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A B S T R A C T   

Today, with the progress of technology, the world is facing an increasing growth in power con
sumption. Since the fuel of most power plants is supplied from fossil fuels, it has caused an in
crease in global fossil fuel consumption and environmental degradation. Furthermore, the 
volatility of fossil fuel prices and unstable energy security have prompted international organi
zations and governments to apply policies to restrict fossil fuel use and examine alternatives to 
fossil fuels. Since biofuels come from renewable sources and are clean fuels, they can be an 
appropriate alternative to fossil fuels and play a more expansive role in supplying energy for 
transportation industries, power plants, and heat production systems. Although there is some 
research about the drawbacks of using fossil fuels and the commendation of using biofuels in 
various industries such as transportation, the literature lacks a comprehensive study on the 
evaluation and analysis of the potential of using biofuels instead of conventional fuels in power 
generation systems. The primary purpose of this study is to evaluate the impact of utilizing 
biofuels instead of fossil fuels in microgrids to achieve carbon neutrality objectives. Furthermore, 
this paper reviews previous research studies that have operated biofuels in three categories: solid, 
liquid, and gas, to generate electricity and analyzes the potential of different biofuels to produce 
heat and electricity for microgrid power systems. In addition to outlining the present knowledge 
gaps in this area, this study explores the prospects and threats associated with expanding the use 
of biofuels in the power production industry and the development of sustainable microgrids. This 
study indicated that if the technical and economic problems of employing biofuels are overcome, 
these clean fuels have a great potential to obtain the maximum share of the global power gen
eration market and move toward Net Zero Emissions by 2050 Scenario (NZE) goals.   

1. Introduction 

The increasing progress of various industries and the increase of the world population in recent decades have caused a tremendous 
growth in power demand [1]. Environment and energy scientists expect that with the continuation of the upward trend in demand for 
energy in the world, the emission of greenhouse gases such as carbon dioxide will reach a new record. Also, carbon dioxide emissions 
are expected to increase to 37 gigatons in 2035 [2]. This issue caused crucial concerns about human health and the environment. In this 
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context, the 1.5 ◦C scenario of the Paris Agreement requires governments to adopt comprehensive climate action to limit global 
warming by reducing greenhouse gas emissions. The world’s power plants mainly rely on fossil fuels to generate power. Fossil energy 
sources, such as crude oil, diesel, and natural gas, cannot be reliable sources to meet the increasing electricity demands for future 
generations due to their exhaustible nature. Conventional energy sources also cause the emission of greenhouse gases, resulting in 
climate change and global warming. Due to these facts, researchers and environmental experts consider fossil fuels the most significant 
factor in environmental and atmospheric damage [3]. Consequently, scientists are striving to change the current power generation 
systems that rely on conventional energy sources to green microgrids based on clean sources. For this reason, the tendency to use 
renewable resources to generate power has grown dramatically in recent decades, and new and modern technologies have emerged to 
exploit renewable resources [4]. Fig. 1a illustrates the growing energy consumption trend. As it is clear, according to the forecasts, the 
increase in energy consumption will continue until 2050, which can be a warning of the rise in greenhouse gas emissions in the future. 
However, according to Fig. 1b, using renewable resources to supply the global power required will also increase, which means that 
renewable sources have a significant share in providing the energy needed by the world. 

The high costs of developing conventional power plants (especially in remote areas), the emission of polluting gases, the envi
ronmental impacts, and the exhaustibility of fossil fuel reserves are the prominent factors that induced energy experts to not visualize 
an explicit future for the traditional power plant industry [6]. Energy and power experts believe that green microgrids, distributed 
generation, and energy storage systems will play a significant role in meeting the world’s demand for energy, given the current power 
supply infrastructure and ongoing projects. As shown in Fig. 2a, based on the statistical survey results, it is predicted that distributed 
generation and green microgrids will face a growth of 500% by 2027, which is a significant growth [7]. Accordingly, energy poli
cymakers and governments excessively desire to use renewable resources as a clean and accessible source for power generation. 

Microgrids have considerable advantages over conventional power generation units. As illustrated in Fig. 2b, microgrids emit much 
less CO2 than conventional power plants because they can deploy zero-emission energy sources for power generation. Also, microgrids 
can integrate clean distributed generation sources such as solar and wind energy with other sources such as natural gas, provide high- 
reliability power, use waste heat, and reduce greenhouse gas emissions and CO2. Microgrids can generate power continuously and 
sustainably for areas that do not have access to the grid, and the electricity produced by microgrids is often environmentally friendly. 
Microgrids can also meet the required power during a power outage [8]. Distributed generation and microgrids have lower installation 
and maintenance costs than traditional power plants. In addition to the disadvantages mentioned above regarding the use of con
ventional energy and fossil fuels for electricity generation, non-renewable resources, from the point of view of energy security and 

Fig. 1. a) Global energy consumption [5], b) Global energy supply by renewable and non-renewable sources [5].  
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supply chain, also face many problems. In the last few months, the war between countries and the Middle East’s insecurities clearly 
showed that fossil fuel energy security is not sustainable [9,10]. Factors such as changes in government policies, war, and sanctions 
have caused the security and supply chain of fossil fuels to be seriously affected, and the resilience and stability of the energy supply in 

Fig. 2. a) Global microgrid capacity and investment, b) Global CO2 emissions from conventional power plants vs. microgrids in 2021 [12].  

Fig. 3. Global trend power generation from renewable sources [2].  
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the world have declined. Because of the problems with traditional power plants, their higher installation, development, and main
tenance costs, and the benefits of using renewable resources and microgrids, clean microgrid technology has been used more and more 
in recent years and has caught the attention of investors [11]. 

Until recent years, distributed generation (i.e., wind turbines and photovoltaic panels) and renewable sources (i.e., bioenergy) were 
used only as backup power generation sources and were not considered the primary energy source [13]. In addition, due to the un
predictable nature of renewable energy sources, these sources have low reliability, leading to disrupting the balance and stability of the 
power generator unit. These issues caused comprehensive and detailed studies on the role of renewable resources in microgrids, 
especially biofuels produced from biomass, to be ignored and rarely found in the literature. However, global energy policies are 
moving towards decarbonization and using renewable energy sources and clean fuels (Fig. 3). Integrating microgrids with distributed 
generation and green fuels (i.e., biofuels and bioenergy carriers) can play a significant role in achieving decarbonization goals [14]. In 
green microgrids, support units are usually used to generate power when renewable energy sources cannot provide the necessary 
power due to their intermittent nature. In fact, microgrid support units have the task of compensating for the lack of required elec
tricity when distributed generation units cannot produce electricity, or in periods of overload and peak load, they enter the required 
power into the power grid [11]. Most of the supporting units of microgrids are diesel generators. Diesel generators generate power by 
burning fossil fuels such as diesel. Clean fuels should substitute for fossil fuels to reduce the consequences of climate change [15]. 

