A COMPARATIVE EVALUATION OF SECOND - AND THIRD
- GENERATION BIOFUELS: ALGAE, AGRICULTURAL
RESIDUE, MUNICIPAL SOLID WASTE, AND WOOD

l. Introduction

The increasing demand for energy combined with concerns over climate change and environmental
impact of fossil fuel consumption has accelerated the search for sustainable alternatives to
petroleum-based fuels. Biofuels have emerged as a promising source to reduce dependence on
petroleum-based fuels. This is due in part to their biological origin and their potential to reduce
greenhouse gas emissions. However, first generation biofuels—derived directly from food crops
such as corn, sugarcane, and soybean oil—have faced criticism due to their competition with

food production and land use requirements. As a result, biofuels derived from non-competitive
feedstocks have become more popular. Algae, agricultural residue, municipal solid waste, and
wood waste are some of these feedstocks. Agricultural residue and wood waste fall under the
category of second-generation biofuels. The biogenic fraction of municipal solid waste is generally
considered a second-generation feedstock, while fossil-derived materials such as plastic are not.
These are advanced fuels that are manufactured from non-food biomass. Algae, a third-generation
biofuel, is derived from aquatic biomass. These biofuels can reduce emissions and repurpose
underused waste streams relative to first-generation biofuels and fossil fuels, though the extent of
these benefits varies by feedstock and is examined in detail throughout this paper. This does not
come without its challenges, which mainly come from the complexity of these processes and the
cost required to bring these technologies to commercial scale. This paper examines these four
feedstocks and their potential contributions to society along with the setbacks they must overcome
to become a mainstream source of fuel.

Il. Algae

Overview

Algae are photosynthetic organisms that produce about half of the world’s oxygen. They are found
in seawater, freshwater, and wastewater and have been estimated to include anything from 30,000
to more than 1 million species [26]. They contain oil, sugars, and other compounds that can be used
for energy. They are one of the most productive fuel crops and can be cultivated and harvested
year-round, in addition to not competing with food crops for land, though freshwater competition
depends on the algae strain and cultivation system used. These factors make algae one of the most
promising future sources of sustainable biofuel. They can produce biodiesel through their lipids and
ethanol through their carbohydrates.

Technical Processes and Conversion of Raw Materials

There are a few different processes where biofuels are formed from algae, but they all start with
algae cultivation. This is done in either open ponds or closed photobioreactors with controlled

light, temperature, and nutrients. Next, the biomass is separated from the water via filtration or
centrifugation. Then, there are three processes that could be done to extract the oil. For about

75% of the oil to be extracted, an oil press can be used. Here, the cells of the algae are disrupted
mechanically via compression. The next process that could be used extracts about 95% of the

oil [5]. In this process, the oil press is used first, then the hexane solvent method is used. Leftover
algae from the oil press are mixed with hexane, filtered, then cleansed. The most effective process
uses supercritical carbon dioxide [5]. When CO, is heated and pressurized above its critical point, it
enters a supercritical state—a single phase that diffuses through material like a gas while dissolving
compounds like a liquid—which allows it to extract nearly 100% of the algal oil. After extraction, the
algal lipids can undergo transesterification to produce biodiesel. Here, algal oil reacts with alcohol
in the presence of a base catalyst to produce glycerol and biodiesel. Separately, carbohydrates

in the algal biomass are hydrolyzed into fermentable sugars and then fermented to produce
bioethanol; this pathway does not require the oil extraction step described above. The glycerol

is removed, leaving just the biodiesel. For bioethanol, fermentation occurs. Some algae strains
store carbohydrates that can be released through cell disruption and then directly fermented into
bioethanol by yeast or bacteria. Lastly, refinement must occur to produce a cleaner, high-quality fuel
that is ready for use.

Properties
As shown below in Table 1, algal biodiesel and petroleum diesel have a very similar high heating

value of 41 MJ/kg and 45.9 MJ/kg, respectively.

Table 1: Comparison of algal biodiesel and conventional diesel [43].

