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Preface

Fossil sources of energy, including crude oil, coal and natural gas, are non-renewable. They
will shrink, if not completely deplete, as the world population is growing and demands for
more energy resources are increasing. Yet, the accumulated waste and pollution have
caused noticeable damage to the environment and humanity. In addition, there is an imme‐
diate need for action to respond to the Climate Agreement of Paris (2015) to sustain minimal
global warming to a temperature below 2°C.

The political and public domains provide strong support for the implementation of an af‐
fordable and carbon-free electricity system, which at the current time sounds utopian. Mov‐
ing our current fossil-fuel dependent world to an advanced ideal state requires a time-
bridge of transition.

Advanced fuels can be formed from sustainable green resources, with fewer emissions and
economical barriers if lands are well managed and agriculture is further modernized. There
are many opportunities for rural agricultural development, with a reasonable production of
biomass. For efficient and sustainable biomass utilization, a zero-waste approach needs to
be embedded. However, with the advancement in processing schemes, biomass is envisaged
to remain the exclusive resource of green carbon to be exploited. Although transport sectors
will rely largely on electricity, biomass derived hydrocarbon fuels will still be required in
many sectors (e.g., aviation), because of the continuous need for high energy density fuels.
The abovementioned facts have been investigated and widely appreciated by scientists and
engineers. This book, entitled ‘Biofuels - Challenges and Opportunities’, presents a discus‐
sion on these issues, emerging solutions and success parameters.

The book is divided into three sections: Production technologies (Section I); Applications
and Challenges (Section II); and Impacts (Section III). Within the three sections, distinguish‐
ed researchers in relevant fields of study from diverse backgrounds of expertise and nation‐
alities have written nine chapters. The editor acknowledges the authors’ contributions, their
prompt response in accepting his invitation, and timely delivery of their quality write-ups.

Dr. Mansour Al Qubeissi
Coventry University

Coventry, UK
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Introductory Chapter: Biofuels - Challenges and 
Opportunities

Mansour Al Qubeissi

Additional information is available at the end of the chapter

1. Background

The climate is undoubtedly experiencing several changes with a global warming, mainly 
attributed to the carbon dioxide (CO2) emission. According to NASA [1] and NOAA [2], CO2 
is at its highest in 650,000 years, leading to the warmest decade on record. During recent 
decades, concerns have arisen regarding climate change, energy security decline, and deple-
tion of hydrocarbon reserves, resulting in a wide interest in renewable alternative fuel 
resources. Many studies (e.g., [3–7]) have shown that biofuels are generally the most appro-
priate replacement to the depleting crude oil.1 They can expand green landscapes, create new 
economic opportunities, be directly used in standard engines, and they are sustainable and 
environmentally friendly. There has been a politically motivated claim; however, that biofuel 
can be harmful with plenty of disadvantages, attributed to some abuse of biomass produc-
tion and misuse. For example, moving palm oil with fossil fuel-powered trucks and burning 
peat bogs to prepare biomass can result in significant greenhouse emissions. Also, economic 
risks are interpreted with financial loss to certain fossil fuel-productive beneficiaries (e.g., 
the OPEC). Other claims (e.g., [8]) impose that biofuel production competes with food stock 
although biofuel is not necessarily addible product, or vigorously agricultural-land planted. 
Such misleading assumptions and debates guided the European Parliament in January 2018 
to propose an end to the import and use of palm oil by 2030 [9]. In fact, the EU move to cut 
imports on palm oil is a suspect of cynical move to protect the EU vegetable oil producers and 
fossil fuel-reliant industry [10]. There are enough statistics and empirical data to dispute such 
claims and evaluate the importance of biofuels for future on the expense of the insignificant 
disadvantages [3, 7]. This book proposes approaches to overcome challenges and achieves 
some tough targets for alternative fuel production and utilization.

1Hereafter, the word “biofuels” refers to biomass fuels, including biodiesel fuels.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Over the past four decades, the data show three distinct periods of food price inflation, 
and the lowest of which was during 1991–2015 at 2.6%, encompassing the biofuel boom. 
Comparatively, the inflation rate during 1981–1991 was 3.8%, and the rate during 1973–1981 
was 8.3%. There was no noticeable change in the world’s average grain and oil price inflation 
before and after 2000, in reference to the beginning of the biofuel boom. Crude oil prices, how-
ever, have had the highest correlation with food price indices. Currently, the main barriers to 
the spread of biofuel are its relevant cost of production and competition between some types 
of biofuels and food stock. Therefore, wastes play an important role in reducing these costs 
and recycling dump materials. Production of biofuels from nonfood biomass has emerged as 
a sustainable option to tackle the problems associated with growing demand of energy.

2. Contribution of this book

In this work, as well as providing the descriptions on emerging biofuel technologies to mimic 
the above-mentioned risks, the chemical and thermal properties of biofuels are described. For 
example, methanol and ethanol are studied as possible alternative liquid fuel candidates to 
resemble several physical and combustion properties of gasoline. The study shows that such 
a fuel blend decreases the engine brake power, increases the BSFC, and decreases the CO 
and HC emissions, compared to those produced using gasoline (fossil) fuel. The pretreated 
samples are analyzed for mass and energy yields, calorific values, proximate and elemental 
compositions, and thermal decompositions. This book also provides basic analyses of diesel, 
gasoline, and various types of biofuels (including biodiesel fuels) and assessment on limited 
and unlimited emissions (e.g., greenhouse gases, dangerous exhaust gases, and strong car-
cinogens and their contents) during and after combustion pathways. The results are evaluated 
in comparison to trusted measurements and numerical standards. The research equipment is 
adapted with sensitivity measurements to the environmental contamination.

A one-dimensional model of gasoline engine is developed for predicting the effect of vari-
ous fuel types on engine performance, specific fuel consumption, and emissions. The role of 
microbial consortium-based biocatalyst strategies that are being developed to address these 
issues are reviewed and discussed. Microbial co-culture biocatalysts are engineered to spe-
cialize the conversion of a general class of substrates present in the biomass hydrolysates 
into biofuel intermediates, with the capability of adapting them to the variable composition 
of the feedstock. The techniques being developed to understand the interaction between 
the members of the bioconversion consortia and the corresponding population dynam-
ics of the engineered co-cultures are also presented. The simulation of transesterification 
requires in-depth understanding of the chemical reactions that take place inside the reactor. 
The development of reaction mechanism of the multiple step triglyceride, triglycerides, and 
monoglycerides and their reversal reaction is beyond the interest of chemical or mechanical 
engineers, whose main interests focus on the assessment of the overall conversion and the 
established performance process metrics. The work undertakes all relevant activities by estab-
lishing and formulating the overall process kinetics, as far as the rate constant and activation 
energy. The obtained values are used to carry out high fidelity reactive flow of the multiple 
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species, copresent inside the reactor, and otherwise complex to be captured experimentally. 
Experimental results, high-fidelity numerical results, and parametric sensitivity studies will 
be introduced and discussed. Through a reaction of alkaline transesterification of biodiesel, 
several mixtures of diesel-biodiesel and their characteristics are assessed and prepared for 
tests. For example, kinematic viscosity and high heating value of pure biodiesel (B100), pure 
diesel, and four biodiesel-diesel fuel blends, B2, B5, B10, and B20, have been determined.2 
B100, diesel, and their blends are used in full-cycle tests of four cylinder engines. A virtual 
instrumentation technology has been developed and implemented into the test approaches. 
Such advancement has allowed monitoring (in real time) the parameters of internal combus-
tion engines and presented the versatility, flexibility, scalability, and capacity to function in 
equipment that operates with different liquid fuels at a lower cost than that of conventional 
systems. These characteristics represent significant benefit, in comparison to the classical 
measurement and monitoring approaches, in present market.

3. Concluding remark

To conclude, the use of biofuels is expected to contribute to the energy sustainability and 
reduction of global warming. For instance, many efforts have been made to replace gasoline 
and diesel fuels with ethanol/gasoline and biodiesel/diesel fuel blends, respectively [11–16]. 
These efforts have been driven mainly by the importance of reducing greenhouse emissions 
and fossil fuel costs [17–19]. According to the US environment protection agency [20], all 
gasoline engine vehicles can use a blend of gasoline fuel with up to 10% volume fraction of 
ethanol without the need for engine modification. The reduction in CO2 emissions without 
the loss of engine performance is nontrivial for this mixture [21]. For example, mixtures with 
up to 15% volume fraction of ethanol and 85% volume fraction of gasoline fuel have been 
approved for use in 2001 and newer vehicles, under the US federal standards for renewable 
fuel [22]; while mixtures with up to 85% volume fraction of ethanol and 15% volume fraction 
of gasoline fuel (i.e., flex fuels) have been defined as qualifying alternative fuels for flex-fuel 
vehicles [20]. Therefore, it was important to investigate the difference between ethanol and 
gasoline fuel characteristics and their blends.
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2BX refers to X% volume fraction of biodiesel mixed with (100-X)% volume fraction of diesel fuel.
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Abstract

This chapter intends to bring an overview about the Brazilian researches and their contri-
butions to the production of biodiesel fromwastes. Currently, the main obstacles to spread
the use of biodiesel are its high cost of production and the competition between biodiesel
and food industries. So, the use of wastes plays an important role in reducing the biodiesel
costs and reusing the materials that have no other applications, as deodorization residues,
neutralization soap sticks, and animal fats, among others. Then, we present a review
about Brazilian studies involving waste oils and fatty–acid-rich raw materials that helped
the advancement in this field of knowledge during the last few years.
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1. Introduction

Since the 1950s, Petroleum has become the most important source of raw material for indus-
trial chemistry and of fuel. Although in recent years, fossil fuel reserves have been provided for
the next two decades, particularly heavy oil, tar sands, and deepwater drilling and oil and
shale gas have grown, there are large uncertainties in the economy of their exploitation
through current methodologies. Therefore, in the future, renewable resources should regain
their importance, since the choice of the raw material acquires an ever greater significance, not
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only for economic reasons but also because the initial choice will determine the properties of its
derivatives and, consequently, the environmental impacts [1–3].

Non-renewable natural resources, fossil fuels, will not be sustainable in the next century due to
the high consumption rate (the rate of global energy use is expected to increase from its current
level of about 20–27 TW by 2050 and can reach 43 TW by 2100) [1–3] and the serious environ-
mental problems that accompany their combustion. There is an urgent need to develop new
forms of energy that are clean, renewable, and low-cost.

In this sense, several countries have developed treaties proposing a gradual reduction in the
use of fossil fuel derivatives, as well as an increase in actions aiming the technological devel-
opment of biofuel production and consumption, and in this way, to minimize the growing
signs of global climate change [4, 5]. Moreover, the interest in the world-wide research in
improving the production of better-quality fuels that cause less damage to the environment
as well as lower expenses for the producers [6] and Brazil follows the world trends.

Brazil presents a highlighted position about the countries in the world, having 18% of fuel
sources and 45% of the energy consumed of renewable while all over the world has 14% of the
energy coming from renewable energy sources. In the search for the alternative sources to the
use of oil, Brazil presented itself as a pioneer country in the use of biofuels, standing out from
many countries that search for sources of renewable energy [7]. For instance, the Brazilian
production of alcohol in 2009 reaches 25,866.06 m3, in contrast to 12,588.00 m3, before flex-fuel
vehicle implantation. For biodiesel, the Brazilian production (Figure 1) was 736 m3 in 2005 to
3,419,838 m3 in 2014 [8].