Using renewable resources has prompted the global community to use green microgrids and renewable energy sources. Biofuel is 
one of the renewable energy sources that has attracted the attention of investors and researchers. The United States Department of 
Energy (DOE) has stated that biofuels burn cleaner than fossil fuels, produce fewer greenhouse gas emissions, and are completely 
biodegradable, in contrast to some fuel additives. It is estimated that cellulosic ethanol could decrease GHG emissions by at least 86% 
[16]. The availability of biomass and suitable infrastructure for the generation of biofuels and advanced technologies has led to the 
rapid development and extensive use of green fuels in microgrids in recent years [17]. Biofuels can be a suitable alternative to fossil 
fuels as low-carbon fuels because they mitigate greenhouse gas emissions and the impact of climate change caused by power gener
ation. For this purpose, researchers have focused on increasing production and improving the efficiency of the production process for 
biofuels. Atikah et al. presented a method to increase the efficiency of biogas production. According to the study’s findings, 
lipid-extracted Nannochloropsis gaditana (LEA) is appropriate for feedstock in gasification for synthesis gas production because LEA 
gasification produces a significant amount of H2 while requiring little activation energy [18]. Pittman et al. showed that algae 
cultivation alone could not be cost-effective for biofuel production. They suggested that dual-use microalgae cultivation for biofuel 
production along with wastewater treatment can be an effective solution in terms of reducing greenhouse gas emissions and the cost of 
biofuel production. The high biomass productivity of microalgae cultured in wastewater indicates that this approach is a suitable and 
affordable method for biofuel production [19]. Also, several power plants worldwide currently use biofuels to produce power. Isabela, 
an island in the Galapagos, has operated since 2018 with a hybrid power supply system consisting of a solar plant, biofuel generators, 
and batteries. In addition, the Oak Ridge North, Texas, power plant operates three diesel generators entirely on biodiesel, a fuel derived 
from vegetable oil or animal fat, both of which have little sale value. However, biofuel production is associated with challenges and 
limitations, which cause the share of renewable energies to be about 13% of the total global energy consumption, which is about 10% 
for bioenergy [20]. In a study on biofuel production from algae, Hannon et al. concluded that this biofuel has the advantages of clean 
fuels that were mentioned, but the production of this type of fuel is associated with challenges such as the lack of suitable infra
structure, it is more expensive than conventional fuel, and the fact that it uses older technology [21]. Therefore, this review article 
attempts to study biofuels’ role in improving microgrids’ sustainability and reducing greenhouse gas emissions and climate change. 
The definition and classification of microgrids and their technical aspects are detailed. The characteristics of biofuels and their cat
egories are also reviewed. In addition, the microgrids connected to the support unit with biofuels are discussed. Finally, limitations and 
future directions are examined. Table 1 lists some important research on the utilization of biofuels in microgrids compared to the 
present study. 

2. Microgrids 

To evaluate the role of biofuels in the sustainability of microgrids, it is necessary first to get acquainted with microgrids in detail. 
Therefore, in this section, the concept of microgrids will be explained first, and then the characteristics of microgrids will be discussed 
in detail. The following will examine the classification of microgrids and their technologies. 

Many compliments can be found in the literature for the microgrid as a power generation unit. The schematic of a microgrid is 
shown in Fig. 4a. The US Department of Energy provides a definition for microgrids that is widely cited by energy scientists and 

Table 1 
Most important review papers regarding the use of biofuels in power generation systems.  

No. Year Biofuel type Microgrid Classification Ref. 

Solid Gas Liquid Off-grid On-grid CHP 

1 2021 ✓ ✓ ⨯ ✓ ⨯ ⨯ [22] 
2 2021 ⨯ ✓ ⨯ ⨯ ⨯ ✓ [23] 
3 2021 ⨯ ✓ ✓ ⨯ ⨯ ✓ [24] 
4 2022 ⨯ ✓ ⨯ ✓ ⨯ ⨯ [25] 
5 Current study ✓ ✓ ✓ ✓ ✓ ✓ –  
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researchers. Experts and researchers of the US Department of Energy have identified the microgrid as a group of interconnected loads, 
and within the electrical boundaries, energy sources are distributed [26]. This group is considered a unit that can be controlled and 
operated according to grid conditions. Microgrids are connected to or disconnected from the grid. They always operate based on three 
fundamental principles, which are 1- Every part of the distribution system of a microgrid can be identified differently from the rest of 
system. 2- All sources connected to a microgrid should be controlled in their interaction and coordination. 3- Regardless of whether a 
microgrid is connected to a grid or not, it must be able to perform work and generate power [7]. This comprehensive definition, which 
researchers in the field of energy have widely used, does not mention the types of technologies that can or should be used in microgrids, 
nor does it mention anything about the size of distributed energy resources, their technical specifications, and sustainability [27]. 
Combined heat and power (CHP) systems, also known as cogeneration systems, are widely used in microgrids. Cogeneration systems 
meet the demands of heat and electricity loads. Fig. 4b illustrates the general structure of a common CHP [28,29]. 

Microgrids have different characteristics. One of the most prominent features of microgrids is power generation and storage. Many 
interdisciplinary studies include a wide range of power generation and storage sources in microgrids [30,31]. Many researchers 
consider microgrids as an agnostic technology, which means that in the design of microgrids, economic considerations and technical 
requirements of the project play a preeminent role. Most of the microgrid generation sources lack inertia, which is required by 
generators. Hence, a buffer is always used to reduce the adverse effects of imbalance in demand and power generation in microgrids 
[32,33]. At some times, microgrids are faced with a lack of production load, in which case energy storage technologies play a sub
stantial role in the balance and resilience of microgrids [10,34]. Apart from electricity storage in microgrids, mechanical and thermal 
energy storage are also considered if needed. In microgrids, besides analyzing and checking the ability of storage units to support the 
power generation system and proper and optimal power storage, side tasks of storage units (i.e., voltage control support, peak load 
shaving, and load tracking) are also considered, and investigated [35–38]. However, evaluating the efficiency of the energy storage 
units used in microgrids has been neglected from an environmental and sustainability perspective. 

In order to evaluate the performance of microgrids more precisely, it is necessary to classify these power generation units. Hence, 
researchers use various methods to classify microgrids. The most important and widely used classification of microgrids, which re
searchers often cite, is the microgrid classification based on the type of connection to the national power grid. From this point of view, 
scientists divide microgrids into two categories: microgrids connected to the grid and microgrids disconnected from the grid [40,41]. 

Grid-connected microgrids are connected to the national power grid [42,43]. When the local power generation units and micro
grids cannot provide power, the required electricity is supplied through the national power grid, and the lack of produced electricity is 
provided through the grid. When the power generation units produce excess power, the control unit directs the excess electricity to the 
national electricity grid. In better words, microgrids interchange electrical energy with the grid when connected to the grid [44,45]. 

Fig. 4. a) Schematic of a common microgrid [39], b) General structure of a common CHP [28].  
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Fig. 5a depicts a microgrid connected to the grid. The development of this type of microgrid will be costly, especially for remote areas. 
Also, grid-connected microgrids have high maintenance costs. More than a third of the world’s population resides in remote and rural 
areas [46]. Using grid-connected microgrids to supply their electricity needs is either impossible or very difficult and expensive. 