Fuel property Algal biodiesel Petroleum diesel EN14214 standard
Higher heating value (M)/kg) 4 45.9 —
Kinematic viscosity (mm2/s) 40°C 5.2 1.2-3.5 3.5-5.2
Density (kg/L) 0.864 0.83-0.84 0.86-0.90
Carbon (wt%) 76 87 —
Hydrogen (wt%) <12,7 13 —_
Oxygen (wt%) >11,3 0 —
Sulphur (wt%) 0 0.05 max <10 max. 0,02
Boiling point (°C) —_ 180-340 —

Flash point (°C) 115 60-80 =101
Cloud point (°C) —_ -15t05 —_
Pour point (°C) -12 -35t0 -15 —
Cetane number — 51 =51

Reproduced from Wiley Online Library, Composition of algal oil and its potential as a biofuel (2012) under the CC 3.0
Creative Commons License
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The greenhouse gas emissions associated with algal biodiesel remain highly uncertain. The
life-cycle greenhouse gas emissions of algal biodiesel range from 55 to 151 g CO,-eq/MJ, with a
median of 99 [39]. For context, regular diesel has a median value of 92 g CO,-eq/MJ [17], so the
emissions are roughly equal. The oxygen content of finished algae biodiesel is about 10-16% by
weight, which can vary with the degree of unsaturation in the fatty acids. For engines,

algae biofuel can be blended as B5 or B20, though compatibility can depend on engine

type and manufacturer specifications.

Comparison to Regular Biofuels
Table 2 below displays the potential oil yield of various oil seeds.

Table 2: Predicted oil yield of different oil seeds [31].

Crop Oil yield gallon/acre

Corn 18
Cotton 35
Soybean 48
Mustard seed 61
Sunflower 102
Rapeseed/Canola 127
Jatropha 202
Oil palm 635
Algae

10 g/m?/day at 15% Triglycerides 1,200
50g/m?/day at 50% Triglycerides 10,000

Reproduced from Ohio State University Extension, Algae for Biofuels (20711) and NREL, The Potential for Biofuels
from Algae (2007) [54]

This clearly displays that algae could be the most effective at producing the most fuel, with the
potential of producing up to 10,000 gallons of oil per acre, while the next best oil seed studied
produces only 635 gallons of oil per acre. Another advantage is the fact that it does not compete
with cropland as regular biofuels typically do, such as soybean biodiesel. However, creating
algae biofuel is much more complex than regular biofuels, and large-scale production is not yet
commercially proven. Also, algae are currently worse for greenhouse gas emissions than
standard biofuels.

lll. Agricultural Residue

Overview

Agricultural residue comes from leftover plant material after crops are harvested. Examples include
corn stalks, leaves, cobs, husks, wheat straw, rice straw, and sugarcane bagasse, among others.
Agricultural residue is generated seasonally, concentrated around harvest periods, and its supply
chain requires collection, storage, and transportation infrastructure that adds cost and complexity.
Additionally, not all residue can be removed from the field, with a portion typically left in place to
maintain soil organic matter, reduce erosion, and preserve long-term soil fertility. Residues are made
of lignin, cellulose, and hemicellulose. The latter two can be converted into sugars, which are mainly
used to produce ethanol. The makeup of these and other biomasses can be found in the table
below, and the structure of these biomasses, with the lignin, hemicellulose, and cellulose can be
found in the figure below that.

Table 3: Different biomasses and their makeup of cellulose, hemicellulose, and lignin [32].

Types of biomass Lignocellulosic substrate Cellulose (%) Hemicellulose (%) Lignin (%)
Agriculture waste Corncobs 45 35 15
Wheat straw 30 50 15
Barley straw 33-40 20-35 8-17
Corn stover 39-42 22-28 18-22
Nut shells 25-30 25-30 30-40
Energy crops Empty fruit bunch 41 24 21.2
Switch grass 45 314 12
Forestry waste Hardwood stems 40-55 24-40 18-25
Softwood stems 45-50 25-30 25-35
Leaves 15-20 80-85 0
Industrial waste Waste papers from chemical pulps 60-70 10-20 5-10
Organic compound from wastewater solid 8-15 0 0

Reproduced from PubMed, Conversion of Lignocellulosic Biomass to Nanocellulose: Structure and Chemical
Process (2014) under the CC 4.0 Creative Commons License
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Figure 1: Makeup of lignocellulosic materials [32].

