
Developmental Perspectives 
of the Biofuel-Based Economy 

Alfonso García Álvaro, César Ruiz Palomar, 
Vanessa de Almeida Guimarães, Eva Blasco Hedo, Raúl Muñoz Torre, 
and Ignacio de Godos Crespo 

1 Introduction 

1.1 Substituting Fossil Fuels to Reverse Climate Change 

Currently, there is a high dependence on fossil resources to produce energy and raw 
materials. Oil derivatives continue to be the primary source of energy consumption 
worldwide, representing 31% of the energy consumed, followed by coal with 26% and 
gas with 23% in 2019. According to current data, there is still many unexploited fossil 
energies. In the case of oil, specifically, there are 1,700,803.80 million barrels (Euro-
stat, 2020; International Bank for Reconstruction and Development, 2020; National 
Center for Information on Hydrocarbons (CNIH), 2020; Víctor, 2013). However, 
the current consumption rate is untenable in the long term. In recent centuries, a 
large amount of fossil fuels has been extracted and used, approximately 80%, 50% 
and 30% of the total existing coal, gas and oil reserves, respectively. Besides this, a 
climatic emergency is pushing alternative energy sources in transport, heating and 
industry. These reserves must remain underground to reduce greenhouse emissions; 
otherwise, the combustion of oil, natural gas and carbon would increase the global
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mean temperature by more than 2 °C (Pellegrini et al., 2021). Carbon dioxide (CO2), 
nitrous oxide (NO2), ozone (O3) and methane (CH4) can emit and absorb infrared 
radiation, ensuring a mild temperature in the atmosphere. Expansion of industry, 
transport and agriculture based on fossil fuels has increased the levels of these gases 
in the atmosphere (Hu et al., 2021). 

Consequently, there is an unwanted increase in the average temperature. By trans-
forming the energy sector towards a renewable perspective based on the substitu-
tion of petroleum derivatives, environmental, social and economic benefits will be 
achieved. The main renewable sources that allow this transformation are biomass, 
solar energy, wind energy and biofuels such as bioethanol, biodiesel, biomethane and 
biobutanol (Bertheau, 2020). In the case of biomass and biofuel, renewable feedstock 
must be utilized to ensure sustainability, for instance, agricultural and forestry wastes. 

1.2 Biofuels and the Circular Economy 

The world’s population by 2050 will reach 9 billion inhabitants according to the 
most recent forecast (United Nations, 2021), which means a concomitant increase 
in the demand for food and feed and a subsequent increase in waste production. The 
transformation of these wastes into bioenergy has been pointed out as the solution 
for sustainable development. During the last decade, agricultural waste production 
accounted for a potential generation of 90 million tonnes of oil equivalent (MTEP), 
which is considerably higher than any other existing by-product, such as wood chips 
(57 MTEP) from municipal waste (42 MTEP). The waste generated in agricultural 
and livestock activities has been on the rise in recent. If agricultural wastes are insuffi-
ciently managed, environmental problems arise as a cause of soil and water pollution 
or indirect greenhouse gas emissions (GHG). In this scenario, waste can be consid-
ered a helpful resource to generate energy and high-value products. The conversion 
of agricultural, livestock and forestry residues into bioenergy is currently used to 
reduce consumption and dependence on fossil fuels. Increasing the transformation 
of waste materials into bioenergy is a crucial process for sustainable development 
during the next decades. Agricultural residues present advantages over other residues 
(such as urban wastes) due to their inherent features: homogeneous chemical compo-
sition, well-known processing techniques and ubiquity production. The use of wastes 
as an energy source to produce biofuels and the obtaining of high-value chemical 
compounds can be a great step for the proper development of the circular economy 
(Song et al., 2020).



Developmental Perspectives of the Biofuel-Based Economy 135

1.3 Energy Demand 

Concurrently to the population growth, expansion of cities and towns has increased 
the energy consumption, accounting for around 30% of world energy consump-
tion with an increasing trend. Energy consumption in 2019, by the residential and 
commercial sector, in the USA was approximately 6.24 million megawatts hour 
(MWh), which is equivalent to 28% of end-use energy consumption (Dong et al., 
2021). Nowadays, most of the buildings present low and medium energy efficiency. 
Therefore, there is a large scope for improvement (Luo et al., 2021). 

