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Introduction
The use of fossil fuels dates back approximately 225 years (Kelkar, 2024). Technological 
advances have increased energy demand, and over the years, more fossil fuels have been 
extracted and used to meet this demand. Figure 1 shows the ratio of oil, gas and coal 
reserves to production volumes over the last 40 years. An examination of the figure 
reveals that this ratio remained around 50 for oil and natural gas, while for coal it 
decreased and then increased from 2000 onwards, reaching around 150 in 2020. This 
means that, considering current demand levels, oil and natural gas have a remaining 
lifespan of 50 years each, while coal has a remaining lifespan of 150 years.

Figure 1
Reserve-to-Production Ratio for Oil, Natural Gas and Coal (last 40 years (Kelkar, 
2024)

On the other hand, the sustainability of a fuel is of great importance for the future 
of the world. Researchers have recently placed great emphasis on sustainability 
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and are conducting studies to ensure sustainability (Koul, Yakoob, & Shah, 2022), 
(Thirumalaivasan, Nangan, Kanagaraj, & Rajendran, 2024), (Happs et al., 2024), 
(Karvounis, Theotokatos, & Boulougouris, 2024), (Mehra, Goel, & Kumar, 2024), 
(Mbiankeu Nguea & Hervé Kaffo Fotio, 2024). The environmental sustainability of a 
material can be linked to its carbon footprint level(Akhtar, Krepl, & Ivanova, 2018). In 
this context, the sustainability of fossil fuels, which emit significant amounts of CO₂ into 
the environment when burned, thereby maintaining a very high carbon footprint level, 
is open to debate.

After the Industrial Revolution, fossil fuel use increased significantly, and atmospheric 
carbon concentration naturally increased as well. At the beginning of the Industrial 
Revolution, the atmospheric carbon concentration was 280 ppm, whereas it is currently 
at 420 ppm, and scientists predict that this value could reach 700 ppm by 2080. This 
situation causes climate change and leads to various health problems (Kabinesh et al., 
2025). However, 85% of the world’s energy needs are still met by carbon-based fuels. 
Meeting this need results in the annual release of 36 million tonnes of CO₂ into the 
atmosphere (Worku et al., 2024).

The use of renewable energy sources is increasing day by day. The graph in Figure 2 
is taken from the IEA 2024 report and shows the change in the global energy sources. 
The graph clearly shows that global energy usage are increasing (International Energy 
Agency, 2024). It is encouraging to note that the share of renewable energy sources has 
also increased to meet this growing demand.

Figure 2
World total energy demand 2010–2023 (International Energy Agency, 2024)

Renewable energy can be defined as an energy source that can be reused shortly after 
use, meaning it constantly renews itself over a short period of time. These energy sources 
include geothermal, solar, hydroelectric, wind, and biomass (Ibitoye, Mahamood, Jen, 
Loha, & Akinlabi, 2023). Research and applications have shown that renewable energy 
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conversion technologies have developed significantly in recent times (Fang, Jiang, Li, 
Bai, & Chang, 2020), (Maheshwari, Kengne, & Bhat, 2023), (Irfan Sadaq, Mehdi, & 
Mohinoddin, 2023).

Among these renewable energy sources, biomass stands out due to its storability and its 
ability to be supplied throughout the year, at any time of day, with minimal impact from 
climate and season. Biomass is an energy source with a renewal period of approximately 
one year that reduces air pollution when used and slows the increase in atmospheric CO₂ 
content (Fülöp & Ecker, 2020).

Biomass resources can be categorized under three headings: waste, forest products, 
and energy crops (Ozturk et al., 2017). Biomass can be transformed into three primary 
outputs., two of which are energy-related. These are heat/power production, fuels for 
transport, and chemical precursors. To transform biomass from waste into a useful 
product, it must be converted using specific techniques. The type and quantity of product 
produced will be determined by the chosen technique. Therefore, the method chosen in 
the biomass conversion process is of great importance. Two main technologies can be 
identified for the conversion of biomass into energy: thermochemical and biochemical 
conversion (Mckendry, 2002). In addition, physical and biological conversion techniques 
are also used.In this study, current research on biomass energy conversion processes was 
examined and an evaluation of efficiency improvement applications was made.