Reproduced from PubMed, Conversion of Lignocellulosic Biomass to Nanocellulose: Structure and Chemical
Process (2014) under the CC 4.0 Creative Commons License

Technical Processes and Conversion of Raw Materials

The processes for agricultural residue generally start with pretreatment. In this step, the

lignin sheath that surrounds the cellulose in the plant is disrupted to access the cellulose and
hemicellulose. There are many processes that can do this, such as acid hydrolysis, alkali treatment,
and ammonia fiber explosion. Next, saccharification occurs. Here, cellulose and hemicellulose
chains are turned into fermentable sugars. Pretreatment disrupts the lignin sheath to expose the
cellulose and hemicellulose within. Hydrolysis then converts these exposed polysaccharides into
fermentable sugars. While some pretreatment methods (e.g., dilute acid hydrolysis) accomplish
both structural disruption and partial sugar release simultaneously, enzymatic hydrolysis is typically
distinct downstream step. In acid hydrolysis, the complex carbs in the cellulose and hemicellulose
are broken down into fermentable sugars. Another method is enzymatic hydrolysis. This reduces
the size of the material, making it more efficient, but more complex than acid hydrolysis. The

next step is fermentation. In this step, microorganisms convert the sugars into ethanol. Finally,
distillation occurs, where the ethanol is separated and purified. This full sequence—pretreatment,
saccharification, fermentation, and distillation—applies to lignocellulosic residues, such as corn
stover, wheat straw, and sugarcane bagasse, since the fermentable sugars in these materials are
locked behind a lignin sheath and are not accessible without pretreatment.

Properties

The energy content of cellulosic ethanol is 21.1 MJ/L. Gasoline’s is 32 MJ/L, so there is some
disparity between the two. Compared to conventional gasoline, lifecycle assessments show an
estimated 88-108% reduction in greenhouse gas emissions [22]. Reductions exceeding 100%
indicate net-negative emissions, which some studies attribute to credits for avoided fossil fuel
displacement, use of otherwise decomposing waste biomass, or soil carbon assumptions built into
the lifecycle boundary. These results are sensitive to the system boundaries and allocation method
used, however. As for the oxygen content, it is about 35% of the weight, far more than algae's. For
engines, ethanol from residue is approved up to E15 in many vehicles manufactured since 2007 [50],
though approval varies by jurisdiction, vehicle model year, and manufacturer warranty terms.

Comparison to Regular Biofuels

Compared to regular biofuels, agricultural residue is much more complex in its process. Needing
to break down the lignin adds costly pretreatment steps that are avoided in regular biofuels, which
is a reason why it is not so mainstream. However, there is no competition with cropland, as it uses
the residue from the already harvested crops. It is also significantly better for greenhouse gas
emissions than regular biofuels. Additionally, because residue composition and availability vary
significantly by crop type, region, and season, conversion facilities must be designed with flexibility
to handle inconsistent feedstock, which regular biofuel production does not need to accommodate.

IV. Municipal Solid Waste
Overview

Municipal Solid Waste (MSW) refers to everyday garbage. The energy mainly comes from food
waste, plastics, paper, cardboard, yard waste, and more. Converting MSW to energy is known as
“Waste-to-Energy” (WtE). This process reduces landfill volume and generates fuel. Due to how
broad MSW is, there is a plethora of different products from the processes.