The transport sector represents more than a quarter of the total energy consumed 
worldwide, 26% (Sandoval-García et al., 2021). In the USA, only 5% of energy is 
used in biofuels. The rest comes from fossil sources, with gasoline being the most 
used fuel, 56%. The deployment of electric vehicles has grown rapidly in the last 
decade, with 10 million vehicles in use by the end of 2020. China has the most electric 
vehicles in stock, 5.4 million, followed by Europe with 3.3 million and the USA, 
which has 1.8 million. Worldwide, it has gone from having zero electric vehicles to 
having 11.3 million in stock (International Agency for Energy, 2021). 

Regarding GHG emissions, the electric vehicle is not neutral since an important 
amount of the electricity to recharge the batteries currently could involve utilizing 
fossil sources. In this scenario, it is necessary to opt for alternative energy sources 
such as biofuels (Neves et al., 2017). 

Countries with emerging economies are at the centre of concern, as they have 
experienced rapid economic growth and high energy use and are deeply affected by 
economic globalization. As the world’s largest developing and growing economy, 
China accounted for 24% of global energy consumption and 34% of global energy 
consumption growth in 2018 (Acheampong et al., 2021). 

In 2019, in the EU-27, energy derived from renewable sources accounted for 
19.7% of the energy consumed, just 0.3% below the 2020 target of 20%. In the USA, 
energy production from renewable sources accounted for about 12% of total energy 
production (Lahiani et al., 2021). Governments have numerous incentives to promote 
the implementation of energy efficiency since this generates economic, social and 
environmental benefits (American Council for an Energy-Efficient Economy, 2019) 
(see Sect. 4). 

1.4 Current Situation of Biofuels 

To achieve the United Nations (U.N.) Sustainable Development Goals (SDGs), 
efforts must be focused on increasing electricity production from renewable sources 
and heat and fuels from residual biomass. This fact is the focus of various global devel-
opment initiatives. At present, electrical energy comes from the following sources 
with their respective installed power 142 GW for photovoltaic solar energy, 80 GW
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for wind energy, 32 GW for hydroelectric energy and 12 GW for other renewable ener-
gies, according to data from the International Agency for Energy (IEA, 2021). Elec-
tricity production through renewable sources such as solar or wind generates great 
intermittence and uncertainty when adjusting the supply with the energy demand 
since they depend greatly on meteorology and seasonality. Therefore, it is necessary 
to opt for other renewable energy sources that ensure a continuous energy supply, 
especially in the heavy transport sector and heat supply (Abedinia et al., 2019). 

Regarding raw materials to produce biofuels, there is a positive trend towards 
using agricultural wastes, such as biological and municipal waste and sewage sludge 
(Zhu et al., 2021), to the detriment of the use of grain generated in energy crops. The 
traditional sources for producing biofuels come from energy crops (sugarcane, beet 
and oleaginous seeds). These materials compete with the cultivated areas for food and 
feed production; in addition, pollution due to chemical fertilizers and large consump-
tion of water endangers sustainability in the long term. By using the residues (such 
as straw), which are generated from the crops destined for food, to obtain biofuels, 
the contamination risks are reduced, and GHG emissions of the food production 
process are reduced. This trend is expected to continue since, in this way, energy 
generation does not conflict with the food sector (Yu et al., 2022). According to the 
report prepared by the Renewable Energy Association, the supply and demand for 
biofuels have increased in the last 20 years, especially the production of bioethanol, 
which grew by around 1000% between 2000 and 2020. 

Regarding the development of systems to produce biomethane, in recent years, 
Europe has seen a significant increase in the production of this biofuel with an 
average annual rate of 20% (European Biogas Association, 2020). In recent years, 
new techniques for biogas improvement such as Cryobox-Bio are being developed in 
which biogas polishing and liquefaction processes (Bio-LNG) are integrated, which 
provides a methane recovery rate higher than 99%, and low-cost photosynthetic 
upgrading techniques with biomethane yields of more than 95%. Both technolo-
gies provide clean biomethane suitable for transportation, power generation and the 
energy industry (Rodero et al., 2019). 

Biofuels produced from agricultural residues can provide energy products compat-
ible with the current energy infrastructure (Kurczyński et al., 2021; Millo et al., 2021). 
Biofuels can be used in transportation, industry and heating in pure form or mixed 
with fossil derivatives. Therefore, the introduction of biofuels provides a transition 
for energy sustainability in the transport, industrial and construction sectors. By 
using biofuels, air pollution and GHG emissions are reduced. These biofuels are 
considered CO2-neutral since the carbon embodied comes from atmospheric carbon 
dioxide previously fixed from biomass. 