Overview Of Biomass-Based Energy Conversion Technologies
Several fundamental techniques stand out in biomass conversion. Studies on this topic 
have developed in parallel with technological advancements and continue to evolve. In 
light of new technologies, new techniques have emerged, and efforts have been made 
to improve biomass properties. This section of the study provides an assessment of 
conversion processes implemented in recent years. A review of the literature reveals that 
physical, biological, thermochemical, and biochemical techniques are used as conversion 
techniques. Figure 3 provides a synopsis of conversion techniques.
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Figure 3
The conversion technologies in biomass (Tshikovhi & Motaung, 2023)

Choosing these techniques is contingent on certain parameters such as the type of final 
product, biomass quality, quantity, and economics (El-Fawal et al., 2025). For dry 
biomass, properties including moisture level, heating value, and volatile fraction, ash 
content, and alkali metal content influence the choice of conversion technology. In the 
case of wet biomass, its moisture content and the cellulose/lignin balance influence this 
selection. (Mckendry, 2002).

Physical transformation techniques are primarily related to size reduction, consolidation, 
drying and densification processes. Among the most preferred methods within this 
technique are briquetting, drying and extraction (El-Fawal et al., 2025).  Among biological 
conversion techniques, the most preferred method is anaerobic digestion. Fermentation 
generally uses microorganisms to produce bioethanol, biogas, and biohydrogen 
(Munasinghe & Khanal, 2010). The following sections will focus on thermochemical 
and biochemical conversion methods.

Thermochemical Conversion Methods
Thermochemical conversion methods play an important role in energy concentration by 
converting biomass resources into bio-oil and facilitate a carbon-neutral cycle (X. Zhang 
et al., 2025).

Pyrolysis
Pyrolysis involves the thermal disintegration of biomass in an oxygen-deficient 
environment. The process produces solid residue, liquid (bio-oil and water), and gas. 
This solid output, frequently referred to as biochar or charcoal, is a porous, carbon-
dominant compound. (Suopajärvi et al., 2018). The traditional pyrolysis method can be 
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divided into fast, slow, and flash pyrolysis processes (Shen, Wang, Ge, & Chen, 2016). 
Another pyrolysis classification by Cai et al. is shown in Figure 4 (Cai et al., 2024). 
Here, new methods are listed alongside traditional pyrolysis.

Figure 4
Pyrolysis classification by (Cai et al., 2024)

The pyrolysis of biomass has attracted considerable interest as a technology capable of 
simultaneously producing high-value-added energy and chemical products such as bio-
oil, biochar, and combustible gas. It has been observed that catalysts also play a role in 
pyrolysis and that catalysts improve the distribution and properties of pyrolysis products 
(Cai et al., 2024). Studies have also demonstrated the effect of the catalytic method on 
fast pyrolysis, which is a subcategory of pyrolysis. Catalytic fast pyrolysis is a complex 
technology influenced by various parameters, including composition, interactions 
between components, catalysts, process, reactor, and biomass type or pretreatment 
method (El Bari et al., 2024).

Microwave-assisted pyrolysis is a technique that has recently gained popularity. It 
appears to be advantageous due to its high heating rate and ease of use. However, its 
potential for converting various biomass materials into biofuels has not yet been fully 
explored. Studies on this topic are ongoing (Bisht et al., 2026). Recent studies have 
focused on various types of pyrolysis. These include new and innovative techniques. 
Microwave-assisted pyrolysis, catalytic pyrolysis, and co-pyrolysis are among the areas 
where research in the literature is concentrated. The table below summarizes some of the 
studies conducted on this topic.
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Table 1
Summary information on some studies related to the pyrolysis method

Hydrothermal liquefaction
Hydrothermal liquefaction offers a direct route to biomass utilization without drying, 
eliminating the energy and cost costs required for drying. Utilization of all biomass 
components can be achieved with this technology and subsequent processes (Hao et 
al., 2023). Studies using different types of hydrothermal liquefaction are available 
in the literature. Compared to traditional isothermal hydrothermal liquefaction, fast 
hydrothermal liquefaction uses a rapid heating process to prevent undesirable secondary 
reactions and achieves higher biofuel yields in short reaction times. Fast hydrothermal 
liquefaction has recently attracted the attention of researchers (Ni et al., 2022).