Figure 1. (a) Evolution of biodiesel production; (b) production of biodiesel according to large Brazilian regions in 2015 [4].
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This highlighted position can be explained for some reasons. First, Brazil is a tropical country
with continental dimensions that allow the exploitation of traditional crops such as sugarcane,
soybean, peanut, sunflower, castor bean, and palm oil, as well as new alternatives such as
tucumã, babaçu, pequi, buriti, jupati, and a wide variety of oilseeds to be explored. Further-
more, due to its great size and variety of climates with many regions of pastures, it is one of the
greatest exporters of bovine meat of the world, which can improve the biodiesel production, as
can be seen ahead.

Another reason is its experience to produce biofuels. The first reports of the Brazilian experi-
ments with the production of biodiesel and ethanol are from the 1920s, when the National
Institute of Technology began to study these biofuels [9, 10]. However, the high consumption
of biofuels in the country occurred in the 1970s, with the implementation of the Brazilian
biofuel program PROÁLCOOL (National Alcohol Program). With the experience acquired in
the implementation of PROÁLCOOL, the Brazilian government launched in December 2004
the National Program for the Production and Use of Biodiesel (PNPB) [10]. In 2005, it was
established by law 11,097 that biodiesel should be blended with petroleum oil in 2% (B2),
increasing to 5% (B5) in 2013. Under these conditions, the National Petroleum Agency (ANP) is
responsible for regulating and complying with established rules for the commercialization of
biofuels, which are currently defined as 8% (B8) of biodiesel in petroleum diesel [7].

Currently, Brazil stands out worldwide for the production of sugarcane alcohol and soybean
biodiesel, both considered of first generation. However, their current limitation is their high
price, which sometimes approaches the cost of fossil diesel fuel. Therefore, the study of
alternative raw materials is of major importance for not competing with the food market and
reduces production costs, therefore increasing the economic competitiveness of biofuels [11].

In this way, Brazilian researchers have been studying some alternatives to improve the contri-
bution of these biofuels to the energy matrix. In the case of biodiesel we can cite microalgae
[12] and cyanobacteria [13] produced naturally, and some types of non-edible plant oils, such
as Jatropha curcas, castor bean, Murumuru, buriti, and pracaxi, can play a considerable role in
the supply of alternative feedstock. On the other hand, they require a large available farmland
[7, 14]. Then, a largely accepted strategy to reduce the cost of biodiesel is the use of wastes for
the production of biodiesel; besides bringing substantial environmental benefits, it provides an
alternative for the final disposal previously discharged in the environment [7].

Based on this context, this chapter intends to bring a review of researches developed by
Brazilian researchers in the field of recovering residues, using different types of approaches
related to the subject of Biodiesel.

2. Waste valorization and the biodiesel in Brazil

There is no doubt that the valorization of wastes plays an important role in the field of biofuel
generation due to the low price of such feedstocks, which is a fundamental requirement to
reduce prices and to increase the competition of biofuels compared to fossil fuels. However,
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there are several advantages in reusing materials that could damage the environment. It could
reduce the pollutant disposal and could possibility increase the employment generation due to
the great amount of people that could be involved in the waste recovery and in the biofuel
industry. All these findings enforce researchers to evaluate the feedstocks, the best conditions,
and the techniques to produce such waste-based biofuels.

From now on, some literature reports (from the last 15 years) will be presented in this point of
view. It is important to point out that there are a great number of scientific articles related to
this subject using different approaches. From the study of techniques to characterize the
different wastes and waste-based biofuels to the study of purification methods of these
biofuels, all are reported. Socioeconomic analysis of the waste valorization and the engine tests
are also found in the literature.

Despite such diversity, when focusing in waste valorization, it is possible to point out two
wastes that have been studied and whose biodiesels have already been produced (even on a
microscale): cooking oil and cattle fat. For this reason, both fats will receive a certain highlight
in this manuscript. However, other aspects and examples will be mentioned elsewhere.

2.1. Waste cooking oil or frying waste oil (WCO or FWO)

The price of biodiesel is currently the highest selling price since depending on its source it can
cost up to 1.5 times more than diesel oil. One way to convey this problem would be the use of
oil sources that are the least expensive, such as waste and tailings. The cooking oil used is a
raw material that has been used that reduces costs and decreases the amount of material in the
environment. In Brazil, the recycling of frying oil is receiving importance and investments
from companies interested in carrying out the proper disposal of this waste as well as having
an outlook toward profit. Brazil already produces biodiesel from WCO; however, the amount
of WCO in the energy matrix is still very low. For instance, just 0.5% of Brazilian biodiesel was
produced from WCO in 2015. This value could be very higher, mainly if we consider that
Brazil has an estimate of generation of used oils close to 329,020 t/year [7, 15].

Some rural places had problems with de supply of fuel; the WCO would be a good source for
biofuels and will solve this problem and besides will change the centralization of the biodiesel
production [15].

Some Brazilian researches have been important to increase the knowledge about the WCO
biodiesel to improve its role in the energy matrix, as can be seen below:

• In 2000, Costa Neto et al. [16] have presented some comparisons of the quality between
the frying oil used as a source of biodiesel and diesel. Were tested your performance in
diesel engines even as the characterization of the emissions derived from this process,
being observed a significant reduction of fume when biodiesel from waste oil was used. In
that year they already alert concerning the importance of a National Program to promote
the biodiesel use, which be created just in 2004.

• Hocevar et al. [17] determined the composition in percentage of waste frying oil blends
with soy oil, palm oil, and hydrogenated fat by some techniques such as mid-infrared
spectroscopy in association with multivariate chemometric analysis. Using this method, a
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first estimation of the principal component of oil blends was made possible, as well as the
partial least square regression was used to predict the content of each type of oil present in
blends of waste frying oil. Then, they showed that this methodology could be very useful
for the rapid, reagent-free, low-cost determination of the composition of waste cooking oil
and can aid in decision-making regarding the pretreatment of oils and the production
routes for biodiesel.

• The current production of biodiesel uses alkaline liquid catalysts that lead to some draw-
backs of production like impossibility to reuse the catalyst as well as high corrosiveness of
the catalyst. This situation leads to the use of solid catalysts that also show some problems
found in the reactive process like the leaching and deactivation of the catalyst in the
presence of water during the reaction of esterification of FFA. Considering all this infor-
mation, in a study of 2011, Silva et al. [18] evaluated the catalytic activity of tin chloride,
SnCl2, which is less corrosive, water tolerant, and a recyclable Lewis acid catalyst, in FFA
ethanolysis using waste cooking oil samples (WCO) obtaining success reaching high
conversions of FFA into FAEE (fatty acid ethyl esters) in almost all catalytic runs; even
when compared to pTSA(p-toluenesulfonic acid), the SnCl2 catalyst efficiently promoted
FFA ethanolysis in the presence of high water concentrations (ca. 5.0% w/w).

• Alberici and co-workers [19] showed that the biodiesel produced from used frying oil
show better quality when compared with other common oils. The parameters of quality of
biodiesel like the induction period, the acid number, the iodine value, and the heat of
combustion were tested in this biofuel. They also reported that an artificial antioxidant,
N,N0-di-sec-butyl-p-phenylenediamine, was shown to significantly increase the oxidative
stability of the used frying oil biodiesel at a trace level.

• In 2016, Vescovi et al. [20] produced biodiesel from lipase-catalyzed (immobilized
Thermomyces lanuginosus lipase and immobilized Candida antarctica lipase B) hydrolysis of
waste cooking oil (WCO) followed by esterification of the hydrolyzedWCO (HWCO). The
hydrolysis of acylglycerols was almost complete after 12 h (ca. 94%), and in the esterifica-
tion step, the conversion was around 90% after 6 h. The purified biodiesel had 91.8 wt% of
fatty acid ethyl esters.

• Hydroesterification is innovation biodiesel production using low-cost feedstocks by two
steps: hydrolysis of waste cooking oil to FFAs in subcritical water and chemical esterifica-
tion of FFAs into FAMEs (biodiesel) with methanol. In their paper, Santos and collabora-
tors [21] performed an effective hydrolysis and validated the relationship between FFA
and FAME yields; the study with experimental factorial design using a batch reactor with
different parameters to obtain an optimal condition for the hydrolysis was used, and they
found a conversion of the FFAs into 98.5 wt% of FAMEs with high quality by esterification
in biodiesel production, suggesting that the biodiesel produced by the subcritical/chemi-
cal hydroesterification process has similar qualities to those of the biodiesel obtained by
traditional alkaline transesterification.

• Recently (2018), Poppe et al. [22] described the use of an ultrasound system for the
enzymatic transesterification of oils using combi-lipases as a biocatalyst. Reactions were
performed in a mixture design of three factors to obtain the ideal mixture of lipases
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there are several advantages in reusing materials that could damage the environment. It could
reduce the pollutant disposal and could possibility increase the employment generation due to
the great amount of people that could be involved in the waste recovery and in the biofuel
industry. All these findings enforce researchers to evaluate the feedstocks, the best conditions,
and the techniques to produce such waste-based biofuels.

From now on, some literature reports (from the last 15 years) will be presented in this point of
view. It is important to point out that there are a great number of scientific articles related to
this subject using different approaches. From the study of techniques to characterize the
different wastes and waste-based biofuels to the study of purification methods of these
biofuels, all are reported. Socioeconomic analysis of the waste valorization and the engine tests
are also found in the literature.

Despite such diversity, when focusing in waste valorization, it is possible to point out two
wastes that have been studied and whose biodiesels have already been produced (even on a
microscale): cooking oil and cattle fat. For this reason, both fats will receive a certain highlight
in this manuscript. However, other aspects and examples will be mentioned elsewhere.
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raw material that has been used that reduces costs and decreases the amount of material in the
environment. In Brazil, the recycling of frying oil is receiving importance and investments
from companies interested in carrying out the proper disposal of this waste as well as having
an outlook toward profit. Brazil already produces biodiesel from WCO; however, the amount
of WCO in the energy matrix is still very low. For instance, just 0.5% of Brazilian biodiesel was
produced from WCO in 2015. This value could be very higher, mainly if we consider that
Brazil has an estimate of generation of used oils close to 329,020 t/year [7, 15].

Some rural places had problems with de supply of fuel; the WCO would be a good source for
biofuels and will solve this problem and besides will change the centralization of the biodiesel
production [15].

Some Brazilian researches have been important to increase the knowledge about the WCO
biodiesel to improve its role in the energy matrix, as can be seen below:

• In 2000, Costa Neto et al. [16] have presented some comparisons of the quality between
the frying oil used as a source of biodiesel and diesel. Were tested your performance in
diesel engines even as the characterization of the emissions derived from this process,
being observed a significant reduction of fume when biodiesel from waste oil was used. In
that year they already alert concerning the importance of a National Program to promote
the biodiesel use, which be created just in 2004.

• Hocevar et al. [17] determined the composition in percentage of waste frying oil blends
with soy oil, palm oil, and hydrogenated fat by some techniques such as mid-infrared
spectroscopy in association with multivariate chemometric analysis. Using this method, a
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first estimation of the principal component of oil blends was made possible, as well as the
partial least square regression was used to predict the content of each type of oil present in
blends of waste frying oil. Then, they showed that this methodology could be very useful
for the rapid, reagent-free, low-cost determination of the composition of waste cooking oil
and can aid in decision-making regarding the pretreatment of oils and the production
routes for biodiesel.

• The current production of biodiesel uses alkaline liquid catalysts that lead to some draw-
backs of production like impossibility to reuse the catalyst as well as high corrosiveness of
the catalyst. This situation leads to the use of solid catalysts that also show some problems
found in the reactive process like the leaching and deactivation of the catalyst in the
presence of water during the reaction of esterification of FFA. Considering all this infor-
mation, in a study of 2011, Silva et al. [18] evaluated the catalytic activity of tin chloride,
SnCl2, which is less corrosive, water tolerant, and a recyclable Lewis acid catalyst, in FFA
ethanolysis using waste cooking oil samples (WCO) obtaining success reaching high
conversions of FFA into FAEE (fatty acid ethyl esters) in almost all catalytic runs; even
when compared to pTSA(p-toluenesulfonic acid), the SnCl2 catalyst efficiently promoted
FFA ethanolysis in the presence of high water concentrations (ca. 5.0% w/w).