Furthermore, biofuels have a greater capacity to reduce greenhouse gas emis-
sions during the life cycle than electricity (Andersson & Börjesson, 2021). There-
fore, replacing fossil fuels with biofuels makes it possible to reduce global warming 
(Scovronick & Wilkinson, 2013). However, it is necessary to combine electrical 
energy from renewable sources with the use of biofuels. 

According to data from the International Energy Agency (IEA) 2013, oil consump-
tion will decrease relative to its global market share by at least 5% by 2040.
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This reduction will be based on a continuous substitution by renewable electricity 
and energy products. Liquid biofuels, such as bioethanol and biodiesel, are more 
frequently used to replace fossil fuels in the transportation sector. These biofuels are 
essential to mitigate climate change, revitalize agricultural economies and achieve a 
secure energy supply with low CO2 emissions (Løkke et al., 2021a). The production 
and consumption of biofuels have increased worldwide mainly due to their use in 
the transport sector. 

1.5 World Crop Stubble Situation 

The most widespread crops are cereals, rice and corn, which are mainly produced 
for feed and food, and generate a final residue of a lignocellulosic nature. Although 
a considerable amount of this waste is consumed in traditional uses, large volumes 
were left unused. Lignocellulosic biomass refers to cereal straw made up mainly of 
cellulose, hemicellulose and lignin, representing 90% of its dry weight, excluding 
the biomass of the cereal grain, which is mainly made up of proteins and sugars. 
Lignocellulosic biomass is the most abundant organic matter on earth, which has 
the advantage of being biodegradable and renewable. The world production of these 
staple crops grows simultaneously as the world population (see Fig. 1). Sugarcane is 
the most productive crop among staples, accounting for almost 2000 million tonnes 
of raw material per year. Cereal production is around 2800 million tonnes, according 
to the latest report from the Food and Agricultural Organization (FAO) of the U.N. 
Regarding the wheat, its production is close to 800 million tonnes. 

Regarding rice, current production is above 500 million tonnes. As for the corn, 
production is around 1200 million tonnes. The USA stands out as the main producer

Fig. 1 Evolution in crop production 
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Fig. 2 Global stubble production of the main crops 

of this crop. America is a continent with a large corn producing capacity; it produces 
more than 50% of the world’s corn. 

The amount of stubble produced by a crop is highly variable and depends on the 
type of soil, climate, cultivation techniques and technologies, etc. Production fluc-
tuates depending on the agroecological areas. The straw produced can be calculated 
based on its harvest index (H.I.) (Eqs. 1 and 2). This index is obtained from the rela-
tionship between the grain’s weight and the plant’s total weight at maturity without 
considering the roots. This index may vary according to the crop’s area, variety, and 
management. 

Harvest index (HI)= Grain weight (GW) 
Total plant weight except roots (PW) 

(1) 

The following relationship was used for the calculation: 

Straw production = 
Grain production (t/Ha) 

HI
�(1 − HI) (2) 

The amount of stubble generated estimation per surface must be considered for 
the management planning and potential of the by-product (see Fig. 2). 

2 Biofuels from Lignocellulosic Materials 

The generation of biofuels from lignocellulosic materials, composed of cellulose, 
hemicellulose, and lignin, is of great interest due to its low cost and high availability.
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Fig. 3 Bioethanol process flow diagram 

Thus, nowadays, different physicochemical and biological methods allow the use of 
the sugars that make up cellulose and hemicellulose and their transformation into 
biofuels such as biomethane, bioethanol or biobutanol. The biorefinery integrates the 
conversion processes of lignocellulosic biomass into biofuels, energy and chemical 
products, being of great interest as an alternative to fossil resources resulting in an 
economic and environmental positive impact. 

2.1 Bioethanol 

As can be seen in Fig. 3, after a first physical or mechanical pretreatment that seeks to 
reduce the particle size, a hydrolysis process is associated to reduce the crystallinity 
of the cellulose, the dissociation of the lignin–cellulose complex and the increased 
surface area to promote degradability by fermenting microorganisms. 