Technical Processes and Conversion of Raw Materials

There are many different processes and outcomes that originate from MSW. One method is
gasification. In this method, organic material from MSW is converted to syngas, which is carbon
monoxide and hydrogen under high heat and oxygen limitation. However, there is an issue that
nitrogen and sulfur are present in syngas and need to be removed for the syngas to be usable

as an energy source. These are typically removed from syngas through thermochemical cleanup
processes. Once cleaned, the syngas can be converted into fuel through several distinct pathways.
Thermochemical conversion routes, such as catalytic synthesis, can produce methanol, mixed
alcohols, or hydrocarbon fuels. Alternatively, biological conversion uses syngas-fermenting
organisms to convert the cleaned syngas directly into ethanol. Figure 2 below demonstrates the
cleanup step and the conversion pathways.
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Figure 2: Thermochemical process of removing nitrogen and sulfur present in syngas [46].
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Reproduced from U.S. Department of Energy, Waste-to-Energy from Municipal Solid Wastes (2019)
under public domain

Another method is anaerobic digestion. This is mostly what food waste goes through. In this
process, MSW is first sorted and the organic material is isolated. Then, it is fed into an oxygen-free
digester vessel. Microbial communities break down the organic material. pH adjustment, selective
microbial enrichment, and inhibitors are used to suppress methane production. This creates
short-chain organic acids, such as acetic acid and butyric acid. These are isolated and catalytically
upgraded into liquid fuels such as jet fuel, gasoline, etc.

Hydrothermal liquefaction is another process. In this, wet MSW is fed into a high-pressure reactor.
This produces biocrude which is sent through hydrotreating to remove remaining nitrogen, sulfur,
and oxygen to become fuel. It also produces an aqueous phase, solid phase, and gas phase.

Pyrolysis is the last method. This is mostly what plastic waste goes through. In this, MSW is
pre-processed and sorted to remove inorganic materials. Then, the organic part is heated and
pressurized in the absence of oxygen. This produces three outputs. The first is bio-oil, which
is separated and sent through extensive cleanup, separations, and polishing steps to remove

contaminants. The next is syngas. The last is char. Figure 3 below shows this process in larger detail.
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Figure 3: Process of pyrolysis [41].

Reproduced from PubMed, Navigating Pyrolysis Implementation—A Tutorial Review on Consideration Factors and
Thermochemical Operating Methods for Biomass Conversion (2024) under the CC 4.0 Creative Commons License

Properties

The energy content for biogas in MSW is 21.5 MJ/Nm?, syngas ranges from 4-12 MJ/Nmg, and
13-18 MJ/kg for bio-oil. These are low compared to natural gas, at around 40 MJ/Nm?. MSW's
life-cycle greenhouse gas emissions depend on the feedstock composition, conversion technology,
and system boundaries used in the analysis. However, studies have shown that MSW-derived fuels
can significantly reduce greenhouse gas emissions compared to conventional fossil fuels [51]. The
oxygen content of bio-oil is about 35-50% by weight [53]. For engines and infrastructure, the raw
biogas, syngas, and bio-oil require processing before use.

Comparison to Regular Biofuels

Like algae and agricultural residue, MSW-derived fuel also does not compete with cropland for use,
as it uses everyday garbage. However, as the rest of these biofuels, it is much more complex in the
processes required than regular biofuels are. A major challenge unique to MSW is the variability

of its composition, which differs by region, season, and local waste management practices. The
inconsistency affects moisture content, contamination levels, and the ratio of biogenic to fossil-
derived material, which influence conversion efficiency and the consistency of the fuel. As a result,
WHE facilities often require more flexible, adaptable processing systems than those used for
uniform feedstocks.

V. Wood
Overview

Wood energy comes in many forms. One way is wood waste, which includes sawdust, wood chips,
leaves, branches, and timber processing scraps. One widely studied form of energy is from poplar
wood, a fast-growing, easy-to-harvest wood. Like agricultural residue, poplar wood is also made of
lignin, cellulose, and hemicellulose.