• Alberici and co-workers [19] showed that the biodiesel produced from used frying oil
show better quality when compared with other common oils. The parameters of quality of
biodiesel like the induction period, the acid number, the iodine value, and the heat of
combustion were tested in this biofuel. They also reported that an artificial antioxidant,
N,N0-di-sec-butyl-p-phenylenediamine, was shown to significantly increase the oxidative
stability of the used frying oil biodiesel at a trace level.

• In 2016, Vescovi et al. [20] produced biodiesel from lipase-catalyzed (immobilized
Thermomyces lanuginosus lipase and immobilized Candida antarctica lipase B) hydrolysis of
waste cooking oil (WCO) followed by esterification of the hydrolyzedWCO (HWCO). The
hydrolysis of acylglycerols was almost complete after 12 h (ca. 94%), and in the esterifica-
tion step, the conversion was around 90% after 6 h. The purified biodiesel had 91.8 wt% of
fatty acid ethyl esters.

• Hydroesterification is innovation biodiesel production using low-cost feedstocks by two
steps: hydrolysis of waste cooking oil to FFAs in subcritical water and chemical esterifica-
tion of FFAs into FAMEs (biodiesel) with methanol. In their paper, Santos and collabora-
tors [21] performed an effective hydrolysis and validated the relationship between FFA
and FAME yields; the study with experimental factorial design using a batch reactor with
different parameters to obtain an optimal condition for the hydrolysis was used, and they
found a conversion of the FFAs into 98.5 wt% of FAMEs with high quality by esterification
in biodiesel production, suggesting that the biodiesel produced by the subcritical/chemi-
cal hydroesterification process has similar qualities to those of the biodiesel obtained by
traditional alkaline transesterification.

• Recently (2018), Poppe et al. [22] described the use of an ultrasound system for the
enzymatic transesterification of oils using combi-lipases as a biocatalyst. Reactions were
performed in a mixture design of three factors to obtain the ideal mixture of lipases
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(CALB, TLL, and RML) according to the composition of fatty acids present in each oil, and
the main reaction variables were optimized. After 18 h of reaction, ultrasound provided a
biodiesel yield of about 90% when using soybean oil and 70% using the waste oil. They
concluded that having a good composition of fatty acids in soybean oil and waste oil the
ultrasound technology can increase the yields of the reaction of biodiesel synthesis reac-
tion. Using combi-lipase catalysts and ultrasound, the waste oil can be a good source of
biodiesel to decrease the process costs in the enzymatic production of biodiesel.

Moreover, there are in the literature some papers about production of biodiesel on a pilot scale
and socioeconomic impacts or life cycle assessment (LCA), as can be seen below:

Schneider et al. [23] aimed to recognize the production condition of waste oils and fats in the
urban area of small towns (Arroio do Tigre-State of Rio Grande do Sul-5511 inhabitants) in
order to define actions that will reduce the environmental impact of this activity in public
places and homes. They analyzed the frying oil from two restaurants and produced biodiesel
on a pilot scale with the CH3ONa catalyst and obtained 96.6% of conversion, and the quality
parameters agree with those of the National Petroleum Agency (ANP).

In another paper, Moecke et al. [24] described a biodiesel production plant installed at Pinheira
Beach in the state of Santa Catarina (Brazil), and the transesterification production process was
used to convert waste cooking oils into biodiesel using basic catalysis in the presence ofmethanol.
A batch systemwith the capacity to produce 200 L of biodiesel per daywas adopted, and a 94.38%
ester content was reached. They also discussed the environmental, social, and economic impacts
by analyzing the biodiesel production by life cycle assessment (LCA). The LCA shows some
categories that most contribute to the emissions in the biodiesel production process. With 92.10%
of contribution, the collection stage is the most emitter with a huge difference in the production
stages, that they send 7.9% only. This plant of biodiesel production can provide some gains for the
local community like the environmental education and cooking oil recycling opportunities.

Recently, Silva Filho and collaborators [25] produced two integrated papers where they first
produced biodiesel from waste frying oil and performed a kinetic study of the transesteri-
fication reaction for each frying oil source. After that, in a diesel oil engine, they measured
energy and greenhouse gas emission efficiency values. Besides that, people answered some
questions for the evaluation of the environmental and economic sustainability of the city of São
Paulo. Their measurements showed that the biodiesel kinetics were zero order relative to the
frying oil concentration, leading to a 90.10% yield, and the biodiesel physicochemical proper-
ties agree with the ANP standards. For blends up to 30%, there was a reduction in greenhouse
gas emissions by 33% compared to diesel oil. According to the statistical survey, São Paulo has
a production potential of more than 8800 m3/month, which could generate savings of US$
5,000,000/month or US$ 7,000,000/month considering the sale of excess biodiesel, glycerin, and
carbon credits. In this second paper, they related the variation of the concentration of waste
frying oil (WFO) with the reaction time and temperature during the transesterification of
WFOs collected in São Paulo. Then, the biodiesel samples were mixed with the S-10 diesel oil
in order to obtain the B10, B20, B30, B40, B50, B75, and B100 blends, which were tested in a
diesel engine, and their power, fuel consumption, and gas emissions (CO, CO2, and SO2) have
been measured to verify their greenhouse effect and energy efficiency [26].

Biofuels - Challenges and opportunities14

For the worldwide famous city of Rio de Janeiro, a LCA study was performed by Souza et al.
[27]; they analyzed the potential environmental impacts and socioeconomic benefits of
installing a pilot plant for biodiesel production from used cooking oil (UCO) collected from
hotels, restaurants, and bars in the Copacabana district of Rio de Janeiro, Brazil. An analysis
was made of the production of biodiesel by the alkaline transesterification of UCO with
ethanol using data taken from a pilot plant with a capacity to produce 250 l/batch. The findings
of their economic analysis showed that it would be feasible for the Rio de Janeiro city council to
implement a pilot plant in the Copacabana district of the city. The results of the social perfor-
mance analysis indicated that the project would have a positive impact on local jobs and
income generation.

Another study related to ambient aspects was developed in 2017 byD’Agosto et al. [28], in which
there is an examination about the CO2 emissions from the combustion of a biodiesel-diesel blend
in stationary internal combustion engines to generate electricity by an original approach. They
analyzed emissions according to the feedstock used for biodiesel production—soybean oil, palm
oil, waste frying oil—through the methyl and ethyl routes. Besides that, the Tukey test was used,
showing that, in general, higher engine loads led to a decrease in CO2 emissions in comparison
with the standard B4 (4% biodiesel) blend mandated in Brazil in that year.

2.2. Animal fats

Most researches related to renewable fuel are mainly focused on obtaining biodiesel obtained
from vegetable oils. However, the use of a large supply of vegetable oils as feedstocks may lead
to food scarcity because of the edible oil sources, which are primarily meant for human con-
sumption. Consequently, the use of animal fat waste as cheap sources of feedstock in biodiesel
production has gained more and more interest, including by Brazilian researchers [29].

2.2.1. Beef tallow

Brazil owns one of the largest cattles in the world, and this helps to explain the fact that, since
2008, the use of beef tallow for biodiesel production has become increasingly significant,
accounting for about 20% of sales of this biofuel in the country. [30]. For this reason, a diversity
of scientific studies are found in the literature, as described below:

• In a paper of Araújo et al. [31], published in 2010, the transesterification of tallow by
homogeneous catalysis with a solution of methanolic KOH was carried out by means of
heating and preliminary formation of a microemulsion, and the beef tallow biodiesel was
obtained with a high yield (96.26%). The fatty acids from beef tallow were characterized
by gas chromatography-mass spectrometry (GC–MS) and quantified by thermogra-
vimetric analysis (TGA). The correlation of data between the TGA and GC-MS techniques
showed a good linear correlation coefficient, making it possible and appropriate for
employment for compositional studies (%) of saturated and unsaturated fatty acids in
samples of biodiesel from beef tallow by thermogravimetric techniques.

• In 2009, Teixeira and co-workers [32] reported that despite the use of ultrasonic energy for
biodiesel production from different vegetable oils, its application for biodiesel production
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(CALB, TLL, and RML) according to the composition of fatty acids present in each oil, and
the main reaction variables were optimized. After 18 h of reaction, ultrasound provided a
biodiesel yield of about 90% when using soybean oil and 70% using the waste oil. They
concluded that having a good composition of fatty acids in soybean oil and waste oil the
ultrasound technology can increase the yields of the reaction of biodiesel synthesis reac-
tion. Using combi-lipase catalysts and ultrasound, the waste oil can be a good source of
biodiesel to decrease the process costs in the enzymatic production of biodiesel.

Moreover, there are in the literature some papers about production of biodiesel on a pilot scale
and socioeconomic impacts or life cycle assessment (LCA), as can be seen below:

Schneider et al. [23] aimed to recognize the production condition of waste oils and fats in the
urban area of small towns (Arroio do Tigre-State of Rio Grande do Sul-5511 inhabitants) in
order to define actions that will reduce the environmental impact of this activity in public
places and homes. They analyzed the frying oil from two restaurants and produced biodiesel
on a pilot scale with the CH3ONa catalyst and obtained 96.6% of conversion, and the quality
parameters agree with those of the National Petroleum Agency (ANP).

In another paper, Moecke et al. [24] described a biodiesel production plant installed at Pinheira
Beach in the state of Santa Catarina (Brazil), and the transesterification production process was
used to convert waste cooking oils into biodiesel using basic catalysis in the presence ofmethanol.
A batch systemwith the capacity to produce 200 L of biodiesel per daywas adopted, and a 94.38%
ester content was reached. They also discussed the environmental, social, and economic impacts
by analyzing the biodiesel production by life cycle assessment (LCA). The LCA shows some
categories that most contribute to the emissions in the biodiesel production process. With 92.10%
of contribution, the collection stage is the most emitter with a huge difference in the production
stages, that they send 7.9% only. This plant of biodiesel production can provide some gains for the
local community like the environmental education and cooking oil recycling opportunities.

Recently, Silva Filho and collaborators [25] produced two integrated papers where they first
produced biodiesel from waste frying oil and performed a kinetic study of the transesteri-
fication reaction for each frying oil source. After that, in a diesel oil engine, they measured
energy and greenhouse gas emission efficiency values. Besides that, people answered some
questions for the evaluation of the environmental and economic sustainability of the city of São
Paulo. Their measurements showed that the biodiesel kinetics were zero order relative to the
frying oil concentration, leading to a 90.10% yield, and the biodiesel physicochemical proper-
ties agree with the ANP standards. For blends up to 30%, there was a reduction in greenhouse
gas emissions by 33% compared to diesel oil. According to the statistical survey, São Paulo has
a production potential of more than 8800 m3/month, which could generate savings of US$
5,000,000/month or US$ 7,000,000/month considering the sale of excess biodiesel, glycerin, and
carbon credits. In this second paper, they related the variation of the concentration of waste
frying oil (WFO) with the reaction time and temperature during the transesterification of
WFOs collected in São Paulo. Then, the biodiesel samples were mixed with the S-10 diesel oil
in order to obtain the B10, B20, B30, B40, B50, B75, and B100 blends, which were tested in a
diesel engine, and their power, fuel consumption, and gas emissions (CO, CO2, and SO2) have
been measured to verify their greenhouse effect and energy efficiency [26].
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installing a pilot plant for biodiesel production from used cooking oil (UCO) collected from
hotels, restaurants, and bars in the Copacabana district of Rio de Janeiro, Brazil. An analysis
was made of the production of biodiesel by the alkaline transesterification of UCO with
ethanol using data taken from a pilot plant with a capacity to produce 250 l/batch. The findings
of their economic analysis showed that it would be feasible for the Rio de Janeiro city council to
implement a pilot plant in the Copacabana district of the city. The results of the social perfor-
mance analysis indicated that the project would have a positive impact on local jobs and
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there is an examination about the CO2 emissions from the combustion of a biodiesel-diesel blend
in stationary internal combustion engines to generate electricity by an original approach. They
analyzed emissions according to the feedstock used for biodiesel production—soybean oil, palm
oil, waste frying oil—through the methyl and ethyl routes. Besides that, the Tukey test was used,
showing that, in general, higher engine loads led to a decrease in CO2 emissions in comparison
with the standard B4 (4% biodiesel) blend mandated in Brazil in that year.