Subsequently, sugars, acetic acid, furan derivatives, phenolic derivatives and 
various sugars can be found in the generated solution. On the latter, microorgan-
isms selected for a specific molecule carry out fermentation of the sugars found (e.g. 
S. cerevisiae with the glucose molecule). In the last part of the process, distillation is 
carried out, in which the components or substances of the liquid mixture are separated 
with selective boiling and condensation. Bioethanol comes out of this last phase for 
its final use as a biofuel (Ingrao et al., 2021; Sarkar et al., 2012). 

2.2 Biomethane 

The production of biomethane is based on anaerobic digestion, a biological process in 
the absence of oxygen. Biogas is generated with a significant amount of biomethane, 
and another part of carbon dioxide and sulfuric acid based on bacterial activity. These 
last two are subsequently eliminated by upgrading, obtaining biomethane in 90–99% 
of the total volume.
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Fig. 4 Biomethane process flow diagram 

In the process, there is a first pretreatment phase where hydrolysis accelerates 
the obtaining of monosaccharides, amino acids, and long-chain fatty acids. Subse-
quently, in the medium generated with the substrate mixture with bacterial inoculum, 
the hydrolysis and acidogenesis phase takes place where H2, CO2, acetic acid and 
other short-chain fatty acids are obtained as by-products. The acetate at this point, 
under the action of methanogenic archaea, forms methane, CO2 and H2S; these 
last two compounds decrease the calorific power of the biogas and prevent its use 
as biofuel in vehicles (Prussi et al., 2019). Different technologies can be used for 
its elimination, such as pressure water washing, chemical washing, PSA adsorp-
tion systems, membrane separation, organic solvent washing, cryogenic separation 
and biogas photosynthetic enhancement technology with microalgae (Rodero et al., 
2019). 

In the anaerobic digestion process, a liquid organic waste called digestate is also 
generated as bio compost. A diagram of this simplified process is shown in Fig. 4. 

2.3 Biobutanol 

In this process, an ABE fermentation (acetone–butanol–ethanol fermentation) 
occurs, characterized by bacterial activity to produce acetone, n-butanol and ethanol 
from carbohydrates embodied in the lignocellulosic biomass. 

Two different stages are present in the ABE fermentation: acidogenesis, where 
there is rapid cell growth, and bacteria produce acetic acid, butyric acid, and CO2 and 
from sugars generated in the previous phase; and a second phase, solventogenesis, 
where cell growth reaches a stationary phase, and organic acids are assimilated again, 
producing the ABE products: acetone, butanol and ethanol in the usual ratio of 3:6:1. 
(Niemisto, 2013; Liu et al., 2011; Xiros,  2017). The products of this fermentation are 
generally acetone, butanol, ethanol, acetic acid, butyric acid, hydrogen and carbon 
dioxide (Meramo, 2020; Jones & Wood, 1986; Ranjan, & Moholkar, 2012) (see 
Fig. 5).
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Fig. 5 Biobutanol process flow diagram 

2.4 Pretreatments 

Lignocellulose has low solubility in water and is very resistant to decomposition, 
which difficult the use of the monosaccharides. This fact has led to the research 
of chemical and biological methods that accelerate the hydrolysis of lignocellulose 
and the accessibility of these sugars Kim et al., (2016). The methods require a large 
amount of water and reagents (strong acids or bases), as well as high-temperature 
conditions. In contrast, biological methods do not require reagents or large amounts 
of water and can be carried out at room or slightly higher temperatures. The enzy-
matic hydrolysis processes are biological methods widely used at the industrial level. 
Pretreatments allow cellulose hydrolysis yields to increase from less than 20% of 
theoretical yields to values greater than 90% and are essential for better energy use 
(Lynd, 1996). Lignocellulosic materials are attractive due to their high availability in 
various climates and locations, which is why there are currently physicochemical and 
biological methods for its transformation into value-added products such as biofuels 
(e.g. biogas or bioethanol). 

There are many techniques commercially available for substrate pretreatment. It 
depends mainly on the type of substrate. The most common treatments are thermal, 
chemical, physical/mechanical, ultrasonic, microwave, biological and metal addition 
methods. For the lignocellulosic raw material (wheat, corn and rice stubble), the most 
effective techniques resulting in considerable increases in biomethane production are 
depicted in Fig. 6 (Chandra et al., 2012; Fu et al., 2015; Gallegos et al., 2017; Hjorth  
et al., 2011; Kainthola et al., 2019; Kong et al., 2018; Mancini et al., 2016; Patil 
et al., 2016; Schroyen et al., 2014; Sharma et al., 1988; Song et al., 2014; Wyman 
et al., 2018).

