This integrated approach improves resource efficiency and reduces waste. 

• Lignocellulosic biorefineries can produce ethanol, biogas, lignin-based chemicals, and 

electricity in a single facility. 

Example: In Finland, integrated pulp and paper mills already operate as biorefineries, 

generating both biofuels and high-value chemicals. 

 

VI.5.4.  Sustainable Aviation Fuels (SAF) 

Aviation is one of the hardest sectors to decarbonize because batteries are too heavy for long-

haul flights. SAF is therefore a strategic priority: 

• Produced from used cooking oils, waste oils, algae, or lignocellulosic biomass. 

• Can be blended up to 50% with conventional jet fuel under current regulations. 

• Offers up to 80% reduction in lifecycle GHG emissions compared to fossil kerosene. 

Example: Airlines such as KLM, Lufthansa, and Qatar Airways are already operating flights 

with SAF blends, while Algeria could explore SAF production from date palm residues and 

olive oil by-products. 

 

VI.5.5.  Global Roadmap of Generations 

The evolution from 1st generation (food crops) to 4th generation (engineered organisms and 

BECCS) shows a clear trajectory: 

• From simple and low-cost but unsustainable pathways, 

• To advanced, high-yield, and climate-positive solutions. 
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VI.6. Conclusion 

Biofuels represent a strategic opportunity for climate mitigation, energy diversification, and 

rural development. Their success, however, depends on three essential conditions: 

• Sustainability, assessed through lifecycle analysis (LCA). 

• Economic feasibility, determined by feedstock availability and technology costs. 

• Quality standards, ensuring safe use, engine performance, and international acceptance. 

For Algeria, biomass could play a complementary role alongside solar and wind by valorizing 

abundant agricultural residues, animal manure, and municipal waste. This would not only 

improve energy security but also create jobs and reduce environmental burdens. 

Looking ahead, the biofuels of tomorrow will not merely replace fossil fuels; they will form 

part of a circular and low-carbon economy. Advanced pathways such as biorefineries, 

sustainable aviation fuels (SAF), and BECCS will be central to achieving climate goals. With 

the right policies and standards, Algeria could move from small-scale waste-to-energy projects 

toward integrated solutions with global relevance.
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