In recent years, microwave-assisted hydrothermal liquefaction has been one of the most 
studied methods, and a gap in this area was identified in an article by Zhuang et al. In 
the same article, researchers conducted a study using microwave-assisted hydrothermal 
liquefaction and demonstrated that microwave radiation facilitated the liquefaction 
process, resulting in approximately 39.8–43.9% improvement in yield, 3.9–4.0% in 
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calorific value, and 46.6–59.0% improvement in energy recovery efficiency compared to 
biopulp obtained from conventional liquefaction under similar conditions (Zhuang, Liu, 
Wang, Zhang, & Ma, 2022).

In a study where catalyst and solvent were used together and their effects on the 
hydrothermal liquefaction process were investigated, it was concluded that the maximum 
yields of bio-oil and biochar were 65.0% and 32.0%, respectively, and the calorific values ​​
of bio-oil and biochar were 31.2 MJ/kg and 26.5 MJ/kg, respectively. The study also 
evaluated that alkali catalysts and 1.4-butanediol-triethanolamine mixed solvent could 
be useful in bioenergy production (X. Zhou, Zhao, Chen, Zhao, & Wu, 2022).

In another study on hydrothermal liquefaction, a two-stage process was applied, first 
involving a subcritical water reaction followed by a supercritical water reaction. This 
demonstrated that a greater amount of bio-oil was obtained compared to processing 
biomass directly with supercritical water. The highest bio-oil yield obtained with the two-
stage process was achieved at a was 25.44% by weight in the experiment conducted at a 
1:10 biomass/water ratio, and this process was obtained from a subcritical water reaction 
lasting 30 minutes at 250°C, followed by a second supercritical water reaction lasting 
60 minutes at 400°C [37]. When new studies are examined in the literature, it is seen 
that catalytic hydrothermal liquefaction (Baloch et al., 2021), (Durak, Genel, & Genel, 
2026), (Divyabharathi, Subramanian, & Kamaraj, 2025), co-hydrothermal liquefaction 
(Biswas et al., 2022), (Rawat et al., 2023), (Hongthong, Raikova, Leese, & Chuck, 
2020), (Mukundan et al., 2022), (Eladnani et al., 2023) and hydrothermal liquefaction 
methods using nanoparticles as catalysts (Zhu, Zhao, Tian, Zhang, & Wei, 2022), (Ding, 
Mahadevan Subramanya, Wang, & Savage, 2023), (Jena, Eboibi, & Das, 2022) are used. 
This indicates that there is a search for new methods rather than traditional hydrothermal 
liquefaction processes.

Combustion
Combustion is regarded as a heat-generating process in which the carbon and nitrogen 
in the biomass react with oxygen in the air. This technique is the oldest, simplest, and 
most common method used to produce heat and electricity from biomass. The energy 
content or calorific value of biomass is an important factor and functions as the heat 
released during combustion under certain conditions (Tekin, Karagöz, & Bektaş, 2014). 
The biomass combustion method is an ancient and widely used method (Tshikovhi & 
Motaung, 2023). The fact that the combustion process can be used for all types of biomass 
provides the greatest benefit. However, combustion is only possible with moisture content 
below 50% (Tripathi, Sahu, & Ganesan, 2016). A researcher investigating the number 
of publications and citations between 2000 and 2022 obtained the following graph for 
thermochemical conversion technologies (Svedovs, Dzikevics, & Kirsanovs, 2023).
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Figure 5
Comparison of the number of publications and citations on thermochemical conversion 
technologies according to biomass type (Svedovs et al., 2023)

When examining the graphs in Figure 5, it is observed that the number of studies and 
citations on the combustion method has increased more consistently compared to other 
methods. In addition to traditional combustion methods, there are also studies that 
integrate new technologies. A study conducted in 2024 mentioned that it is difficult 
to monitor biomass during its combustion in boilers due to its non-homogeneity, and 
an online monitoring method was proposed as a solution. The study stated that optical 
identification allows for the instantaneous and efficient measurement of multiple 
parameters and that the number of studies in this field is increasing (Yan et al., 2024). 
Another method is co-combustion. This method involves the simultaneous combustion 
of multiple biomasses. This method has also been frequently studied by researchers (Xia, 
Zhang, Tang, & Pan, 2023), (Fan et al., 2024), (Liu et al., 2024).