Stand-alone microgrids or islanded microgrids are other types of microgrids. In islanded microgrids, power generation is done from 
local sources. Stand-alone microgrids are not connected to the national power grid. Suppose the power generation units of the 
microgrid generate excess electricity. In that case, the control unit directs this excess electricity to the energy storage units and stores 
the extra power in the energy storage units. When the power generation units are facing a peak load or lack resources, it is possible to 
use the electricity stored in the storage units. The next characteristic of stand-alone microgrids is using a “support unit,” which is 
usually a diesel generator, besides using the energy storage unit [9,47]. Islanded microgrids can produce power in a place close to the 
power consumption, which decreases energy transmission losses. There is no need to develop and expand power grids in remote areas, 
thus significantly reducing the cost of power generation and transmission. The schematic of an islanded microgrid is shown in Fig. 5b. 

Significant factors such as environmental effects should also be considered in the classification of microgrids. For example, 
microgrids can be classified into two categories from an environmental point of view: green microgrids and conventional microgrids. 
Green microgrids generate power from renewable energy sources and cause the least environmental and human health damage. 
Biofuels derived from biomass could also be used in green microgrids as support units. In contrast to green microgrids, conventional 
microgrids use traditional sources and fossil fuels to produce electricity and cause the production of air-polluting gases. Table 2 lists 
some literature about microgrids considering environmental and human health aspects. 

3. Biofuels 

As mentioned in the previous sections, one of the most crucial components of microgrids is the support units and energy storage 
systems. Nowadays, diesel generators are often used to compensate for the power deficit of distributed generation sources. Diesel 
generators have caused issues such as pollutant gas emissions, climate change, and depletion of fossil fuel resource reserves [62]. 
Therefore, scientists have conducted extensive research to find a suitable alternative to fossil fuels in generators used in microgrids. 
Bioenergy and biofuel have been introduced as the best options to deal with the above issues. Biofuel technologies use methods 

Fig. 5. a) Schematic of a common on-grid microgrid, b) Schematic of a common islanded microgrid [11].  
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analogous to those employed with fossil fuels to generate heat and electricity from biomass. To release heat and energy from biomass, 
it can be burned, degraded by bacteria, or converted to a gas or liquid fuel. Biofuels are refined plant biomass products used for 
combustion and thermal energy production. Biofuels are also classified in terms of feedstock types for production. First, second, third, 
and fourth-generation biofuels are the different forms of biofuels. They are identified by their biomass sources, limitations, and 
technological advancements. The primary disadvantage of first-generation biofuels is that the feedstock from which they are made is a 
food source (wheat, corn, barley, etc.). Second-generation biofuels are made from non-food biomass (agricultural lignocellulosic 
waste, municipal solid waste, etc.), but they still compete for available land to produce the first-generation’s feedstock. 
Third-generation biofuels are a better option for alternative fuel than first- and second-generation because they do not compete with 
food. Nevertheless, producing third-generation faces commercial difficulty. The combination of genetically modified feedstock and 
microorganisms that have been genomically prepared results in fourth-generation biofuels. Even though this biofuel is a well-known 
alternative to fossil fuels, the possible environmental and health risks of producing it are profound [63]. The history of using bioenergy 
and biofuels is as old as the history of humankind. Biofuels were used for household purposes like using wood and coal for heating 
houses, lighting, and cooking food [64,65]. Until the 19th century, biofuels such as wood and vegetable oils were used as the world’s 
most significant source of fuel for heating and lighting. However, these fuels have given their place to exhaustible fuels. Fossil fuels 
dedicate the most extensive share of the world’s energy supply. Nevertheless, the disadvantages of using exhaustible fuels have 
propelled governments, experts, and policymakers to use biofuels and bioenergy [20]. As shown in Fig. 6a and b, global demand and 
production of biofuel will increase, highlighting the significance of biofuel’s share in the future of the world energy market. Regardless, 
of the growth in the demand for and production of biofuels, the production of clean fuels is facing restrictions that will be discussed in 
the following. Also, in the next section, primarily common biofuels will be evaluated in detail. 

3.1. Classification of biofuels 

Today’s advanced technologies can extract biofuels in different forms. Regarding availability form, biofuels are classified into three 
categories: solid, liquid, and gaseous [24]. Each of these categories will be discussed in detail in the following. 

3.1.1. Solid biofuels 
Solid biofuels are fuels produced from organic materials, biomass, and urban waste. Solid biofuels can be used to produce thermal 

and electrical energy. These renewable fuels are obtained from various sources, such as agricultural and forest residues and animal 
remains. The most famous solid biofuels are firewood, wood chips, wood pellets, and charcoal [67]. In the following section, the 
application, different forms, advantages, and disadvantages of using some widely used solid biofuels are discussed in detail. 

3.1.1.1. Firewood. Wood and plant materials can be considered one of the oldest biofuels after human emergence. Before the advent of 
fossil fuels, people used firewood for heating and household purposes. Most firewood and plant materials’ ignition temperatures are 
between 200 and 300 ◦C [68]. Thermal energy and light are released from burning firewood. By studying the literature, it will be 
apparent that since six thousand years ago, humankind has been able to use fire in a controlled manner for its purposes and needs. 
However, some research by archaeologists shows that the use of energy released from firewood is related to a million years ago. The 
thermal energy of firewood has also been used for melting ore, lighting roads, and making bricks and tiles. Firewood was traded in 
bulk, and the moisture content of firewood has a pronounced effect on the amount of energy emitted and its ignition temperature. Dry 
firewood usually has a moisture content of 10–25%. However, green or wet firewood usually has a moisture content of 40–100%, and 
in terms of energy content, it is less than dry firewood [69]. The primary reason for the low energy content of fresh firewood is that 
more heat must be consumed during combustion to convert the moisture content of green firewood into steam. For this reason, fresh 
firewood or green firewood is kept for six months in a place equipped with ventilation systems so that its humidity is less than 20% 

Table 2 
Some studies regarding power generation systems considering environmental and human health aspects.  

No. AAuthors Year Microgrid Classification Support Unit Operating Methods Ref. 