During the last years, there have been many studies related to the hybridization of 
more than one pretreatment, and it has been observed that the processes optimize the
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Fig. 6 Classification of pretreatments for lignocellulosic material

use of chemicals and energy. In addition, it has been reported that methane production 
improvement combines pretreatments. 

3 Case Study 

The potential energy production in biofuel was calculated considering 1 m3 of 
common agricultural wastes: cereal straw, rice and corn stubble. These substrates 
were evaluated as feedstock for biomethane production through anaerobic digestion 
and bioethanol or biobutanol through alcoholic and ABE fermentation, respectively. 
An economic estimation from the potential energy generated (kWh) or distance (km) 
covered in the case of each substrate and type of biofuel is presented. 

The methodology for the study is based on three phases for the final economic 
evaluation in each biofuel production process (see Fig. 7). The first phase consists of 
calculating the potential of each substrate, taking into account the chemical composi-
tion and physical features as well as the transformations required. The second phase 
consists of estimating energy output and input, respectively. According to previous 
studies, energy consumption was estimated based on the parameter Energy Return 
on Investment (EROI). In the third phase, there is an energy balance that is used for 
economic quantification.
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Fig. 7 Methodology for the study case proposed 

3.1 Characterization of Substrates 

Each substrate’s physical and chemical characteristics are quite similar, although 
slight variations are possible depending on weather, density or hemicellulose, cellu-
lose lignin and ash content. This fact could be reflected in the result (Wiselogel et al., 
(1996). Average values have been considered for each case since these parameters 
depend largely on numerous environmental factors such as humidity, temperature 
and light. Table 1 shows a reference value for the main parameters. 

The density and humidity data of the studied substrates, as well as the chemical 
composition data of the substrates, have been obtained from the following references: 
(Emami et al., 2014; Lawther et al., 1996; Saad, 2012) for cereal straw; (Ishii & 
Furuichi, 2014; Zhang et al., 2013) for rice straw; and (Viamajala et al., 2007) for  
corn stubble. 

The density of each residue is slightly different; the average value for cereal 
straw is 0.17 kg / l, rice straw is 0.15 kg/l, and corn straw is 0.13 kg/l. The residue 
with the highest cellulose content is cereal straw 60.16 kg/m3, followed by rice straw 
51.52 kg/m3 and finally corn straw 43.82 kg/m3. The hemicellulose content is similar 
between cereal straw and corn with 45.12 kg/m3 and 45.26 kg/m3, respectively, rice 
straw is lower with 39.74 kg/m3. Considering the difference between crops, it can 
be observed that the data are quite similar since there are no significant variations

Table 1 Characterization of 
substrates 

Cereal straw Rice straw Corn straw 

Volume 1 m3 1 m3 1 m3 

Straw density 0.17 kg/L 0.15 kg/L 0.13 kg/L 

Mass 170 kg 150 kg 130 kg 

Humidity 6% 8% 18% 

Cellulose content 60.16 kg 51.52 kg 43.82 kg 

Hemicellulose content 45.12 kg 39.74 kg 45.26 kg 

Lignin content 31.58 kg 33.12 kg 6.96 kg 
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in chemical composition, except with corn stubble, which contains a lower cellulose 
value, which ultimately results in less bioenergy production. 

3.2 Transformation of Cellulose and Hemicellulose in Final 
Bioenergy Products. 

Once the content of transformable organic materials was estimated, the potential 
production of biofuel was calculated. Previously reported studies have been taken 
as a reference in which the processes were analysed considering the net energy 
production. As presented in the work of Hall et al. (2011), who studied the processes 
for obtaining biofuels using the parameter EROI, the result could differ depending 
on the processes chosen for biofuels production. In the present work, lignocellulosic 
substrates have been considered a secondary by-product within the main agricultural 
activity, and therefore, consumption involved in grain (food) production has been 
considered zero, following the approach described by Kim and Dale, (2005). For the 
biofuel production process calculations, the following stoichiometric equations have 
been considered (Deublein & Steinhauser, 2008). 