Gasification
In the gasification process, waste is indirectly converted into fuel or synthetic gases in 
the presence of oxidants. Part of the fuel is burned to produce heat energy, resulting in 
hot fuel gases with low heat value (Banu, Sharmila, Ushani, Amudha, & Kumar, 2020). 
Gasification is a widely preferred method among thermochemical conversion processes 
and has been extensively studied (Verma et al., 2023). A diagram of co-gasification and 
steam-based methods, which are subcategories of gasification methods, is shown in 
Figure 6. The products obtained at the end of gasification are also shown here. Various 
gasification methods have been studied in the literature. These include methods involving 
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a gasification agent (W. Zhang et al., 2025), (Marzoughi, Samimi, & Rahimpour, 2022), 
(Mojaver, Khalilarya, Chitsaz, & Jafarmadar, 2024), gasification with steam and CO₂ 
(Castro, Leaver, & Pang, 2026), (S. Zhang et al., 2022), (Hejazi, 2022) gasification with 
supercritical water (Panichkittikul, Mariyappan, Wu, & Patcharavorachot, 2024) and co-
gasification (Khumalo & Patel, 2025), (Xiao, Wang, Cai, Zhang, & Yu, 2024). Figure 
6 shows a schematic representation of the steam gasification method, the steps of the 
gasification process, and the resulting products.

Figure 6
a) Steam gasification (Hejazi, 2022), b) Steps of the co-gasification process and 
resulting products (Khumalo & Patel, 2025) 

Torrefaction
Torrefaction is an extremely important pre-treatment technology for thermochemical 
applications such as pyrolysis, gasification and liquefaction, and is one of the current 
topics in the field of renewable energy (Devaraja, Dissanayake, Gunarathne, & Chen, 
2022). Pre-treatment techniques such as drying, concentration and roasting aim to 
improve biomass properties and eliminate some of the problems encountered during 
conversion. Thermal decomposition at 473–573 K, technically referred to as roasting, 
significantly improves the properties of biomass. At this temperature range, biomass 
releases most of its moisture content and a small portion of its volatile matter (Soria-
Verdugo, Cano-Pleite, Panahi, & Ghoniem, 2022).

Torrefaction is a mild pyrolysis process that occurs between 473 and 573 K during a 
holding period of several minutes to an hour, resulting in partial devolatilization of 
0–60% by weight of the original dry raw material. During roasting, the release of volatile 
substances is combined with other changes in physical and chemical structure. The 
resulting new solid has a higher specific energy density, greater resistance to degradation, 
and lower milling energy requirements (Bates & Ghoniem, 2014). Torrefacted biomass 
is essentially hydrophobic. Its hydrophobicity facilitates its handling and processing, 
particularly by reducing logistics costs (Yantao Yang et al., 2023).
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Figure 7 shows the effects of the torrefaction process on biomass. Examining the 
diagram in Figure 7, the differences in properties between raw and torrefaction biomass, 
as well as the parameters that demonstrate the positive impact of this process on biomass, 
are clearly visible. The most important of these parameters are moisture content, high 
calorific value and energy density, low O/C ratio, and improved thermochemical 
conversion properties.

Figure 7
Effects of torrefaction on biomass (Yantao Yang et al., 2023)

Biochemical Conversion Methods
The biochemical degradation of plant-based biomass (lignocellulosic) is a rather 
challenging process due to the complex structure of plants. Lignocellulosic biomass 
typically has a composition of 40–80% cellulose, 15–30% hemicellulose, and 10–
25% lignin, with varying suitability for biological conversion. Biochemical methods 
such as fermentation and anaerobic digestion utilise the various metabolic effects of 
microorganisms to break down the organic components of biomass into a range of valuable 
products. A 2022 study revealed that bioethanol and biogas are the most commercially 
viable products obtained from the biochemical conversion of biomass (Hakeem et 
al., 2023). Biochemical methods involve the use of microorganisms, enzymes, and 
genetically modified organisms to convert biomass into fuel (Poornima et al., 2024).