Green Conventional Energy Storage Fossil Fuel Off-grid On-grid 

1 Arriaga et al. 2021 ✓ ✓ ✓ ✓ ✓ ✓ [48] 
2 Coady et al. 2021 ⨯ ✓ ✓ ⨯ ⨯ ✓ [49] 
3 Li et al. 2021 ✓ ⨯ ✓ ⨯ ✓ ✓ [50] 
4 Shabani et al. 2021 ✓ ⨯ ✓ ⨯ ⨯ ✓ [51] 
5 Emad et al. 2021 ✓ ⨯ ✓ ⨯ ✓ ⨯ [52] 
6 Çetinbaş et al. 2021 ✓ ⨯ ✓ ✓ ✓ ⨯ [53] 
7 Nafisi et al. 2022 ⨯ ✓ ⨯ ✓ ✓ ⨯ [54] 
8 Gabriel et al. 2022 ✓ ⨯ ✓ ✓ ⨯ ✓ [55] 
9 Jacal et al. 2022 ⨯ ✓ ⨯ ✓ ⨯ ✓ [56] 
10 Nugroho et al. 2022 ⨯ ✓ ⨯ ✓ ⨯ ✓ [57] 
11 Fares et al. 2022 ✓ ⨯ ✓ ⨯ ✓ ⨯ [58] 
12 Abazari et al. 2022 ✓ ⨯ ✓ ✓ ✓ ⨯ [15] 
13 Makhloufi et al. 2022 ✓ ⨯ ✓ ⨯ ✓ ⨯ [59] 
14 Singla et al. 2022 ✓ ⨯ ✓ ⨯ ✓ ⨯ [60] 
15 Kiehbadroudinezhad et al. 2022 ✓ ⨯ ✓ ✓ ✓ ⨯ [61]  
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[70]. Firewood is currently used as the dominant fuel in many remote and rural areas in developing countries in Asia and Africa. 
According to researchers’ estimates, about 2.6 billion people (40%) of the world’s population rely on firewood to meet their needs, i.e., 
the people of the world consume about 1730 million cubic meters of firewood annually [71]. Even though, in recent decades, research 
reports a 3% growth in firewood consumption, the share of firewood in the total energy consumption in the world has been declining. 
As forecasted, firewood consumption as biofuel will be almost constant in the coming years. However, firewood cannot be a good 
alternative to fossil fuels in microgrids. The energy content of dry firewood is less than fossil fuels, and it is approximately 30–50% of 
the energy content of fossil fuels. For example, the energy content of a type of dry firewood called “well-seasoned firewood” is about 
15 MJ/kg. After the complete combustion of firewood, thermal energy and light are released. This combustion also produces water 
vapor and CO2. One of the prominent drawbacks of using firewood is that it produces smoke, which is a mixture of volatile organic 
compounds, black carbon particles, and smoke condensate, harming the environment and human health. Burning firewood will also 

Fig. 6. a) Global biofuel demand by region, 2019–2026, b) Global biofuel production in 2019 and forecast to 2025 [66].  
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emit pollutants and toxic gases (i.e., methane, sulfur oxide, nitrogen oxides, and carbon monoxide) [72]. The pollutant gas emissions 
are mostly related to the incomplete combustion of firewood due to the lack of sufficient oxygen and low temperature. Researchers 
have estimated the combustion efficiency of firewood to be 80–85% when burning in a combustion chamber like a furnace. 

3.1.1.2. Wood chips. Direct use of the heat and light released from burning firewood is the simplest and most efficient way to use 
thermal energy from biofuels because it does not require any other processing or operation. Since firewood is stored in bulky scales, 
using firewood involves a lot of space, which is unsuitable for homes and small spaces. Wood chips solve this problem [73]. Wood chips 
are small pieces of wood that result from cutting branches and tree trunks with wood chippers. Wood chips are also used for orna
mental purposes, sports fields, and wood pulp production. In today’s era, the use of wood chips to generate electricity and heat has 
grown significantly [68]. In developing countries, using firewood is still more common in rural and remote areas because the 
equipment and tools required for chopping wood are not available in these areas. While in advanced countries like the USA, wood chips 
are available to villagers at a cheaper price than firewood. Researchers propose using wood chips to produce thermal and electrical 
energy to mitigate the carbon footprint. For example, about three-quarters of the annual heat and hot water needed by Colgate 
University in America are provided by wood chips. For this purpose, 20 thousand tons of wood chips are burned annually. Wood chips 
decrease the heating costs of the Cayuga Nature Center in New York by 15,000 dollars annually. Also, the United States has 
approximately 222 power plants whose fuel is wood chips [74]. These power plants produce 7.5 billion kWh of electricity annually 
[75]. According to the US Department of Energy reports, in 2020, the United States obtained 1.42% of its electricity requirements from 
wood chips, equivalent to 57.6 billion kilowatts. Global bioenergy production capacity in 2020 was about 145 GW [76]. Wood chips 
emit fewer sulfur oxides and NOx than fossil fuels like coal when burned. Considering the problems of rising environmental pollution, 
climate change, policy and global requirements for the environment, as well as the tendency to use bioenergy, it is predicted that the 
use of wood chips will grow increasingly in the future [77]. However, wood chips lose significant energy value and dry matter weight 
during storage. This issue makes wood chips’ efficiency lower than fossil fuels like diesel. In this regard, during the storage process of 
wood chips, material torrefaction is usually used to minimize the deterioration of wood chips. Torrefaction means heating wood in the 
absence of air at a temperature of 240–300 ◦C for partial pyrolysis. Nevertheless, this process will decrease up to 20% of the dry mass of 
the wood chips and 10% of their energy value but will guarantee a sterile, dry, stabilized, and hydrophobic product. 

3.1.1.3. Wood pellets. Wood pellets as a biofuel require more processing than wood chips. The wood chunks are first turned into 
sawdust by a hammer mill to produce wood pellets. Then, under the pressure of the perforated plates, the sawdust is turned into 2–3 cm 
long pellets. From the mechanical point of view, the pellets are durable, i.e., with each movement, only about 3% of the pellets become 
smaller particles and are usually light brown. The unique characteristics of the pellets, such as the appropriate shape, small size, low 
moisture content, and high density, make the pellets very suitable for long-distance transportation and storage in warehouses. Since 
wood pellets are more expensive than wood chips, their use for household purposes is much more limited than wood chips [78,79]. The 
global production of wood pellets in 2020 was more than 45 million tons. This amount is expected to increase by 2025 [80]. However, 
the growth in the production of pellets in the world, especially in countries like the USA, has worried environmental experts because 

Fig. 7. Liquid biofuel production in 2020, and in the Net Zero Scenario in 2030 [66].  
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producing pellets has destroyed many wetlands and forests. Moreover, the production cost of the pellets is high. For affordable pro
duction of pellets and a move toward a green economy, the technology of producing pellets should be improved. 

3.1.1.4. Charcoal. Wood biofuels such as wood chips, firewood, and wood pellet have a lower energy content than fossil fuels such as 
diesel, but their combustion emissions are higher than fossil fuels. The low firing temperature of wood fuels (less than 850 ◦C) cannot 
be used for industrial purposes such as metal melting. Therefore, engineers and scientists used the technique of transforming wood into 
charcoal [81,82]. The pyrolysis technique produces a solid, carbon-enriched, and porous material. Wood materials are heated in 
chambers up to 400 ◦C in an oxygen-depleted environment to transform them into charcoal. The energy content of charcoal is higher 
than coal and is usually 28–33 MJ/kg [83]. Charcoal burns without smoke and flame. Charcoal is capable of producing heat up to 
2700 ◦C. Charcoal is usually produced as briquettes for commercial purposes and for more convenient transportation. During the 
Second World War, when the world faced a gasoline shortage, many cars were supplied with wood gas and a mixture of hydrogen and 
carbon monoxide generated by burning charcoal in a chamber [84]. Charcoal is also used for domestic cooking and purifying air and 
water. The global production of charcoal per year is about 51 million tons, which is expected to remain at this level in the coming years 
[85]. The high cost and the complex process of charcoal production are two limiting factors for the development of using charcoal in 
industries such as the power generation industry. 