Hemicellulose is transformed into xylose, glucose and other sugars after pretreat-
ment: 

Hemicellulose → (C5H10O5)+(C6H12O6) + other sugars (3) 

Cellulose after the hydrolytic action of endoglucanases, cellobiohydrolases and 
glucosidases is transformed to glucose 

(C6H10O5) 2n → n(C12H22O11) → 2n(C6H12O6) (4) 

These products are the precursors of ethanol after fermentation and distillation: 

3(C5H10O5) → 5(C2H5OH) + 5CO2 (5) 

(C6H12O6) → 2(C2H5OH) + 2 CO2 (6) 

In the case of ABE fermentation, the following transformations take place: 

(C6H12O6) → (CH3COCH3)(Acetone) + 3 CO2 + 4 H2 (7) 

(C6H12O6) → (C4H9OH)(Butanol) + 2 CO2 + H2O (8)  

(C6H12O6)�2(C2H5OH)(Ethanol) + 2 CO2 (9)
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For biomethane obtention, there are reactions different because the process is based 
on anaerobic digestion. We have the following transformations: 

(C6H12O6) n → 3n (CH4)(biomethane) + 3n  (CO2) (10) 

3.3 Energy Produced and Economic Revenues 

The energy balance and economic evaluation were based on different EROI studies in 
which energy involved in the whole process was considered. This reflects the energy 
contained in the form of biofuel considering the raw material (in this case, cereal, 
corn and rice stubble) and the amount of energy that is necessary to transform this 
resource. An energy analysis has been carried out for each biofuel and each waste 
substrate chosen to obtain it. 

There are large differences between previous works published in this matter, which 
leads to large differences in the calculated rates of return. 

As previously explained, the consumption of the agricultural production process 
is excluded from energy balances, including the fuel consumed, machinery, elec-
tricity, fertilizers, irrigation, herbicides, seeds and various transports. Therefore, the 
collection of stubble in the field is regarded as starting point of the process. 

In the input part, the theoretical potential has been considered a function of the 
density of the material, the humidity and the average content of cellulose, hemi-
cellulose and lignin in percentage terms and their conversion rates to glucose after 
hydrolysis. Considering the inputs, the following results have been obtained taking 
1 m3 of the substrate as a common base point for each process (Table 2).

The table shows the final amount of net energy obtained in the three processes to 
obtain each of the biofuels studied, starting from 1 m3 of the substrate, considering 
the energy generated as biofuel and the energy consumed in the production process. 

In obtaining bioethanol, it produces more energy from cereal straw, obtaining 
224.10 kWh; secondly, there is 206.15 kWh rice straw and 151.87 kWh corn straw. 
In obtaining biobutanol, the highest value was obtained through rice straw 47.10 
kWh, secondly, was cereal straw 44.33 kWh and finally corn straw 36.02 kWh (Sun 
et al., 2019). In the biomethane process, the highest amount of energy generated was 
obtained through corn straw 121.17 kWh, cereal straw 95.79 kWh, and the lowest 
value was obtained with rice straw 66.16 kWh (Gómez-Camacho et al., 2021). 

Considering the energy produced with each waste, the distance travelled with each 
biofuel was calculated. Table 3 shows the economic data expressed in dollars that are 
obtained both from the sale of the net energy obtained and from the consumption in 
vehicles in the form of biofuel. This analysis revealed that bioethanol presents better 
economic performance.

The pretreatment technique continues to be the step with the highest energy 
consumption, as mentioned, critical for these substrates. 

Figure 8 represents the net energy produced in biofuel for each waste.
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Table 3 Economic quantification of energy generated and distance travelled 

Wheat straw Rice stubble Corn stubble 

Biomethane Energy production 
(KWh) 

95.79 kWh 66.16 kWh 121.17 kWh 

km (vehicle) 162.91 km 112.52 km 206.06 km 

Energy production 
($) 

11.50 $ 7.94 $ 14.54 $ 

km (vehicle) $ 40.73 $ 28.13 $ 51.52 $ 

Wheat Straw Rice stubble Corn stubble 

Bioethanol Energy production 
(KWh) 

224.10 kWh 206.15 kWh 151.87 kWh 

km (vehicle) 315.63 km 290.35 km 213.90 km 

Energy production 
($) 

26.89 $ 24.74 $ 18.22 $ 

km (vehicle) $ 20.78 $ 19.11 $ 14.08 $ 

Wheat Straw Rice stubble Corn stubble 

Biobutanol Energy production 
(KWh) 