2.2. Animal fats

Most researches related to renewable fuel are mainly focused on obtaining biodiesel obtained
from vegetable oils. However, the use of a large supply of vegetable oils as feedstocks may lead
to food scarcity because of the edible oil sources, which are primarily meant for human con-
sumption. Consequently, the use of animal fat waste as cheap sources of feedstock in biodiesel
production has gained more and more interest, including by Brazilian researchers [29].

2.2.1. Beef tallow

Brazil owns one of the largest cattles in the world, and this helps to explain the fact that, since
2008, the use of beef tallow for biodiesel production has become increasingly significant,
accounting for about 20% of sales of this biofuel in the country. [30]. For this reason, a diversity
of scientific studies are found in the literature, as described below:

• In a paper of Araújo et al. [31], published in 2010, the transesterification of tallow by
homogeneous catalysis with a solution of methanolic KOH was carried out by means of
heating and preliminary formation of a microemulsion, and the beef tallow biodiesel was
obtained with a high yield (96.26%). The fatty acids from beef tallow were characterized
by gas chromatography-mass spectrometry (GC–MS) and quantified by thermogra-
vimetric analysis (TGA). The correlation of data between the TGA and GC-MS techniques
showed a good linear correlation coefficient, making it possible and appropriate for
employment for compositional studies (%) of saturated and unsaturated fatty acids in
samples of biodiesel from beef tallow by thermogravimetric techniques.

• In 2009, Teixeira and co-workers [32] reported that despite the use of ultrasonic energy for
biodiesel production from different vegetable oils, its application for biodiesel production
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from beef tallow has received little attention. Then, they performed the transesterification
of beef tallow with methanol using ultrasound irradiation, and their results indicated that
the reaction conversion and biodiesel quality were similar; however, the use of ultrasonic
irradiation decreased the reaction time, showing that this method could be a promising
alternative to the conventional method.

Considering another energy source, in 2012, Da Rós et al. [33] developed by a full 22 factorial
design leading to a set of seven runs with different combinations of molar ratio and temperature
to find the optimal conditions for the microwave-assisted enzymatic (Burkholderia cepacia
immobilized on silica-PVA) synthesis of biodiesel. Their main goal was to reduce the reaction
time preliminarily established by a process of conventional heating. Under optimized conditions,
almost total fatty acid present in the original beef tallow was converted into ethyl esters,
representing an increase in sixfold for the process carried out under conventional heating.

• The nature of the solid residue formed in beef tallow biodiesel from two commercial
producers in Brazil was determined by comparative analytical techniques, namely, gas
chromatography with flame ionization detector (GC-FID) and thermogravimetry (TG) in
a study of Fernandes Júnior and collaborators [34]. Their chromatographic and thermo-
gravimetric results confirmed the nature of the residue as saturated monoglycerides,
predominantly monostearin and monopalmitin.

• In another study, Moraes et al. [35] showed that the technique CGxCG can show results of
characterization of oils and blends of the biodiesel/petrodiesel providing the percentage of
the esters in biodiesel and the diesel blends.

• Even the biodegradation by microbial action was already studied. In their paper, Cazarolli
and collaborators [36] compared the microbial growth (spores of the filamentous fungi
Pseudallescheria boydii) in biodiesel obtained from tallow catalyzed by NaOH or KOH and
purified with water or the solid adsorbent magnesium silicate. After 60 days, they related
lower biomass formation in the biodiesel NaOH-water followed by biodiesel NaOH-
magnesol and that the biodiesel KOH-magnesol and KOH-water favored the biomass
formation.

Analogous to the waste oils, the beef tallow has also been studied in terms of its production in
pilot scale, blends with diesel, and tests in diesel engines. For instance, Cunha and co-workers
[37] produced biodiesel from beef tallow in a pilot plant with the capacity of approximately
800 kg/day. The main conclusion of this work was that the alkaline transesterification of beef
tallow with methanol produces a biodiesel with high quality and also with a good conversion
ratio, as well as the process is possible but the economical viability must be improved by
recovering methanol and glycerol. The obtained results have been used by them for industrial
scale-up of the process. Previously, some members of the same research group have been the
authors of a study reporting that blends of diesel/biodiesel were produced and assessed in
relation to some combustible properties. Their produced blends and biodiesel (B100) were also
compared with diesel through consumption tests in a diesel engine used for energy generation,
and all tests demonstrated that biodiesel and its formulations with diesel can present similar or
better results to those of mineral diesel [38].
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In 2011, Corrêa et al. [39] investigated the effect of the blend of biodiesel from beef tallow (B5)
in commercial diesel oil on engine performance, analyzing possible internal consequences and
characteristics of lubricating oil after the prolonged use in a diesel engine. The engine was
operated for 600 hours and its performance was evaluated through tractor power take off
(PTO) tests. After the end of the test, the engine performance was satisfactory although there
was a tendency of reduction in power and increase in fuel consumption along the 600 hours. In
another study with engine tests, Pereira and collaborators [40] realized several tests using beef
tallow and beef tallow biodiesel in energy generation. There is also discussion about environ-
mental, social, and economic aspects. Their results for performance and emissions of using
beef tallow and beef tallow biodiesel in a stationary engine show, among others, that beef
tallow can be successfully applied in compression ignition engine blending with diesel up to
15% of beef tallow. Moreover, the produced biodiesel can be applied in compression ignition
engines neatly or blended with diesel in any proportion, with reservations to be used in cold
weather conditions when in neat form, due to its relatively low pour point.

In order to obtain a biodiesel with the quality parameters required by the National Petroleum
Agency (ANP), several researchers have studied the application and properties of biodiesel
blends of beef tallow with biodiesel from other sources. There are also some articles that make
a comparative study between biodiesel of animal and vegetable origin.

For instance, Canesin et al. [41] reported that when the parameters of quality of residual
bovine and chicken oils were tested, some better points than those of the vegetable oil tradi-
tional for the biodiesel production were obtained. While they show a higher concentration of
monosaturated and saturated fatty acids with a similar reduction in polyunsaturated fatty
acids from soybean, the point of combustion, the flash point, and the density were higher than
those of the petroleum diesel. Other parameters were measured like the iodine value that
indicates their stability during the storage and showed that the biodiesel from residual oil
had satisfactory values that can be improved during the production.

In another study, Teixeira et al. [30] prepared and monitored the quality of blends of beef
tallow biodiesel with soybean biodiesel and with conventional mineral diesel fuel to study
ideal proportions of the fuels. Measuring the viscosity, density, cold filter plugging point, and
flash point (Table 1), they demonstrated that tallow biodiesel can be blended with both
mineral diesel and soybean biodiesel to improve the characteristics of the blend fuels, over
those of the tallow.

Sample Viscosity at 40�C,
mm2 s�1

Density at 20�C,
kg m�3

Cold filter plugging point,
�C

Flash point,
�C

Beef tallow biodiesel 4.89 832.0 15 152

Soybean biodiesel 4.20 845.0 4 156

Petrodiesel 3.47 801.4 10 57

Table 1. Results of physicochemical tests performed on beef tallow biodiesel, soybean biodiesel, and petrodiesel
samples [32].
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from beef tallow has received little attention. Then, they performed the transesterification
of beef tallow with methanol using ultrasound irradiation, and their results indicated that
the reaction conversion and biodiesel quality were similar; however, the use of ultrasonic
irradiation decreased the reaction time, showing that this method could be a promising
alternative to the conventional method.

Considering another energy source, in 2012, Da Rós et al. [33] developed by a full 22 factorial
design leading to a set of seven runs with different combinations of molar ratio and temperature
to find the optimal conditions for the microwave-assisted enzymatic (Burkholderia cepacia
immobilized on silica-PVA) synthesis of biodiesel. Their main goal was to reduce the reaction
time preliminarily established by a process of conventional heating. Under optimized conditions,
almost total fatty acid present in the original beef tallow was converted into ethyl esters,
representing an increase in sixfold for the process carried out under conventional heating.

• The nature of the solid residue formed in beef tallow biodiesel from two commercial
producers in Brazil was determined by comparative analytical techniques, namely, gas
chromatography with flame ionization detector (GC-FID) and thermogravimetry (TG) in
a study of Fernandes Júnior and collaborators [34]. Their chromatographic and thermo-
gravimetric results confirmed the nature of the residue as saturated monoglycerides,
predominantly monostearin and monopalmitin.

• In another study, Moraes et al. [35] showed that the technique CGxCG can show results of
characterization of oils and blends of the biodiesel/petrodiesel providing the percentage of
the esters in biodiesel and the diesel blends.

• Even the biodegradation by microbial action was already studied. In their paper, Cazarolli
and collaborators [36] compared the microbial growth (spores of the filamentous fungi
Pseudallescheria boydii) in biodiesel obtained from tallow catalyzed by NaOH or KOH and
purified with water or the solid adsorbent magnesium silicate. After 60 days, they related
lower biomass formation in the biodiesel NaOH-water followed by biodiesel NaOH-
magnesol and that the biodiesel KOH-magnesol and KOH-water favored the biomass
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Sample Viscosity at 40�C,
mm2 s�1

Density at 20�C,
kg m�3

Cold filter plugging point,
�C

Flash point,
�C

Beef tallow biodiesel 4.89 832.0 15 152

Soybean biodiesel 4.20 845.0 4 156

Petrodiesel 3.47 801.4 10 57

Table 1. Results of physicochemical tests performed on beef tallow biodiesel, soybean biodiesel, and petrodiesel
samples [32].
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On the other hand, Silva and co-workers [42] evaluated the engine generator (with a power of
7.36 kW on an electric generator with a power of 5.5 kW) performance using biodiesels
obtained from soybean, sunflower, chicken fat, and beef tallow and compared them to mineral
diesel. When (Figure 2) the specific fuel consumption (SFC) and the efficiency (Z) between the
diesel oil with the biodiesel from sunflower and soybean oils were compared, biofuels showed
a higher performance than the diesel, showing a lower increase of SFC (7.6%) and a slight
increase in the overall efficiency.