3.1.2. Liquid biofuels 
Any renewable fuel in liquid form is referred to as liquid biofuel. Liquid biofuels are primarily used in the transportation industry 

and power generation. In recent years, biofuel production has proliferated (Fig. 7). The amount of biofuel produced reached 96 Mtoe in 
2020, from 8.57 Mtoe in 1990 [86,87]. Bioethanol, biodiesel, and pyrolysis bio-oil are notable examples of liquid biofuels. Liquid 
biofuels are popular because of their unique features, including safer transportation, relative affordability, storage stability, high 
energy-to-mass ratio, high combustibility, and lower greenhouse gas emissions than fossil fuels [88,89]. The most widely used liquid 
biofuels are bioethanol, biodiesel, and pyrolysis bio-oil [67]. In this section, the application, benefits, and drawbacks of using these 
kinds of liquid biofuels are examined in detail. 

3.1.2.1. Bioethanol. Ethanol can be derived from the fermentation of simple sugars such as glucose and fructose from plant biomass. 
As shown in Fig. 8, the main ingredients of plant cell walls are hemicellulose, cellulose, and lignin. However, depolymerizing cellulose 
and hemicellulose and converting them into simple sugars is not an easy task. Researchers tend to develop pretreatment technologies 
and find practical solutions to obtain simple sugars from lignocellulosic materials [90]. 

Today, most commercial bioethanol is produced from crops such as sugarcane, beet, wheat, corn, and potatoes. The largest pro
ducers of bioethanol in the world belong to the countries of America, Brazil, Europe, China, and Canada, respectively. The United 
States allocates an average of 114 million tons of harvested corn kernels annually, about 42% of the whole corn kernels, to bioethanol 
production [91]. These kinds of biofuels are renewable and clean fuels, but production of these types of biofuels faces various chal
lenges, such as increasing food prices, reducing global food security, competition for land and water, and other issues related to the 
food vs. fuel dilemma. Due to the drawbacks of these kinds of biofuels, they cannot be considered an alternative to fossil fuels. 

Researchers conducted extensive research on using non-food lignocellulosic plant materials to reduce the adverse effects of bio
ethanol production from food products [92]. However, this category’s crops require fertilizer and pesticides, and their production is 
not invariably eco-friendly. This biofuel also requires complex and expensive technologies for production and is not economical from 
an economic point of view, so it has faced a significant commercialization obstacle. Some bioethanol companies in America, Canada, 
and Spain using new and advanced technologies in the pretreatment of acid/enzymatic hydrolysis and biomass increased bioethanol 

Fig. 8. Bioethanol production process (Lamichhane et al., 2021).  
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productivity to 83 gallons per ton of biomass [93] and caused an increase in the consumption of biofuels in the world. For example, 
bioethanol consumption in the United States of America has increased from 4.7 billion gallons in 2007 to 36 billion gallons in 2022 
[94]. 

3.1.2.2. Biodiesel. Diesel is a fossil fuel obtained from the distillation of crude oil at a temperature of 200–350 ◦C in refineries. The 
energy content of diesel is higher than gasoline [95]. This liquid hydrocarbon fuel is the dominant fuel of power plants worldwide. Due 
to the decline of world oil reserves, liquid biofuels such as biodiesel are a clean and suitable alternative to diesel. It is obtained by 
transesterifying animal fats, vegetable oils, waste fats, and algal lipids in the presence of alkaline catalysts and alcohol [96]. The energy 
density of diesel is almost 90% of petrol diesel, equal to 38–45 MJ per kilogram. George Chavanne [97], one of the Belgian researchers 
and scientists, registered the method of using vegetable oil to produce biodiesel in 1937. His innovative approach used the trans
esterification (alcoholics) process to break down fat molecules to produce biodiesel. Years later, a scientist from Brazil developed and 
expanded the industrial process of biodiesel production. The sudden increase in oil prices in 2001 and the reduction in energy security 
in those years made biodiesel a popular fuel in the world energy market, so biodiesel production reached more than 6 million gallons in 
2013 [96]. Animal fats, algal lipids, vegetable oils, and oilseed plants are excellent sources for biodiesel production. The standard 
methods of biodiesel production are shown in Fig. 9. In the past few years, significant progress has been made in identifying algal or 
plant species with high oil yields, optimizing biodiesel production methods, and specifying the characteristics of crude oil on which 
biodiesel quality depends [98]. Global biodiesel production and consumption are steadily increasing, rising from 213 million gallons in 
2000 to over 8500 million gallons in 2022 [99,100]. The largest biodiesel-producing countries in the world are the European Union, 
Brazil, Argentina, the United States, and China, respectively. Biodiesel has benefits like ease of use, simplicity of production, and 
cleaner emissions. The experts predict that the growing trend of biodiesel production will be maintained [101]. 

As mentioned, using biodiesel instead of fossil fuels in various industries, such as power and heat production, has advantages. 
However, biodiesel production faces obstacles and limitations that must be overcome. For example, it requires a lot of energy to 
produce biodiesel from crops, as power is needed for fertilizing, sowing, and harvesting crops. Besides this, the raw material must be 
transported, which consumes additional fuel. In other words, producing one gallon of biodiesel requires an energy counterpart to 
several gallons of fossil fuel. In addition, biodiesel contains approximately 10% more nitrogen oxide (NOx) than conventional pe
troleum products, which causes acid rain. Moreover, biodiesel cannot be utilized at low temperatures and will gel at freezing tem
peratures. Also, biodiesel is more expensive than other conventional fuels. 

3.1.2.3. Pyrolysis bio-oil. Exhaustible fuels were formed millions of years ago from the remains of plants and animals under the 
pressure and heat of the earth. Researchers made many efforts to obtain fuels similar to fossil fuels from plant biomass under similar 
conditions and at high pressure and temperature in an oxygen-free environment. However, their efforts were not fruitful [103,104]. 

The process of heating plant biomass at a temperature of 300–900 ◦C and in an environment free of oxygen is called pyrolysis. 
About five thousand years ago, the Amazon natives used this technique to produce biochar, and the ancient Chinese also used this 
method to convert wood into charcoal [105,106]. The pyrolysis technique of plant materials provides three products: bio-oil, synthesis 
gas, and biochar (Fig. 10). According to the heat rate used in the pyrolysis technique, there are two methods for performing pyrolysis: 
fast and slow [107]. Today, the technique to transform pyrolysis bio-oil into a commercial and affordable fuel for industrial usage is 
still under investigation. Other uses of pyrolysis bio-oil include applying preservatives, lubricants, thickeners, adhesives, stabilizers, 
binders, etc. Although experts have an optimistic perspective on pyrolysis bio-oils, this fuel cannot be called an alternative to fossil 
fuels [108,109]. 