44.33 kWh 47.10 kWh 36.02 kWh 

km (vehicle) 68.31 km 72.58 km 55.50 km 

Energy production 
($) 

5.32 $ 5.65 $ 4.32 $ 

km (vehicle) $ 7.77 $ 8.26 $ 6.31 $

Fig. 8 Net energy production by biofuel and from 1 m3 of substrate for cereal, for rice and corn 
stubble
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Fig. 9 Distance covered by biofuel starting from 1 m3 of substrate for cereal, for rice and corn 
stubble 

As shown in the figure, bioethanol presented a greater energy potential in a theoret-
ical framework. On the other side, methane showed a lower value since a significant 
amount of organic matter is not degraded in the process. The following Fig. 9 repre-
sents the distance in km that could be travelled with biofuels produced by waste, 
replacing fossil fuels. 

The longest distance travelled is obtained from cereal straw transformed to 
bioethanol with 315.63 km, in second place, with rice straw presented a value of 
290.35 km and lastly, corn straw with 213.90 km. For biomethane, the greatest 
distance is achieved through corn straw, 206.06 km, followed by cereal straw, 
162.91 km, and lastly, rice straw with 112.52 km. Biobutanol showed the lowest 
yields compared to the previous biofuels, with values of 72.58 km, 68.31 km and 
55.50 km, for rice straw, cereal straw and corn straw, respectively. 

For the economic analysis of the use of the straw by-product through the explained 
processes, each case’s theoretical energy input and output have been taken, consid-
ering the study presented by Leung and Wang (2016). The next graph represents the 
income from the sale of biofuel (Fig. 10).

Biomethane production is economically more profitable since its price is higher 
than other biofuels. For the calculations, the average values of the current fuel market 
were used, taking a value of $ 1.15 per kg of biomethane for 0.79/l bioethanol and $ 
0.91/l biobutanol. Data were taken from the Alternative Fuel Prices Report, July 2021 
and the U.S. Energy Information Administration (US Department of Energy, 2021). 
1 m3 of corn straw will provide $ 51.52 if biomethane is produced, while $ 40.73 
are obtained in the case of corn straw. Lowest biomethane revenue is obtained from 
d from rice straw, $ 28.13. In the case of bioethanol, $ 20.78 would be obtained 
with cereal straw, $ 19.11 with rice straw and $ 14.08 with corn straw. In the case of 
biobutanol, $ 8.26 would be obtained with rice straw, $ 7.77 with cereal straw and $ 
6.31 with corn straw.
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Fig. 10 Economic benefit from biofuel generated

Considering the inputs and outputs and taking the market price of the costs asso-
ciated with each process, biomethane offers a better ratio per unit volume of stubble. 
The process is progressing, especially in the biogas improvement part, which makes 
this biofuel an alternative to conventional fossil fuels. In the same way, both ethanol 
and butanol also provide positive balances. 

Figure 11 represents the money that would be obtained from the sale of energy, 
considering a value of 0.12 $/kWh as the price of energy, which corresponds to the 
average value of the current market. 

In the case of biomethane, the following values are obtained: $ 14.54, $ 11.5, $ 
7.94 for corn straw, cereal and rice, respectively. In the case of bioethanol, $ 26.89, $

Fig. 11 Economic benefit for generated energy 
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24.74, $ 18.22 are obtained with cereal straw, rice and corn, respectively. In addition, 
in the case of biobutanol, $ 5.65, $ 5.32 and $ 4.32 are obtained with rice straw, 
cereal and corn, respectively. 

Although the internal combustion engines consume a large amount of bioethanol 
(12 L/100 km), bioethanol delivers a longer distance travelled per unit of waste 
processed. The biomethane and biobutanol consumptions used in the calculations 
are 4 kg/100 km and 8 L/100 km, respectively. 

An important benefit can be obtained from 1 m3 of lignocellulosic residue in 
each pathway used. The three biofuels studied to contribute to positive economic 
balances. Biomethane, used as transport biofuel, presents the highest economic bene-
fits. However, in terms of net energy production, bioethanol exhibits better perfor-
mance. This situation can be changeable since prices fluctuate according to the energy 
and food markets. 