Technical Processes

and Conversion of Raw Materials Woody biomass
There are many methods to turn poplar wood into J/
biofuels. One such way is the following seven-step

process [3]. The first step is pretreatment. In this step,
poplar wood chips are treated with high pressures
and steam that break down the fibers in wood (lignin)
and expose the sugars (cellulose and hemicellulose). \l,
Hydrolysis is the next step. Enzymes break down the
chains of sugars into individual sugar molecules, such
as glucose. Then, fermentation occurs, where sugars
are fermented by bacteria that turns it into acetic acid. J/
This acetic acid is combined with ethanol and converted
to ethyl acetate in a process known as esterification.
Hydrogenation is next, where ethyl acetate is reacted
with hydrogen to make ethanol. Ethanol dehydration

comes after, where the ethanol is dehydrated at high \l/
temperatures to produce ethylene and water. The water
is reused in other parts of the process. Polymerization
is the final step, where ethylene is combined to create
larger hydrocarbon chains, to which hydrogen is added J/

to form biofuels, such as renewable gasoline, diesel, and \
jet fuels. Below is Figure 4, which simplifies this process Ethanol

and helps visualize the sequential nature in addition to 4
showing another biofuel that can be formed from this
process: ethanol.

Size reduction

Pretreatment

Hydrolysis

Fermentation

Figure 4: Flow chart of how wood is converted
into ethanol [49].

. Reproduced from PubMed, Biofuel
Properties manufacturing from woody biomass: effects of
sieve size used in biomass size reduction (2012)

According to Annex IIl of the European Parliament and
under the CC 3.0 Creative Commons License

Council of the European Union's Renewable Energy
Directive (2018), renewable gasoline, diesel, and jet fuel
all have a lower heating value of 44 MJ/kg while petroleum has a lower heating value of 43 MJ/kg.
There is around 41-89% reduction in greenhouse gas emissions compared to standard fuels, which
is very good considering the similar energy content to petroleum. It is around 0% oxygen, matching
petroleum. There is no blending limit or engine modification as it is considered a “drop-in” fuel, able
to be used in place of standard petroleum.

Comparison to Regular Biofuels

Wood does not compete with regular farmland, just like the other biofuels on this list. It also is very
good at reducing greenhouse gas emissions. The main drawback of this biofuel is the long process.
As mentioned in an earlier section, the process takes around 7 steps, where regular biofuels take
much fewer. It is then able to be used in existing petroleum pipeline infrastructure, though actual
compatibility depends on fuel certification standards, final composition, contamination limits, and
local regulatory requirements. Other biofuels examined in this paper face more consistent blending
limits regardless of these factors.

VI. Conclusions

The comparisons above analyze different stages of production: theoretical feedstock yields,
intermediate conversion efficiencies, and finished-fuel lifecycle results. The pathways also differ
in commercial maturity. Wood-to-ethanol and residue-to-ethanol conversion are demonstrated

at commercial scale. MSW pathways are a mix of commercial and pilot-scale, while most algae-
to-biofuel pathways remain at pilot or research scale. Each of the four feedstocks examined in
this paper offer a distinct approach to advanced biofuel production. Evaluated across resource
potential, environmental performance, commercial maturity, infrastructure compatibility, and
economic obstacles, each feedstock shows a different profile. Algae stand out for the exceptional
potential oil yield it provides and ability to grow on waste streams, though it does lack in reducing
greenhouse gas emissions like the other feedstocks examined do. Agricultural residue produces
ethanol that is chemically identical to the ethanol produced by regular biofuels. However, it is much
better at reducing greenhouse gas emissions, which provides it with a significant environmental
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advantage. Municipal solid waste supports multiple conversion pathways that can yield ethanol,
renewable gasoline, or jet fuel depending on the pathway, but the complexity of it makes it very hard

to keep consistent. This pathway also provides a significant environmental benefit through reduced
greenhouse gas emissions. Wood is the only form that produces a true drop-in fuel and is thus the
most infrastructure compatible. Just like municipal solid waste and agricultural residue, wood is

also great at reducing greenhouse gas emissions. Across all four of these feedstocks, no single

option is unambiguously superior; each presents a different balance of energy efficiency, emissions
performance, infrastructure compatibility, and processing complexity. While these fuels have significant
potential to contribute to the future energy landscape, reducing production costs and overcoming
limitations remain key challenges for the next generation of biofuel development.
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