3.1.3. Gaseous biofuels 
Another category of biofuels is gaseous biofuels. It can be mentioned that biogas and syngas are among the most common gaseous 

biofuels. Gaseous biofuels have many applications, especially in the power generation industry and microgrids. Due to the many 
benefits of biofuels, in recent years, researchers have conducted extensive research to evaluate these fuels. The following section will 
review and introduce two common gaseous biofuels. Gaseous biofuels have advantages like less waste generation during use, ease of 

Fig. 9. The biodiesel life cycle [102].  
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control, higher reactivity, and fewer oxidants demanded [110,111]. 

3.1.3.1. Biogas. Like other fossil fuels, natural gas is formed from the burial of animal and plant remains over thousands of years under 
high pressure and heat. A major part of natural gas is methane (CH4, 95%), and about 5% of natural gas consists of propane (C3H8), 
carbon dioxide (CO2), ethane (C2H6), nitrogen (N2), ethane, and butane (C4H10) [112]. Natural gas was first used for street lighting in 
1821 in New York. Natural gas is used in various industries, such as electricity generation, transportation, and cooking. The United 
States and China are the largest producers and also the largest consumers of natural gas in the world [113]. Gaseous fuel obtained from 
renewable materials is called biogas. Biogases are a suitable alternative to natural gases and are produced from the process of 
anaerobic digestion of organic materials. Biogas contains a small amount of water vapor, hydrogen, and H2S, along with methane 
(60–65%) and carbon dioxide (30–35%). The decomposition of biomass by microorganisms in the absence of oxygen is called 
anaerobic digestion [114,115]. 

About 120 cubic meters of biomethane can be extracted from one ton of biowaste, and this amount of biomethane is capable of 
producing 200 kW h of electricity (Khalil et al., 2019). In 1808, an English scientist obtained methane from cattle manure. In 1859, the 
first anaerobic digestion plant was established in India. Nayono et al. [116] studied anaerobic digestion for optimal methane pro
duction to find the best anaerobic bacteria and conditions for anaerobic operation. Nowadays, the use of biogas has proliferated 
throughout the world. There are more than 4.5 million anaerobic digesters in India for biogas production. The Chinese government has 
distributed more than 3.5 million anaerobic digesters in rural and remote areas. Among European countries, Germany is the pioneer in 
the production of biogas power plants and has produced more than 18.2 billion kilowatt hours of electricity from biogas power plants 
[117,118]. Although biogas has accounted for a significant amount of energy production globally, most energy experts believe that this 
biofuel has a much greater potential to allocate a more substantial share of energy production globally. According to predictions, two 
countries, China and Germany, have tremendous potential for biogas production in the future [25,119]. 

3.1.3.2. Syngas. Among other biofuels in gaseous form is syngas. Syngas is produced from the thermal decomposition or gasification 
of plant materials. Syngas consists of 0–5% methane, 15‒5% carbon dioxide, 25–30% hydrogen, and 30–60% carbon monoxide. 
Syngas also contains a small amount of H2S and water vapor [120,121]. Fig. 11 shows how syngas is produced. 

The conversion rate of wood gasification to syngas is 92%. Also, the conversion rate of wood bioenergy to syngas energy is 62%, 
and the conversion rate of wood gasification to hydrogen is 71%. The density of syngas is approximately 5.3 MJ/Nm3, and 48% of 
syngas is nitrogen. It also contains H2S and CO2. Syngas is burned directly in power plants to produce electricity. Hydrogen separated 
from syngas is used to produce electricity from hydrogen fuel cells [123,124]. China, Europe, and the United States have the most 
significant number of commercial gasification plants worldwide. Approximately 11% of the capacity of the world’s gasification plants 

Fig. 10. Plant biomass is pyrolyzed to produce syngas, bio-oil, and char [73]. With permission from Elsevier. Copyright©2014, License Number: 
5378030157912. 

Fig. 11. The process of syngas production [122].  
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is dedicated to electricity production [125,126]. Some strict requirements and policies for syngas production caused global gasification 
based on biomass to not develop as expected. More evaluations and studies need to be done to find economical, optimal, and efficient 
solutions for syngas generation. Table 3 summarizes biofuels’ advantages, disadvantages, and applications in three categories: solid, 
liquid, and gas. 

4. Microgrids integrated with biofuels 

As described in previous sections, the support unit is one of the vital elements in the microgrid system. The support unit plays a role 
when the distributed generation sources cannot supply the required load or when the microgrid is facing a peak load. Most of the fuel 
for the support units of traditional microgrids is supplied from fossil fuels, which were mentioned in detail with their drawbacks in the 
previous sections. This section deals with the latest research and projects on microgrids integrated with biofuel support units. 

Table 3 
Comparing the advantages, disadvantages, and applications of solid, liquid, and gas biofuels.  

No. Biofuel 
Classification 

Biofuel Advantages Disadvantages Most Used 

1 Solid Firewood - Easy access 
- Affordable 
- No production processing 

- Low combustion efficiency 
- Low energy content 
- Emit pollutants gases 
- Needs more storage space 

- Heating and household 
- Melting ore 
- Making bricks 
- Making tiles 

Wood chips - Needs low storage space 
- Affordable 
- Easy access 
- Low production processing 

- Lose of energy value during 
storage 
- Loss of dry matter during 
storage 
- Low energy value 

- Wood pulp production 
- Power generation 
- Heat generation 
- Ornamental purposes 

Wood pellets - Durable 
- Appropriate shape and size 
- Low moisture content 
- High density 
- Suitable for transportation 
- Suitable for storage 

- More production processing 
- Not easy access 
- Not affordable 
- Expensive maintenance 

- Heating and household 
- Power generation 
- Heat generation 
- Steam generate 

Charcoal - High firing temperature 
- High energy content 
- More convenient 
transportation 

- Not affordable 
- Complex production process 
- Not easy access 

- Industrial fuel 
- Heating and household 
- Cosmetic 
- Purification and filtration 
- Medicine 

2 Liquid Bioethanol - Low boiling point 
- Comparable energy content 
- Higher heat of vaporization 
- High octane number 

- Lower energy density 
- Corrosive 
- Low flame luminosity 
- Lower vapor pressure 

- Fuel cells’ fuel 
- Chemical companies’ 
feedstock 
- Industrial fuel 
- Power generation 

Biodiesel - Domestically produced 
- Clean-burning 
- Safer storage 
- Safer transportation 

- High energy consumption 
process 
- Expensive 
- Contains more NOx 
- Low freezing point 

- Industrial fuel 
- Vehicle fuel 
- Power generation 
- Heat generation 

Pyrolysis bio- 
oil 

- Safer storage 
- Environmental friendly 
- Safer transportation 

- Unsteady chemical properties 
- High viscosity 
- High oxygen content 
- High water content 

- Combustion in boilers 
- Power generation 
- Chemical companies’ 
feedstock 
- Heat generation 

3 Gaseous Biogas - Eco-Friendly 
- Low-Cost technology 
- Reduces soil pollution 
- Reduces water pollution 

- Contains impurities 
- Influenced by environmental 
factors 
- Little technology progress 
- Not affordable 