An interesting approach was made by Pereira et al. [43] who studied an alternative to improve
the oxidative quality of vegetable oil biodiesel by blending it with animal fat biodiesel. They
studied the oxidative degradation of soybean/beef-tallow biodiesel (SB) 70/30 and 50/50 (w/w)
during long-term storage (up to 350 days). The samples were stored and analyzed periodically
via oxidative stability, among other analyses and the results showed that the produced blends
presented higher oxidative stabilities than soybean biodiesel. During their long-term storage,
the biodiesel blends showed greater resistance to oxidative degradation, which was indicated
by the lower formation of hydroperoxides and polar compounds. Similarly, the decline in the
tocopherol content was slower in SB biodiesel. Then, the prepared blends were appropriate
alternatives to improve the oxidative quality of this biofuel. Referring to beef tallow and
soybean biodiesel, Soldi et al. [44] synthesized sulfonated polystyrene (SPS) compounds from
linear polystyrene (PS), resulting in catalytically active polymeric materials with several sulfo-
nation degrees of dry polymer. The transesterification of beef tallow and soybean oil with
ethanol and methanol was used to evaluate their catalytic performance. The SPS samples were
insoluble in the reaction media and led to conversions of 85 and 75% of refined soybean oil and
beef tallow with a 53 mg KOH/g acid number, respectively. There was an increase in ester
production for reactions carried out at a higher methanol:oil molar ratio, and in some cases,
products with as much as 94% methyl ester content were obtained, showing that the prepared
sulfonated polymeric compounds are efficient catalysts for the these reactions.

Figure 2. Comparison of the SFC using biodiesels related to the diesel oil [44].
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Another comparative study was performed by Sales et al. [45], in which ethylic transester-
ification without any chemical or biochemical catalysts at different subcritical thermodynamic
conditions using wet animal fat, soybean oil, and palm oil as feedstocks was realized. Conver-
sions of 100, 84, and 98.5% were obtained for animal fat, soybean oil, and palm oil, respec-
tively. Their results indicate that the process is energetically favorable, representing a cleaner
and more advanced technology with environmental advantages for these processes. In another
study, Teixeira et al. [46] have determined the physicochemical properties of biodiesel samples
produced from mixtures of beef tallow, babassu oil, and soybean oil. The thermo-oxidative
stability was evaluated by thermogravimetry (TG/DTG) and differential scanning calorimetry
(DSC), and the results showed that the biodiesel obtained from a mixture containing 50% of
babassu oil had lower values of pour point, cold filter plugging point, and freezing point.

To finish this sub-section, another comparative paper describes the evaluation of the potential
of nonedible feedstocks to yield biodiesel by an enzymatic route (microbial lipase from
Burkholderia cepacia immobilized on a silica-polyvinyl alcohol matrix). The ethanolysis of native
oils from tropical crops, such as andiroba (Carapa guianensis), babassu (Orbignya sp.), jatropha
(Jatropha curcas), macaw palm (Acrocomia aculeata), palm tree (Elaeis guineensis), and beef tallow
in a solvent-free system and the biocatalyst were efficient in converting all fatty acids into the
corresponding ethyl esters [47].

2.2.2. Other waste animal lipids

Despite the importance of beef tallow, reports about the use of chicken or swine fat, as well as
fish oils have also been found in the literature as follows:

• In a study of 2008, Gomes et al. [48] determined certain physical-chemical characteristics
of chicken oil that can influence the transesterification reactions of chicken oil. They also
evaluated the potential for the production of chicken oil in the cooperatives of the western
Paraná State and concluded that with the obtained yield of 95%, it would be possible by
these cooperatives to produce up to 74,000 kg of biodiesel.day�1.

• Another study involving chicken was developed by Cunha Jr. et al. [49], in which they
optimized the conversion of a mix of chicken and swine fat residues for biodiesel produc-
tion by a full 33 factorial design for process parameters and analyzed their data using
response surface methodology. After that, the optimum conditions were applied in a
bench-scale reactor and the biofuel produced was characterized (except for oxidative
stability and total glycerin, it agreed with quality requirements established by Official
Regulations (ASTM 6751 and EN 14214), and it was observed that at high temperatures
(50 and 70�C), phase separation between biodiesel and glycerol was impaired. Although
high conversion was achieved (96.2%) at 70�C, this condition is not recommended because
no spontaneous phase separation was verified. On the other hand, 30�C was the best
temperature for biodiesel ethanolysis, with which they achieved around 83% conversion.

An alternative interesting animal source that has been studied by Brazilian researchers to
produce biodiesel is the fish oil, once this country possessed large watersheds and an extensive
coast. So, following we have some examples of these studies.
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Almeida and Spanish collaborators [50] studied the influence of waste fish oil, palm oil, and
waste frying oil as raw materials on biodiesel properties. They obtained biodiesel samples with
yield higher than 82%, reaching 90% for palm oil (33.3 wt.%) and waste frying oil (66.7 wt.%)
biodiesel. The FAME content was higher than 92.3% and had a maximum of 98.5% for waste fish
oil (33.3 wt.%) and palm oil (66.7 wt.%) biodiesel. Their multi-objective optimization evidenced
that although the use of the pure oils as feedstocks presented more advantages to biodiesel
properties, the waste fish oil (42.1 wt.%) and waste frying oil (57.9 wt.%) mix is beneficial.

On the other hand, Mothé et al. [51] determined the optimal reaction conditions for transester-
ification of waste frying oil and fish by varying the reaction time, amount of catalyst, and
temperature and have determined which of these variables exert a greater influence on the
reaction yield. So, they found that the amount of catalyst was this variable for the transester-
ification of waste of the fish oil. So, the produced biodiesel was characterized using thermal
analysis techniques and FTIR. The thermogravimetric technique was shown to be an important
tool for calculating the yield of transesterification reactions, showing that the majority of TG
reactions showed a yield exceeding 90%, a promising result while the FTIR spectra of biofuels
obtained from frying and fish oils showed the characteristic regions of esters.

Among several fish species available in the market, the Nile Tilapia (Oreochromis niloticus) has
an important role as a model of study probably due its rapid growth in fish farms and
resistance to poor water quality and diseases, as can be seen in some studies, such as that
realized by Santos et al. [52]. In that study, they evaluated the production of methyl esters from
(Nile tilapia) oil and methanol using low-frequency high-intensity ultrasound (40 kHz) and
response surface methodology (RSM) Their results showed that the most important operating
condition affecting the reaction was the alcohol to FFA molar ratio, and it was possible to get a
maximum yield of 98.2% after 90 min of reaction.

Another study involving Tilapias oil was performed by Martins and collaborators [53], which
assessed mandatory parameters regulated by the Brazilian National Agency of Petroleum,
Natural Gas and Biofuels (ANP) for biodiesel from residual tilapia oil. Then, they determined
the values of specific mass, kinematic viscosity, water content, acidity level, flash point, and
oxidative stability and the calorific value of fish oil biodiesel. Analysis of the biodiesel calorific
value reported levels that are similar to those of diesel and indicated that fish oil is a promising
alternative for biodiesel manufacturing. The same research group related in another work the
evaluation of the yield and acid number of tilapia oil according to the type of waste used as
well as the estimation of its potential for biodiesel production as a function of the oil obtained.
They concluded that fish oil has potential (up to 370 L of biodiesel per ton of waste processed)
to convert waste into biodiesel [54].

About the fish viscera oil, Rodrigues and co-workers [55] reported a study that describes the
determination of kinetic and thermodynamic parameters of the degradation process of the
biodiesel from this raw material. They performed several analyses of accelerated oxidation of
biodiesel (EN 14112) and considered the reaction to be of the first order. Their results showed
that the biodiesel oxidation reaction is non-spontaneous (ΔG6¼ > 0) and endothermic (ΔH 6¼ > 0),
and that the temperature and the oxidation concentration influence significantly the degrada-
tion process of methyl esters.

Biofuels - Challenges and opportunities20

2.3. Different waste raw materials or applications of waste valorization for biodiesel
production

There are other interesting wastes that have been studied for biodiesel production; among
them, it is possible to highlight the soap stocks and waste refining oils, as can be seen in some
papers, as follows. Soares et al. [56] investigated a new hydroesterification strategy for the
production of biodiesel from soybean soap stock acid oil: complete hydrolysis in subcritical
water, followed by the use of a packed-bed reactor, containing a fermented solid (Burkholderia
cepacia LTEB11) with lipase activity, to obtain and convert the fatty acids to their ethyl esters.
When the packed-bed reactor was reused in successive 48-h esterification reactions, they
obtained conversions of over 84% of the fatty acids to esters.

Reis and co-workers [57] used three different high-acid-content soapstocks (soybean, palm,
and coconut) to be esterified with short-chain alcohols in the presence of Amberlyst-35 (A35)
sulfonic resin as a heterogeneous acid catalyst and p-toluenesulfonic acid as a homogeneous
catalyst for comparison. Then, they noted that an increase in the hydrocarbon chain decreased
the rate of conversion and the microwave irradiation reduced the reaction time from 6 to 1 h
and achieved a maximum biodiesel production from coconut and soybean soap stocks and
methanol (96–98%). Aguiar and collaborators [58] also used A35 to evaluate and to be com-
pared to Amberlyst-36 and a new sulfonic resin, poly(divinylbenzene), synthesized by them in
the laboratory (A-36) as to the catalytic activity for esterification of residue of the palm oil and
soybean oil refining industry to produce biodiesel. In that paper, the resin A-36 exhibited
catalytic activity similar to that of commercial resin A-35; the best results (87 and 94% for oleic
and palmitic acid conversion) were achieved with the new sulfonic resin. When applied for the
residue of the palm and soybean oil refining industry, all catalysts showed good conversions
(76 and 93%) for all catalysts studied. This was the first example of using DVB sulfonic resins
as catalysts in the esterification of fatty acid residues of the palm and soybean oil refining
industry.

When palm oil is refined, it generates a residue that corresponds to 4% of the product process
called the distillate of deodorization of palm oil (DDOP). The composition of the waste
produced in free fatty acids (83%) ensures that they are a good feedstock for biodiesel synthesis
[59]. In a study of Nascimento et al. [11], they used a catalyst prepared from a waste material
(Amazon flint kaolin) for the esterification of DDPO with methanol, obtaining a maximum
esterification activity of 92.8%, affirming that DDPO using that catalyst could be a cheaper
alternative for production of biofuels. In sequence, the same research group reported a study
where Pires et al. [60] incorporated 12-tungstophosphoric acid (HPW) into kaolin waste
(MK700), MCM- 41, MCM-48, and SBA-15, and these obtained solid acid catalysts were used
in the esterification reaction of DDPO with ethanol. Their results indicated that HPW
supported on kaolin waste (as well as in MCM-41, MCM-48, and SBA-15) that was reaching
83% conversion at 2 h reaction with a 1:10 (DDPO:ethanol) molar ratio can provide significant
advances in the development of environmentally benign processes in the biodiesel production.

Another residue was studied by Oliveira et al. [61]. They reported the esterification using
waste oil generated in the refining of coconut oil with ethanol and methanol, performing it
with and without adsorption of water in order to verify the effect of removing water on the
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reaction conversion, and conversions of over 99% were observed. Some reactions of synthesis
of biodiesel require a huge quantity of álcool for a high yield. An experiment performed with
an excess of 200% of álcool in a reaction using a zeolite 3A like adsorbent showed higher yield
than the reaction with 800% of excess álcool in a reaction without water adsorption, proving to
be a good candidate to be used in the biodiesel industry.

About the use of wastes for biodiesel production, there are still some different reports in the
literature; for example, there is one paper that investigated the potential that the yeast Candida
lipolytica UCP0988, in an anamorphous state, has to produce simultaneously a bioemulsifier
and to accumulate lipids using inexpensive and alternative substrates such as waste soybean
oil, and one of the biomass obtained was able to accumulate lipids of 0.425 g/g biomass
(corresponding to 42.5%), which consisted of palmitic acid (28.4%), stearic acid (7.7%), oleic
acid (42.8%), linoleic acid (19.0%), and linolenic acid (2.1%) [62]. In another interesting study,
Jesus et al. [63] showed the use of vegetable waste as a potential source of raw material for
biofuel production. In the work, the microalga Chlorella vulgaris was used to maximize the
production of lipids and carbohydrates, and the culture medium was prepared with vegetable
waste (pumpkin, zucchini, potato, eggplant, broccoli, carrot, cabbage, tomato, and green
bean.) The positive results of this work motivate us to replace traditional culture media with
media prepared with vegetable waste.