4 The Legal Framework of Bioenergy and Its Connection 
with the Circular Economy – The European Initiative 

The integration between climate and energy is unquestionable. Biomass energy has 
a fundamental role in the energy transition towards a renewable model to achieve, at 
the same time, a decarbonized and circular economy. 

This section will study bioenergy and biomass fuels have been considered in the 
new Renewable Energy Directive (European Parliament, 2018) and their role in this 
economic transition. 

4.1 Bioenergy and Circular Economy 

The assessment impact of the Climate Objective Plan to reduce greenhouse gas emis-
sions (GHGs) by 55%, at the same time, is necessary to reach a share of renewable 
energies by 2030 of between 38 and 40% [COM (2020) 562] (European Commission, 
2020b). The main underlying idea is that the reduction of emissions depends on the 
expansion of renewable energies, which, as reflected in the Strategy for the Integration 
of the Energy System [COM (2020) 299 final], must be distributed geographically and 
flexibly integrate different energy vectors, while continuing to make efficient use of 
resources and avoiding pollution. The link between bioenergy and circular economy 
is related to the fact that the circular economy represents an alternative compared 
to a linear economy (extract-manufacture-use-throw away), consisting of keeping 
resources in use for as long as possible reducing and delaying the generation of 
waste. This was enshrined in the Commission Communication of 2 December 2015, 
under the title “Closing the circle: an E.U. action plan for the circular economy”
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[COM (2015) 614 final] (European Commission, 2015), and it emerges with inten-
sity through the European Green Pact that establishes a model of economic growth 
unrelated to the use of resources and where the circular economy is foreseen in several 
of the policies contemplated in the Pact, among which stands out “the mobilization 
of the industry in favor of a clean economy and circulate”. 

From a legal point of view, the circular economy is an instrumental principle 
to achieve later and lofty goals. There is no uniformity in its definition, and it 
has a transversal character with a clear transformative vocation that extends to a 
multiplicity of interrelated (but different) economic activities, such as production, 
consumption, waste management and markets for secondary raw materials (Alenza 
García, 2020). 

The circular economy has had a greater prestige in the sustainable products sector 
and, especially, in the waste sector, since it determines how the principle of hierarchy 
is put into practice in its management, and it has given rise to legislative modifications
- the tending perspective to the “zero waste” that changes the whole concept of waste 
to consider it as a resource (Nogueira López, 2020). It is important to emphasize 
that waste can be used for energy production, and, besides, the energy from residual 
biomass is considered renewable energy. 

Indeed, the results obtained by the intermediate reports of the Action Plan are 
positive [COM (2017) 33 final] (European Commission, 2017), “Report on the 
implementation of the action plan for the circular economy” and [COM (2018) 
29 final] (European Commission, 2018), “Framework monitoring for the circular 
economy”]. Nevertheless, by following the Green Deal and with the premise of 
greater ambition, a new Action Plan for the circular economy aiming at a cleaner 
and more competitive Europe was approved on 11 March 2020 [COM (2020) 98 
final] (European Commission, 2020a), which is headed with the following sentence: 
“We only have one Earth, but in 2050 the world consumption will be equivalent to 
three planets”. 

To achieve greater circularity of the production processes in the industrial sector, 
it proposes, among other actions, to support the circular and sustainable biologi-
cally based sector through the application of the Action Plan for the bioeconomy 
[COM (2018) 763 final] and the incorporation of ecological technologies related to 
an environmental verification system, which will be registered as an E.U. certification 
mark. The circular economy has such importance that one of the Plan’s proposals is, 
precisely, to adapt the E.U. legislation on waste to the circular economy and not the 
other way around, with the consequences that this entails. Also, aiming to the proper 
functioning of the internal market for secondary raw materials, the Commission will 
assess the possibility of developing the end-of-waste criteria in force at the E.U. level 
for certain waste streams. On the other hand, it promotes the role of circularity in 
future revisions of the national energy and climate plans and incorporates the circular 
economy’s objective in the E.U. Taxonomy Regulation. 

These measures may affect the development of bioenergy. However, it is a canvas 
on which one must begin to manoeuvre to achieve concrete results; otherwise, the 
circular economy would remain a very ambitious principle with little practical impact. 
However, the E.U. cannot act alone, but a global transition towards a circular economy



152 A. G. Álvaro et al.

is essential. Therefore, the Commission will propose a global alliance, and, at the 
same time, it will ensure that free trade agreements reflect its objectives. 
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