- Power generation 
- Heat generation 
- Fuel cells’ fuel 
- Vehicle fuel 

Syngas - Waste management 
- Environmental friendly 
- Affordable 
- Conventional equipment 
- High methane conversion 

- Low volumetric productivity 
- No existing commercial 
catalysts 
- Large oxygen requirement 

- Heat generation 
- Fuel cells’ fuel 
- Steam generation 
- Power generation  
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4.1. Microgrids integrated with solid biofuel 

Solid biofuels, including firewood and charcoal, are one of the sources of biofuel in some microgrids or power generation systems. 
Sookramoon [127] proposed a power generation unit integrated with solid biofuel. The proposed solid biofuel was Pradauk biomass. 
The research results showed that the power generation system equipped with Pradauk biomass had a better performance than the 
power generation system equipped with coal. Also, this research indicated that no fuel supplement is needed for the smooth operation 
of power-generating engines. The power generation system equipped with solid biofuel was considered for rural areas of Thailand. 
Simanjuntak et al. [20] examined the progress and development of bioenergy as an alternative source of fossil fuels to meet the energy 
needs in Indonesia. Research showed that the Indonesian government’s policies to support biofuels are improper; for example, the 
government’s support for natural gas significantly reduced the consumption of solid biofuels for power generation. They suggested that 
government support for solid biofuels should be increased, and the government should support larger-scale industries to use more solid 
biofuels. Solid biofuels are well-developed and well-received for smaller-scale power generation. Simanjuntak et al. [20] also showed 
that if the government supports bioenergies and allocates a more significant contribution to bioenergies, especially solid biofuels, to 
meet energy demands, it will mitigate environmental concerns in Indonesia. Sapariya et al. [128] suggested generating electricity and 
heat using municipal solid waste and raw materials of Covid-19 waste through thermochemical gasification techniques. The 
energy-generated system from urban solid waste is an environmentally friendly approach and is a suitable alternative to fossil fuels. 
This research investigated the main effective parameters for increasing the efficiency of the heat and energy production system from 
municipal solid waste. Sikkema et al. [129] investigated how solid biomass can contribute to the European Union’s renewable energy 
goals until 2030. The researchers’ main goal was to determine the contribution of solid biofuels to the EU’s energy supply in the 
coming years. The research results showed that the leading countries of the European Union, such as Germany and France, have 
acquired the goals of the 2030 European Union or are close to these goals, but the lagging countries are far from these goals. According 
to the research results, forest biomass or solid biofuel increases bioenergy sustainability in the European Union despite some chal
lenges. Table 4 lists some studies that use solid biofuel for power generation. 

As the study results have indicated, solid biofuels are an excellent source for producing bioenergy, power, and heat. Energy 
production from solid biofuels is cost-effective and environmentally friendly in countries with a high potential for solid biomass, like 
European countries, Southeast Asian countries, and Canada. Considering that solid biofuels can be a suitable alternative to fossil fuels, 
more studies should be made to increase the share of solid biofuels in the world’s energy supply. The important point in using solid 
biofuels such as forest biomass is that their environmental stability and ecosystem should be maintained. 

4.2. Microgrids integrated with liquid biofuel 

Liquid biofuels are among the most widely used biofuels in power or heat production systems. As explained in detail in Section 3, 
liquid biofuels have a good share of the power and heat supply system in many developed countries. Biodiesel, bioethanol, pyrolysis, 
etc., are widely used liquid biofuels. In a study by Latif et al. [138], a stand-alone microgrid consisting of a solar thermal system as a 
power generation unit and a generator as a support unit was evaluated. The fuel of the support unit was biodiesel. This research aimed 
to manage load frequency stabilization of the islanded microgrid to balance the load demand and supply. They used the firefly al
gorithm (FF) and particle swarm optimization (PSO) to optimize this island microgrid. Bhuyan et al. [139], proposed a new strategy to 
control a hybrid microgrid consisting of the wind turbine, energy storage unit, and solar panel. The proposed off-grid microgrid was 
equipped with a biodiesel generator as a support unit. The study results showed that the proposed strategy performed better than a 
traditional control system. Also, the use of biofuel had fewer environmental impacts than fossil fuel. Feroldi and Zumoffen [140], 
designed a hybrid microgrid system based on wind and solar renewable energy resources with an innovative method. The hybrid 
system mentioned included an energy storage unit and bioethanol. These researchers presented a new optimal sizing method 
considering energy management, which is economical and highly reliable. In a study led by Chiaramonti et al. [141], they investigated 
the feasibility and potential of using liquid pyrolysis as liquid biofuel instead of fossil fuels such as diesel and natural gas for power 
generation. Researchers focused on electricity generation from liquid pyrolysis derived from biomass, which was of great interest to 
experts and investors in natural gas/steam power plants or power plants equipped with gas turbines and diesel generators. The results 

Table 4 
Summary of some studies on solid biofuel for power generation.  

No. Solid Biofuel type Target Location Ref. 

1 Agricultural biomass waste Power generation Morocco [130] 
2 Solid biomass Power generation Vojvodina [72] 
3 Wood pellets Power generation Russia [70] 
4 Solid biomass Heat and electricity production Italy [131] 
5 Straw and residual wood Power generation Germany [132] 
6 Solid waste and microalgae Power generation – [133] 
7 Solid biomass Heat and electricity production European [134] 
8 Solid biomass Heat and electricity production – [71] 
9 Biomass residues and municipal solid waste Power generation Malaysia [135] 
10 Biomass pellets Power generation India [136] 
11 Wood pellets Heat and electricity production – [137]  
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indicated that due to the significant progress made in recent years in the field of biomass pyrolysis technology to produce electricity 
and the many advantages that liquid pyrolysis has over fossil fuels, there is still a long way to make use of this liquid biofuel 
economically. Table 5 summarizes the research conducted for electricity production using liquid biofuel. 

4.3. Microgrids integrated with gas biofuel 

Today, power plants that produce electricity and heat using gas biofuel have grown significantly. Gaseous biofuels such as syngas 
and biogas have taken part of the contribution of fossil fuels in power supply as clean biofuels in some countries with high energy 
consumption or industrial countries that produce large amounts of power. But the use of gaseous biofuels has not yet met the ex
pectations and predictions of experts in the energy field. In research by Jabari et al. [67], they proposed a simultaneous water-power 
production system that uses a gas turbine to provide the necessary power for a water desalination unit. The gas turbine’s primary fuel is 
biogas, a fuel biofuel. The proposed water and power production system has solved the water lack and reduced the emission of 
polluting gases. Yıldız et al. [155], optimized an off-grid microgrid using the Improved Salp Swarm Algorithm to meet the required 
load. The constituent components of the off-grid microgrid included the photovoltaic panel, biogas, fuel cell, electrolyzer, and 
hydrogen storage unit. When the power generation units produced excess power, the extra energy was directed to electrolysis to 
produce hydrogen and store it. The reformer converted the excess biogas fuel into hydrogen and stored it in hydrogen tanks. The 
proposed power generation system provided the required power continuously and with high reliability. Nikhil et al. [119], propose an 
optimal renewable microgrid using Honey Badger Algorithm. The hybrid renewable energy microgrid consisted of the solar photo
voltaic, wind turbine, battery storage system, and biogas engine generator. Since distributed renewable generation sources are un
predictable to balance the relationship between generation and power demand, suitable controllers and good performance 
optimization methods were proposed. The use of gaseous biofuel mitigated the emission of polluting gases produced by the renewable 
hybrid microgrid. Table 6 lists some studies on energy production systems equipped with gaseous biofuel. 