At last, Gomes & Pasquini [64] described the purification of sunflower-oil-derived biodiesel by
dry cold washing using chicken’s eggshells (Gallus Gallus domesticus), as well as a subsequent
comparison with conventional wet washing with hot water and the reuse of eggshells. Both
purification methods were efficient in the removal of free glycerin, free fatty acid molecules,
and the catalyst. Thus, they provide the advantage of reducing effluent emission as well as
offering an application for eggshells of which large amounts are generated due to excessive
egg consumption and for which an appropriate use has not yet been found.

3. Conclusions

In this chapter, it was possible to understand the importance of waste valorization for the
future of biodiesel production, either by using waste cooking oils and beef tallow or by
investigating new techniques for analysis and catalysts and methods of synthesis or by the
development of pilot plants and economic studies. If these materials cannot replace totally
edible oils or diesel, it is clear that their use could be very higher in the energy matrix. For this
reason, all researches have great importance, since those that could help to improve the social
inclusion and minimize poverty, even those in which there is an improvement of the biodiesel
production, by their properties, yields, process, as well as the production of catalysts more
efficient, environmental friendly, among others technical aspects. Considering the highlighted
position of Brazil in the world scenario of biofuels (despite the scarcity of research funds in this
country), it is also possible to affirm that these researches gave/give a fundamental contribu-
tion to this reality, improving methodologies, investigating new types of wastes, upgrading
their chain of collect and valorization by sensitizing and including more and more people. At
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the end, it is possible to conclude that the researched ones developed in Brazil occupy a
position of vanguard in the world scene of the researches that involve the use of wastes for
the production of biofuels.
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This study describes the characteristic and thermal properties of torrefied palm kernel 
shell (PKS) by microwave irradiation pretreatment. The microwave power level (200, 300, 
450, and 600 W) and processing time (4, 8, and 12 min) were used in this study. The 
pretreated samples were analyzed for mass and energy yield, calorific value, proximate 
and elemental composition, and thermal decomposition. Results showed that the char-
acteristic of pretreated PKS was enhanced by increasing the microwave power level and 
processing the time. The oxygen content and O/C ratio of torrefied PKS were reduced 
by increasing the microwave power level. The carbon content of pretreated PKS, which 
was closed to the untreated MB coal properties with comparable calorific value, was 
obtained. The microwave power level of 450 W and processing time of 8 min were suit-
able to upgrade the PKS to a respectable quality feedstock. Thus, it can be concluded that 
the alteration in physical, chemical, and thermal properties of torrefied PKS discovered 
the potential of this feedstock to be applied in subsequent thermochemical conversion 
such as pyrolysis and gasification.
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This study describes the characteristic and thermal properties of torrefied palm kernel 
shell (PKS) by microwave irradiation pretreatment. The microwave power level (200, 300, 
450, and 600 W) and processing time (4, 8, and 12 min) were used in this study. The 
pretreated samples were analyzed for mass and energy yield, calorific value, proximate 
and elemental composition, and thermal decomposition. Results showed that the char-
acteristic of pretreated PKS was enhanced by increasing the microwave power level and 
processing the time. The oxygen content and O/C ratio of torrefied PKS were reduced 
by increasing the microwave power level. The carbon content of pretreated PKS, which 
was closed to the untreated MB coal properties with comparable calorific value, was 
obtained. The microwave power level of 450 W and processing time of 8 min were suit-
able to upgrade the PKS to a respectable quality feedstock. Thus, it can be concluded that 
the alteration in physical, chemical, and thermal properties of torrefied PKS discovered 
the potential of this feedstock to be applied in subsequent thermochemical conversion 
such as pyrolysis and gasification.
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1. Introduction

In recent years, the increasing emission of CO2, SOx, and NOx has become a concern on the uti-
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a highly efficient technology, has received significant attention [2]. Currently, coal is the main 
feedstock in gasification and is expected to be applied as the energy resource for many decades 
ahead. However, this direction is difficult to achieve due to the increase in energy demand that 
had caused the shortage supply and reduction of coal [3]. Consequently, one of the approaches 
is to utilize the biomass in thermochemical conversion such as pyrolysis, liquefaction, and gas-
ification. The traditional use of biomass has been restricted to cooking and heating purposes, 
which has affected adverse impacts such as land degradation and desertification. However, 
the current use of biomass with a high-quality energy carrier transformed from raw biomass 
for electricity and heat production can substantially reduce emissions from the conventional 
power plants. This ability to convert raw biomass into convenient energy carriers increases the 
interest on biomass use for energy purpose, especially the lignocellulosic biomass [4].

Biomass is one of the capable renewable energy sources and is applied as solid, liquid, and 
gas fuels [5]. The biomass is an appealing concern worldwide, because of its nonedible char-
acteristic, carbon neutrality, and relative abundance. Moreover, the rising worries about the 
effects of CO2 emissions from fossil fuels call for sustainable energy sources, such as biomass 
[6]. In Malaysia, oil palm residues are considered to be the most plentiful biomass and the 
greatest prospects for fuel generation. Malaysia produces about 47% of the world’s palm oil 
source and can be reflected as one of the world’s largest producers of palm oil. Therefore, 
Malaysia creates huge quantity of oil palm biomass including palm kernel shell (PKS), oil 
palm trunks, oil palm fronds, empty fruit bunches, and fibers as residues from harvesting 
and processing activities [7]. The PKS as one of the residues from oil palm industry generated 
about 4.19 MnT in 2016 [8]. Therefore, PKSs appear to have prominent capacities to become 
an alternative source of energy for the country.

However, the utilization of biomass, which is a renewable and environmental friendly 
resource during thermal conversion, imposed several problems. The untreated biomass has 
the drawbacks as follows:

i. Low energy content

ii. High moisture and oxygenated compound

iii. Hygroscopic behavior

iv. Poor grindability

Likewise, it is reasonably challenging for straight application of untreated PKS as raw mate-
rial for fuel production such as gasification or pyrolysis. Typically, the palm plantations and 
their processing plants are located in rural areas. Thus, the untreated PKS is opened to fungal 
attack and biodegradation through storage and transportation. The high moisture content 
also can interrupt the thermal conversion process for energy production [9]. The low energy 
density of PKS, normally 18 MJ/kg, with high moisture content typically around 10 wt.% 
as a result of its hygroscopic character, is a weakness of biomass [10–12]. As shown by the 
previous researcher [13–15], highly oxygenated biomass with high O/C ratio will lower the 
gasification efficiency in contrast with low O/C feedstock such as coal. Consequently, these 
properties of the untreated PKS were associated with several problems in biomass thermal 
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conversion such as in gasification. As a result, prior to gasification, it might be attractive to 
transform the biomass characteristics.

A pretreatment method prior to thermal conversion is required in direction to reduce some of 
the aforementioned problems. Thus, torrefaction pretreatment appears to be an effective route. 
The thermal pretreatment or torrefaction at low temperature between 200 and 300°C, which 
operated in the nonappearance of oxygen, upgraded the untreated feedstock to more value feed-
stock. Nitrogen is generally used as carrier gas to provide a nonoxidizing atmosphere in most 
laboratory tests. Since torrefaction is conducted at conditions similar to those of pyrolysis that 
usually takes place between 350 and 650°C, torrefaction has also been known as mild pyrolysis 
[16]. The pretreated biomass has high calorific value and carbon fraction with low moisture 
content and O/C ratio compared to the untreated or original material. The energy value of pre-
treated material will increase with increasing carbon fraction and calorific value [17].

The previous studies have also shown other advantages of this torrefaction pretreatment, 
such as it improves feedstock hydrophobicity, homogeneity, and grindability [4, 18]. Satpathy 
et al. [19] found that the torrefied wheat and barley straw are more hydrophobic and the 
moisture uptake is reduced by 61–68% under suitable torrefaction condition. Torrefaction 
of marula seeds and blue gum improves the higher heating value and energy content of the 
biomass. The weight loss also increases when the torrefaction temperature increases due to 
moisture removal and hemicellulose breakdown, which produce H2O, CO, CO2, and other 
hydrocarbons [20].

Torrefaction temperature is one of the important parameters in torrefaction pretreatment 
[4]. Ibrahim et al. [21] found that the lower temperature and shorter residence time were the 
best treatment to achieve good physical properties with a relatively high energy yield. When 
treated at these conditions, the softwood mixture had the highest energy (95%), followed by 
the hardwood mixture (80%), then willow (79%), and finally eucalyptus (75%). Increasing 
the severity of the torrefaction conditions greatly improved the physical characteristics of the  
torrefied biomass, in terms of grindability properties and hydrophobicity. The optimum 
temperatures were reliant on raw material, and consequently, the effects specify that careful 
optimization is necessary for all feedstock types to increase the advantages of torrefaction 
at the same time preserving an adequate energy yield. As pretreatment conditions became 
more severe between temperature of 250 and 300°C, this led to a more qualified and energy-
dense solid fuel with higher fixed carbon content, increased calorific values, and reduced 
hydrogen and oxygen contents [22]. By increasing the torrefaction temperature, the weight 
loss increased and bulk density decreased. The torrefied wood samples improved solid 
fuel property with high fuel ratio, which are close to lignite coal [23]. Mamvura et al. [20] 
found that the nonoxidative conditions with low heating rates and shorter residence time 
resulted in the best torrefied biomass. The increase in HHV together with increase in energy 
density for torrefied marula seeds during investigation intended that it is potential to co-
conversion with coal making it a promising biomass source. Therefore, the pretreated or 
torrefied biomass, which has been improved in energy density, hydrophobicity, and grind-
ability, overcomes the weakness of untreated biomass and is then driven to be applied in 
thermochemical conversion [4, 16].
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However, the utilization of biomass, which is a renewable and environmental friendly 
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their processing plants are located in rural areas. Thus, the untreated PKS is opened to fungal 
attack and biodegradation through storage and transportation. The high moisture content 
also can interrupt the thermal conversion process for energy production [9]. The low energy 
density of PKS, normally 18 MJ/kg, with high moisture content typically around 10 wt.% 
as a result of its hygroscopic character, is a weakness of biomass [10–12]. As shown by the 
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gasification efficiency in contrast with low O/C feedstock such as coal. Consequently, these 
properties of the untreated PKS were associated with several problems in biomass thermal 
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conversion such as in gasification. As a result, prior to gasification, it might be attractive to 
transform the biomass characteristics.

A pretreatment method prior to thermal conversion is required in direction to reduce some of 
the aforementioned problems. Thus, torrefaction pretreatment appears to be an effective route. 
The thermal pretreatment or torrefaction at low temperature between 200 and 300°C, which 
operated in the nonappearance of oxygen, upgraded the untreated feedstock to more value feed-
stock. Nitrogen is generally used as carrier gas to provide a nonoxidizing atmosphere in most 
laboratory tests. Since torrefaction is conducted at conditions similar to those of pyrolysis that 
usually takes place between 350 and 650°C, torrefaction has also been known as mild pyrolysis 
[16]. The pretreated biomass has high calorific value and carbon fraction with low moisture 
content and O/C ratio compared to the untreated or original material. The energy value of pre-
treated material will increase with increasing carbon fraction and calorific value [17].