Hydrolysis
Biomass hydrolysis technologies, including acid and enzymatic hydrolysis, are applied 
to break down feedstock into simple sugars (Tshikovhi & Motaung, 2023). Concentrated 
acid hydrolysis is often performed by first adding 70–77% sulphuric acid ( ) 
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to break intra- and interchain hydrogen bonds in the biomass, then adding water to dilute 
the acid to 20–30% and release fermentable sugars (N. Zhou, Zhang, Wu, Gong, & Wang, 
2011). Hydrolysis, especially enzyme hydrolysis, is an important process in the conversion 
of biomass to energy. In the context of biorefining, this process generally involves the 
decomposition of biomass components into their constituents by using reagents such as 
enzymes or acids. Examples include the decomposition of polysaccharides into sugars 
or proteins into amino acids (Wongsirichot, 2024). Hydrolysis has always been a topic 
of interest for researchers. In recent years, hydrolysis technology has improved, and 
methods that are more efficient have been investigated. Among these, as seen in Figure 
8, the studies in which nanoparticles were used (Kotwal, Pathania, Singh, Din Sheikh, 
& Kothari, 2024), (Luo et al., 2022), (Y. Chen et al., 2021) and pretreatment techniques 
were applied before the hydrolysis stage (Fu et al., 2021), (Yang Yang, Zhang, Zhao, & 
Wang, 2023), (Zheng et al., 2022) stand out.

Figure 8
Usage of nanomaterials in hydrolysis method (Luo et al., 2022)
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Transesterification
Transesterification involves a series of reversible reactions in which lipids/triglycerides 
react with alcohol (most commonly methanol), yielding glycerol, monoglycerides, 
diglycerides, and fatty acid methyl esters—the components of biodiesel—at each step 
(Tshikovhi & Motaung, 2023). Transesterification is the most popular and cost-effective 
method of biodiesel production, utilising an acid, an alkali, or an enzyme as a catalyst. 
Here, triglycerides and primary alcohol are combined in the presence of a catalyst [81]. 
Lipase, one of the enzymes, exhibits enhanced stability, specificity, enantioselectivity, 
catalytic effect, and site selectivity. Therefore, it is more suitable for the enzymatic 
transesterification process in biodiesel production (Aybastier & Demir, 2010). When 
new studies in the literature are examined, it is seen that transesterification is a technique 
mostly used in biodiesel studies, applied to various biomasses (Sallet et al., 2025), 
(Singh, Kumar, Goyal, & Moholkar, 2022), (Bed, Kumar, & RaviKumar, 2025).

Supercritical water

The most abundant substance on Earth is water, which exists in three different phases in 
nature: solid (ice), liquid, and vapour. Water is found in a supercritical state at a pressure 
of 22.07 MPa and a temperature higher than 373.9 °C around hydrothermal vents on the 
sea floor. Water in this state is supercritical water (Z. Chen et al., 2023). Figure 9 shows 
the critical regions of water (Q. Wang et al., 2023).

Figure 9
Critical point properties of water (Q. Wang et al., 2023) 

Supercritical water gasification effectively converts biomass into gaseous products using 
water as the reaction medium. This method does not require drying of the feedstock. 
Thus, in addition to wet biomass such as microalgae and lignocellulosic, wet organic 
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waste products with high moisture content such as sewage sludge and animal manure 
can also be converted (Dutzi, Boukis, & Sauer, 2023). Supercritical water gasification of 
biomass in various reactors, such as tubular, batch, and continuous stirred tank reactors, 
has been widely investigated in recent decades. The walls of these reactors are made of 
stainless steel or nickel-based alloys, which mostly play a catalytic role in the biomass 
processing (C. Wang, Zhu, Huang, Jin, & Lian, 2022).

Conclusion
In parallel with the growing world population, energy consumption is also increasing. 
With this rising consumption, serious damage is being caused to the environment, and 
plans are being made to increase the share of alternative energy sources, with incentives 
being provided in this direction. Among these alternative energy sources, biomass energy 
stands out due to its unique advantages, such as being sustainable and carbon neutral. The 
intensity of studies in the literature indicates that there are many different methods and 
techniques for converting biomass into energy. This study focuses on current research 
into biomass energy conversion methods, particularly thermochemical and biochemical 
conversion methods.

Recent studies have highlighted that advances in thermochemical and biochemical 
conversion methods for biomass have led to significant progress in both fundamental 
science and applied process development. The review found that there have been 
notable advances in thermochemical approaches (pyrolysis, gasification, hydrothermal 
processes), developments in catalyst technologies, the use of nanomaterials, and process 
integration studies. In biochemical conversion methods, the effectiveness of pre-
treatment methods, enzymes and the use of nanomaterials has been observed to increase 
the production efficiency of biofuels. In addition, studies using multiple methods together 
(hybrid) demonstrate efforts to develop new and innovative methods.
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