As reviewed in this section, there are many power generation projects in the world that are integrated with and supported by 
biofuel sources. The rate of usage of biofuel is proliferating. Biofuels could be a promising source to promote clean energy and 
resilience in microgrids; thus, they play a crucial role in the future development of the energy market. Biofuel helps reduce power 
generation industries’ carbon footprint, recycle waste products, and have a superior energy balance. Every gallon of biofuel that 
substitutes for a gallon of fossil fuel helps mitigate CO2 emissions and climate change. 

5. Limitations and challenges 

Although the need for biofuels is very high, biofuels can be the most promising alternative to fossil fuels. Using biofuels instead of 
exhaustible fuels brings many benefits to human health and the environment, but there are many challenges and limitations to 
achieving this target. These challenges will be discussed in this section from different perspectives. 

Environmental challenges are one of the challenges of using biofuels. One of the vital issues that can be mentioned is the envi
ronmental and social effects of biofuel production. The increase in demand for biofuels leads to soil fertility problems, the loss of forests 
and biodiversity, and somehow causes an increase in carbon dioxide in the environment and atmosphere [171,172]. The cultivation of 
agricultural lands for the production of biofuels’ feedstock causes a decrease in the fertility and quality of the soil and leads to the soil 
lacking nutrients and minerals, which also causes a reduction in the availability of water in the soil for plants. To produce more 
biomass is necessary to use more insecticides and fertilizers, which leads to groundwater pollution, soil degradation, and human health 
damage [173,174]. 

From the production and economic point of view, the production of biofuels also faces limitations and challenges. The production 
of biogas is restricted due to the high costs of production and the absence of subsidies. The production of biomethane (more than 97% 
CH4) by the natural gas grid is restricted in its ability to fulfill the demand for microgrids and transportation fuel. When biomass is used 
to produce syngas, there is frequently an absence of the CO, H2, and CH4 components necessary to fulfill the gas heating value for the 
engine. The process of fuel production from biomass must be economical. The gap and price difference between conventional fuels and 
biofuels are still one of the biggest concerns for the development and sustainability of biofuel production. The flexibility of feedstock 
materials for the production of biofuels is another problem in biofuels production. The choosing and production of suitable types of 
feedstock materials for producing biofuels are still being discussed and investigated by researchers due to the tremendous progress 
[173,175]. The production process of biofuels is very dependent on feedstock materials. The production process must be efficient and 
compatible with the environment and human health. Since the production and selection of feedstock materials for biofuel production 
face challenges, the production process also faces limitations and challenges such as sustainability and compatibility [176,177]. 

In terms of distribution problems, biofuels also face obstacles. Storage of feedstock materials and biofuels, the infrastructure of 
biofuels, and the marketing of biofuels are the primary problems that must be overcome. The high costs of producing biofuels and the 
special conditions of their transportation and storage lead to issues in biofuel distribution [178,179]. 

The challenges facing the development and production of biofuels can also be examined from the perspective of sustainability and 
the availability of feedstock materials for biofuel production. The ideal feedstock for biofuel production has conditions such as 
affordability, easy availability, high yield, minimal need for fertilizer and water, and production with the lowest greenhouse gas 
emissions [180,181]. One of the most prominent concerns for biofuel production is the availability of feedstock materials in bulk at 
reasonable prices. When choosing the suitable type of biomass for biofuel production, feedstock materials that have a negligible 
negative impact on agricultural land and require minimal water consumption should be considered. Storage and thermal stability of 
biofuels are other challenges that researchers are still studying to overcome [182]. 
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6. Conclusion and future directions 

This study showed that liquid and gaseous biofuels such as biodiesel and biogas have a very high potential to replace fossil fuels in 
power and heat production systems. The desire to use liquid biofuels such as bioethanol is high, but the high costs of producing and 
maintaining this liquid biofuel have made them less preferred. The literature review showed that using waste materials, such as urban 
solid waste, plant remains, forests, algae, animal remains, etc., can be suitable and economical options as feedstock materials for 
producing biofuels. Utilizing local feedstock materials that are abundant and accessible locally, applying new technologies in the 
biofuel production process, enlisting the participation of international organizations, receiving the support and incentives of gov
ernments for biofuel production, and attracting investors will help ensure proper distribution and maintaining the sustainability of 
biofuel production. The results of this investigation indicated that advancement and improvement in bioenergy production technol
ogies, especially biogas, could, in the future, solve the problem of providing clean and affordable fuels for power and heat generation 
plants. Also, the rising utilization of the new generations of biomass (fourth generation) to produce biofuel solves the issue of food, 
water, and soil conflicts. Furthermore, determining the potential of each region in the world to produce biofuel from the local biomass 
can be beneficial for future work. In addition, providing a policy or road map for each country to produce biofuel while considering 
environmental and economic aspects is an excellent way to move toward carbon neutrality. 
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Table 5 
Summarize the research conducted for electricity production using liquid biofuel.  

No. Liquid Biofuel type Target Location Ref. 

1 Biodiesel Power generation USA [142] 
2 Bio-oil Heat and electricity production – [143] 
3 Bioethanol Heat and electricity production Iran [144] 
4 Biodiesel Power generation Italy [145] 
5 Bio-oil and Biodiesel Heat and electricity production – [146] 
6 Biodiesel Power generation – [147] 
7 Biodiesel Power generation Iran [148] 
8 Pyrolysis bio-oil Heat and electricity production – [149] 
9 Bio-oil Heat and electricity production Canada [150] 
10 Bioethanol Power generation – [151] 
11 Bioethanol Power generation Colombia [152] 
12 Pyrolysis bio-oil Electricity production – [64] 
13 Biodiesel Power generation India [153] 
14 Biodiesel Power generation USA [142] 
15 Bioethanol Power generation India [154]  

Table 6 
List of some studies on energy production systems equipped with gaseous biofuel.  

No. Gaseous Biofuel type Target Location Ref. 

1 Biogas Power generation Italy [156] 
2 Biogas Power generation Iran [157] 
3 Syngas Power generation Brazil [158] 
4 Biogas Power generation China [159] 
5 Syngas Power generation Thailand [160] 
6 Biogas Heat and electricity production Turkey [161] 
7 Syngas Heat and electricity production Brazil [162] 
8 Biogas Power generation Spain [163] 
9 Syngas Power generation Colombia [164] 
10 Biogas Power generation Kenya [165] 
11 Syngas Heat and electricity production India [166] 
12 Biogas Electricity production China [167] 
13 Syngas Power generation – [168] 
14 Biogas and Syngas Heat and electricity production Colombia [169] 
15 Biogas and Biodiesel Power generation – [170]  
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