The previous studies have also shown other advantages of this torrefaction pretreatment, 
such as it improves feedstock hydrophobicity, homogeneity, and grindability [4, 18]. Satpathy 
et al. [19] found that the torrefied wheat and barley straw are more hydrophobic and the 
moisture uptake is reduced by 61–68% under suitable torrefaction condition. Torrefaction 
of marula seeds and blue gum improves the higher heating value and energy content of the 
biomass. The weight loss also increases when the torrefaction temperature increases due to 
moisture removal and hemicellulose breakdown, which produce H2O, CO, CO2, and other 
hydrocarbons [20].

Torrefaction temperature is one of the important parameters in torrefaction pretreatment 
[4]. Ibrahim et al. [21] found that the lower temperature and shorter residence time were the 
best treatment to achieve good physical properties with a relatively high energy yield. When 
treated at these conditions, the softwood mixture had the highest energy (95%), followed by 
the hardwood mixture (80%), then willow (79%), and finally eucalyptus (75%). Increasing 
the severity of the torrefaction conditions greatly improved the physical characteristics of the  
torrefied biomass, in terms of grindability properties and hydrophobicity. The optimum 
temperatures were reliant on raw material, and consequently, the effects specify that careful 
optimization is necessary for all feedstock types to increase the advantages of torrefaction 
at the same time preserving an adequate energy yield. As pretreatment conditions became 
more severe between temperature of 250 and 300°C, this led to a more qualified and energy-
dense solid fuel with higher fixed carbon content, increased calorific values, and reduced 
hydrogen and oxygen contents [22]. By increasing the torrefaction temperature, the weight 
loss increased and bulk density decreased. The torrefied wood samples improved solid 
fuel property with high fuel ratio, which are close to lignite coal [23]. Mamvura et al. [20] 
found that the nonoxidative conditions with low heating rates and shorter residence time 
resulted in the best torrefied biomass. The increase in HHV together with increase in energy 
density for torrefied marula seeds during investigation intended that it is potential to co-
conversion with coal making it a promising biomass source. Therefore, the pretreated or 
torrefied biomass, which has been improved in energy density, hydrophobicity, and grind-
ability, overcomes the weakness of untreated biomass and is then driven to be applied in 
thermochemical conversion [4, 16].
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Most of the biomass torrefactions applied the conventional electric heater, while there is 
an alternative technology designated microwave irradiation. Microwave technology has 
expanded remarkable importance in the thermochemical pretreatment of waste materials, 
including biomass, waste cooking oil, scrap tires, and others. Innovative fields are being 
exposed in which microwave can be applied as an alternative source of heating. The applica-
tion of microwave in waste treatment originated about two decades ago. Therefore, it can be 
considered at an early stage of enlargement [24]. Microwave irradiation is an electromagnetic 
irradiation in the range of wavelengths from 0.01 to 1 m and the equivalent frequency range 
of 0.3–300 GHz. Normally, the microwave reactors for chemical synthesis and all domes-
tic microwave ovens operate at 2.45 GHz frequency, which corresponds to a wavelength 
of 12.25 cm. Microwave irradiation has attracted much attention in recent years due to the 
advantages associated with dielectric heating effects. Microwave dielectrics are known as a 
material, which absorbs microwave irradiation; thus, microwave heating is called dielectric 
heating [25]. The pretreatment using microwave irradiation is an effective method for upgrad-
ing the biomass [26]. Unlike conventional heating technique in which heat gradually enters 
into samples over normal heat transfer mechanisms (convection, conduction, and radiation) 
[27], microwave irradiation employs electromagnetic energy to produce heat, which can enter 
deep into samples, permitting heating to initiate volumetrically [28]. Microwave irradiation 
has many advantages such as:

i. Noncontact heating

ii. Energy transfer instead of heat transfer

iii. Rapid heating

iv. Selective material heating

v. Volumetric heating

vi. Quick start-up and stopping

vii. Heating from the interior of the material body [25, 29]

Wang et al. [30] utilized microwave irradiation to upgrade the properties of rice husk and 
sugarcane residues by varying different parameters, including microwave power level and 
processing time. They found that the suitable microwave power levels are proposed to be 
set between 250 and 300 W for the torrefaction of these two agricultural wastes. Also, with 
appropriate processing time, the caloric value is able to increase 26% for rice husk and 57% for 
sugarcane residue. Huang et al. [31] found that higher microwave power levels contributed 
to higher heating rate and reaction temperature and therefore produced the torrefied biomass 
with higher heating value and lower H/C and O/C ratios. The torrefied biomass or biochar 
probably substitutes coal due to high heating value and fuel ratio as well as low atomic H/C 
and O/C ratios. The microwave torrefaction of Leucaena produced thermally stable biochar 
compared with sewage sludge at lower microwave power levels, which means that the micro-
wave heating performance of Leucaena is better. Compared with conventional torrefaction, 
mass and energy yields of microwave torrefaction were lower, which might be attributable to 
the further severe reaction accomplished by microwave irradiation [32].
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Consequently, more research is required to entirely understand the characteristic of torrefied 
biomass using microwave irradiation prior to further thermochemical conversion. It is also 
necessary to understand the thermal decomposition of torrefied biomass during pyrolysis 
in thermogravimetric analyzer (TGA) since, in the thermal conversion studies, the beginning 
stage involves the feedstock devolatilization. Therefore, in this study, the PKS was initially 
torrefied in microwave, and the properties of torrefied PKS were explored. Subsequently, the 
thermal decomposition and behavior of torrefied PKS during pyrolysis process using TGA 
were examined.

2. Method

2.1. Materials

PKS as a biomass sample was obtained from United Oil Palm Mill Sdn. Bhd., Nibong Tebal, 
Penang, Malaysia. The PKS is produced from the shell/kernel separator. The PKS sample was 
crushed and sieved through progressively finer screen to obtain particle sizes in the range 
of 200–400 μm. The untreated PKS sample was dried in an oven at 105°C for 24 h for ren-
dering moisture-free and finally stored in an air-tight container until the experiments and 
analyses were carried out. The pre-drying is needed to avoid further biodegradation of the 
sample through storage since the moisture mass fraction of the raw PKS is relatively high 
[33]. Moreover, the pre-drying is used to simulate the industrial practice of sun-drying the 
materials before storage [6].

2.2. Torrefaction experiment

The torrefaction experiment was carried out in a domestic microwave oven (Samsung) with 
technical specifications of ~240 V and 50 Hz and a maximum power of 800 W. The microwave 
output power levels of 200, 300, 450, and 600 W were used in this study. The untreated PKS 
of 5 g was put in the sample crucible placed at the center of the microwave oven. Then, the 
nitrogen gas at a flow rate of 50 mL/min was purged in the reaction compartment to retain the 
inert atmosphere condition. After 10 min purging, the microwave system was turned on, and  
the microwave output power level was selected with respective processing time of 4, 8, and 
12 min. The inert atmosphere condition was continued during the microwave irradiation. The 
power supply was turned off, and the nitrogen gas flow was stopped after the set processing 
time was achieved. The final temperature of the pretreated PKS was measured using infrared 
thermometer immediately after the pretreatment process. The final weight of pretreated PKS was 
measured once it reached the room temperature. The experiment under all of the studied param-
eters was repeated to confirm the measurement quality and repeatability of the achieved results.

2.3. Calculation of solid conversion, mass yield, and energy yield

The solid conversion (Xs), mass yield (Ym), and energy yield (Ye) of the pretreated samples 
were calculated according to Eqs. (1)–(3), respectively:
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processing time. They found that the suitable microwave power levels are proposed to be 
set between 250 and 300 W for the torrefaction of these two agricultural wastes. Also, with 
appropriate processing time, the caloric value is able to increase 26% for rice husk and 57% for 
sugarcane residue. Huang et al. [31] found that higher microwave power levels contributed 
to higher heating rate and reaction temperature and therefore produced the torrefied biomass 
with higher heating value and lower H/C and O/C ratios. The torrefied biomass or biochar 
probably substitutes coal due to high heating value and fuel ratio as well as low atomic H/C 
and O/C ratios. The microwave torrefaction of Leucaena produced thermally stable biochar 
compared with sewage sludge at lower microwave power levels, which means that the micro-
wave heating performance of Leucaena is better. Compared with conventional torrefaction, 
mass and energy yields of microwave torrefaction were lower, which might be attributable to 
the further severe reaction accomplished by microwave irradiation [32].
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Consequently, more research is required to entirely understand the characteristic of torrefied 
biomass using microwave irradiation prior to further thermochemical conversion. It is also 
necessary to understand the thermal decomposition of torrefied biomass during pyrolysis 
in thermogravimetric analyzer (TGA) since, in the thermal conversion studies, the beginning 
stage involves the feedstock devolatilization. Therefore, in this study, the PKS was initially 
torrefied in microwave, and the properties of torrefied PKS were explored. Subsequently, the 
thermal decomposition and behavior of torrefied PKS during pyrolysis process using TGA 
were examined.

2. Method

2.1. Materials

PKS as a biomass sample was obtained from United Oil Palm Mill Sdn. Bhd., Nibong Tebal, 
Penang, Malaysia. The PKS is produced from the shell/kernel separator. The PKS sample was 
crushed and sieved through progressively finer screen to obtain particle sizes in the range 
of 200–400 μm. The untreated PKS sample was dried in an oven at 105°C for 24 h for ren-
dering moisture-free and finally stored in an air-tight container until the experiments and 
analyses were carried out. The pre-drying is needed to avoid further biodegradation of the 
sample through storage since the moisture mass fraction of the raw PKS is relatively high 
[33]. Moreover, the pre-drying is used to simulate the industrial practice of sun-drying the 
materials before storage [6].

2.2. Torrefaction experiment

The torrefaction experiment was carried out in a domestic microwave oven (Samsung) with 
technical specifications of ~240 V and 50 Hz and a maximum power of 800 W. The microwave 
output power levels of 200, 300, 450, and 600 W were used in this study. The untreated PKS 
of 5 g was put in the sample crucible placed at the center of the microwave oven. Then, the 
nitrogen gas at a flow rate of 50 mL/min was purged in the reaction compartment to retain the 
inert atmosphere condition. After 10 min purging, the microwave system was turned on, and  
the microwave output power level was selected with respective processing time of 4, 8, and 
12 min. The inert atmosphere condition was continued during the microwave irradiation. The 
power supply was turned off, and the nitrogen gas flow was stopped after the set processing 
time was achieved. The final temperature of the pretreated PKS was measured using infrared 
thermometer immediately after the pretreatment process. The final weight of pretreated PKS was 
measured once it reached the room temperature. The experiment under all of the studied param-
eters was repeated to confirm the measurement quality and repeatability of the achieved results.

2.3. Calculation of solid conversion, mass yield, and energy yield

The solid conversion (Xs), mass yield (Ym), and energy yield (Ye) of the pretreated samples 
were calculated according to Eqs. (1)–(3), respectively:
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   X  s   =  ( M  u   −  M  p  )  /  M  u    (1)

   Y  m   =  ( M  p   /  M  u  )  × 100  (2)

   Y  e   =  Y  m   ×  ( CV  p   /  CV  u  )   (3)

where M is the mass of sample, CV is the calorific value, the subscript u means the value of 
untreated sample, and the subscript p means the value of pretreated sample.

2.4. Sample analyses

The physical and chemical characteristics of the untreated and pretreated samples were 
analyzed. The elemental composition of the sample was examined using elemental analyzer 
CHNS-O Flash 2000. The elemental composition examines the carbon (C), hydrogen (H), 
nitrogen (N), and sulfur (S) contents. The oxygen content was analyzed by the different of 
total mass content. The sample of 2 mg was weighted and encapsulated into a tin capsule. 
The sample was placed in the sample loading chamber. During the analysis, the sample was 
dropped into a furnace held at 1000°C. At the same time the sample drops into the furnace, a 
dose of oxygen is released into the furnace. The sample was combusted by the heated oxygen-
rich environment. The products of elemental analysis are CO2, H2O, NOx, and SOx. These 
gases, which were carried through the system by the helium carrier, will be swept through the 
oxidation tube packed with copper sticks (which removes oxygen), to complete the conver-
sion to SO2. These gases are passed through four infrared detectors of C, H, N, and S, and the 
results were displayed as weight percent of C, H, N, and S.

The proximate analysis that analyzed the moisture, volatile matter, ash, and fixed carbon con-
tent was carried out using a Mettler Toledo thermogravimetric analyzer (TGA) according to 
the standards of the American Society for Testing and Materials (ASTM). For each analysis, 
about 10 mg of sample was weighted using a microbalance and placed in a ceramic crucible. 
Next, this crucible was positioned in the furnace where the analysis was performed. The pro-
grammed TGA began by applying the heating rate of 20°C/min to heat the furnace from room 
temperature until the temperature reaches 950°C with a flow of an inert purified nitrogen gas 
at 100 mL/min. Then, the same heating rate was applied to increase the furnace temperature 
to 1300°C, and the gas being flowed at this combustion stage was changed to purified air. The 
trend of weight loss was recorded by thermogravimetry (TG) and derivative thermogravimetry 
(DTG). The data analysis was calculated based on weight loss procedure by the TGA software.

The Leco AC-350 bomb calorimeter was used to determine the calorific value (CV). The calorific 
value of a sample is determined by burning the sample in a controlled environment. The heat 
released by combustion is proportional to the calorific value of the substance. In the AC-350 bomb 
calorimeter, the weighed sample to be examined was located in a combustion vessel, which con-
tains high-pressure atmospheric environment. The combustion vessel was surrounded by water 
and the sample is ignited. Succeeding that, the change in water temperature between pre-fire 
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and post-fire was processed by the computer. The result was then being corrected for the length 
of fuse wire. The result, which is the calorific value, is then being shown on the display screen.

The Fourier-transform infrared (FTIR) spectra were recorded using a Perkin Elmer FTIR spec-
trophotometer. The spectral region from 4000 to 400 cm−1 was investigated. This spectrometer 
has a spectral resolution of 0.5 cm−1 standard with an accuracy in its higher wavelength of 
0.01–3000 cm−1. The resulting spectrum represents the sample absorption, following in its 
molecular fingerprint, due to its own functional groups. The FTIR spectra provide a quick 
qualitative technique that uses the standard IR spectra to identify the functional groups of the 
sample. The fundamental properties of the untreated PKS are summarized in Table 1.

2.5. Thermal decomposition using TGA

The thermal decomposition of the untreated and pretreated PKS was discovered by pyrolysis 
using a Mettler Toledo TGA/DSC 1 STARe System. TGA provides a rapid method for deter-
mining the temperature-assisted decomposition profile of a sample and the kinetics of its 
thermal decomposition. A sample weight of 20 mg was inserted into 90 μL ceramic crucible. 
The pyrolysis temperature was raised from room temperature to 900°C. The experiments 
were conducted under heating rates of 10°C/min. The high-purity nitrogen with flow rate 
of 50 mL/min was used as a carrier gas to ensure the inert atmosphere during the pyrolysis 

aCalculated by different.

Table 1. Properties of untreated PKS.
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value of a sample is determined by burning the sample in a controlled environment. The heat 
released by combustion is proportional to the calorific value of the substance. In the AC-350 bomb 
calorimeter, the weighed sample to be examined was located in a combustion vessel, which con-
tains high-pressure atmospheric environment. The combustion vessel was surrounded by water 
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and post-fire was processed by the computer. The result was then being corrected for the length 
of fuse wire. The result, which is the calorific value, is then being shown on the display screen.

The Fourier-transform infrared (FTIR) spectra were recorded using a Perkin Elmer FTIR spec-
trophotometer. The spectral region from 4000 to 400 cm−1 was investigated. This spectrometer 
has a spectral resolution of 0.5 cm−1 standard with an accuracy in its higher wavelength of 
0.01–3000 cm−1. The resulting spectrum represents the sample absorption, following in its 
molecular fingerprint, due to its own functional groups. The FTIR spectra provide a quick 
qualitative technique that uses the standard IR spectra to identify the functional groups of the 
sample. The fundamental properties of the untreated PKS are summarized in Table 1.

2.5. Thermal decomposition using TGA

The thermal decomposition of the untreated and pretreated PKS was discovered by pyrolysis 
using a Mettler Toledo TGA/DSC 1 STARe System. TGA provides a rapid method for deter-
mining the temperature-assisted decomposition profile of a sample and the kinetics of its 
thermal decomposition. A sample weight of 20 mg was inserted into 90 μL ceramic crucible. 
The pyrolysis temperature was raised from room temperature to 900°C. The experiments 
were conducted under heating rates of 10°C/min. The high-purity nitrogen with flow rate 
of 50 mL/min was used as a carrier gas to ensure the inert atmosphere during the pyrolysis 

aCalculated by different.
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Figure 1. Temperature profile of torrefied PKS at various processing time and microwave power levels.

process. The decomposition of the sample was analyzed using the TG curve, which showed 
the mass loss versus temperature and time curves of TGA experiment [34]. Also, the DTG 
curves, representing the rate of weight loss with the increasing temperature, indicated the 
determination of the decomposition and thermal characteristics of untreated and pretreated 
samples. Each untreated and pretreated sample was pyrolyzed at least twice. However, addi-
tional duplications were carried out where some inconsistencies were observed.

3. Results and discussion

3.1. Temperature profiles of torrefied PKS

Figure 1 shows the temperature profiles of torrefied PKS at different processing time and 
microwave power levels. It shows that higher microwave power level contributed to increase 
the final temperature and heating rate. The torrefied PKS demonstrated increasing the final 
temperature and heating rate of 50.2–470.4°C and 12.6–117.6°C/min, respectively, when the 
microwave power level increased from 200 to 600 W in the first 4 min. These temperature 
profiles increased much steadily after about 4–8 min processing time. Conversely the tem-
perature increment is not significant after 8–12 min processing time regardless the microwave 
power level. Therefore, higher processing time above 8 min was not necessary to upgrade 
the PKS. The microwave power level at 600 W with 4 min processing time was not suitable 
for upgrading the PKS, where it reached high heating rate of 117.5°C/min as the torrefaction 
requires heating rate equal or below 50°C/min [31].
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3.2. Mass and energy yield of torrefied PKS

Figure 2(a) and (b) represents the mass and energy yield of torrefied PKS, respectively. It can 
be seen that the microwave pretreatment decreased the mass and energy yield of torrefied PKS 
while applying higher microwave power at certain reaction time. For example, the mass yields 
of torrefied PKS for 4 min were 97.9, 96.1, 73.3, and 43.2%, while the energy yields were 100.5, 
104.1, 84.9, and 52.8% at 200, 300, 450, and 600 W, respectively. The high mass and energy yield 
at 200 and 300 W were influenced from low reactivity at low microwave power level. While 
at moderate power level of 450 W, the mass and energy yield were reduced reasonably to 70.1 
and 83.5%, respectively, at 8 min processing time. However, at a microwave power level of 
600 W, the mass and energy yield extensively reduced toward 43.7 and 52.8%, respectively, at 
processing time of 4 min, because of the severe reaction at the high microwave power level. At 
the higher reaction temperatures, which also increase microwave power level, the volatilization 
reaction of biomass might become a predominant reaction during the pretreatment process. As 
a result, the mass and energy yield of biomass would be reduced. At operating condition of 
450 W and 8 min, more than 70% of mass and 80% of energy have been remained in the torre-
fied PKS. This phenomenon should be due to the carbonization and volatilization reactions of 
biomass, which would take place at the same time during the pretreatment process.

3.3. Calorific value (CV) of torrefied PKS

The CV is one of the main parameters for fuels to be used in subsequent thermal conversion. 
Figure 3 shows the CV of torrefied PKS at different microwave power levels for 8 min process-
ing time. The CV of untreated PKS was 18.2 MJ/kg. At the microwave power level of 450 W, 
the torrefied PKS had the highest CV of 20.5 MJ/kg, which was 12.6% higher than untreated 
PKS. Commonly, higher microwave power level contributed to higher CV of pretreated feed-
stock. However, when the microwave power level increased from 450 to 600 W, the CV of 

Figure 2. (a) Mass yield of torrefied PKS at various microwave power and processing time, (b) Energy yield of torrefied 
PKS at various microwave power and processing time.
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Figure 1. Temperature profile of torrefied PKS at various processing time and microwave power levels.

process. The decomposition of the sample was analyzed using the TG curve, which showed 
the mass loss versus temperature and time curves of TGA experiment [34]. Also, the DTG 
curves, representing the rate of weight loss with the increasing temperature, indicated the 
determination of the decomposition and thermal characteristics of untreated and pretreated 
samples. Each untreated and pretreated sample was pyrolyzed at least twice. However, addi-
tional duplications were carried out where some inconsistencies were observed.

3. Results and discussion
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Figure 1 shows the temperature profiles of torrefied PKS at different processing time and 
microwave power levels. It shows that higher microwave power level contributed to increase 
the final temperature and heating rate. The torrefied PKS demonstrated increasing the final 
temperature and heating rate of 50.2–470.4°C and 12.6–117.6°C/min, respectively, when the 
microwave power level increased from 200 to 600 W in the first 4 min. These temperature 
profiles increased much steadily after about 4–8 min processing time. Conversely the tem-
perature increment is not significant after 8–12 min processing time regardless the microwave 
power level. Therefore, higher processing time above 8 min was not necessary to upgrade 
the PKS. The microwave power level at 600 W with 4 min processing time was not suitable 
for upgrading the PKS, where it reached high heating rate of 117.5°C/min as the torrefaction 
requires heating rate equal or below 50°C/min [31].
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a result, the mass and energy yield of biomass would be reduced. At operating condition of 
450 W and 8 min, more than 70% of mass and 80% of energy have been remained in the torre-
fied PKS. This phenomenon should be due to the carbonization and volatilization reactions of 
biomass, which would take place at the same time during the pretreatment process.

3.3. Calorific value (CV) of torrefied PKS

The CV is one of the main parameters for fuels to be used in subsequent thermal conversion. 
Figure 3 shows the CV of torrefied PKS at different microwave power levels for 8 min process-
ing time. The CV of untreated PKS was 18.2 MJ/kg. At the microwave power level of 450 W, 
the torrefied PKS had the highest CV of 20.5 MJ/kg, which was 12.6% higher than untreated 
PKS. Commonly, higher microwave power level contributed to higher CV of pretreated feed-
stock. However, when the microwave power level increased from 450 to 600 W, the CV of 

Figure 2. (a) Mass yield of torrefied PKS at various microwave power and processing time, (b) Energy yield of torrefied 
PKS at various microwave power and processing time.

Properties of Torrefied Palm Kernel Shell via Microwave Irradiation
http://dx.doi.org/10.5772/intechopen.81374

37



torrefied PKS decreased. This may infer that when the reaction temperature is over 400°C 
due to higher microwave power levels (referring to Figure 2(b)), the fixed carbon content of 
biomass reduced resulting in the decrease of calorific value of torrefied PKS.

3.4. Proximate analysis of torrefied PKS

The torrefied PKS at 8 min processing time was chosen for proximate analysis. Figure 4 shows 
the effect of microwave power level on moisture, volatile matter, and fixed carbon, respectively, 
of torrefied PKS. Generally, it can be seen that the moisture content and volatile matter decreased 
with increasing microwave power, in comparison to the untreated PKS. The results showed 
the characteristics of the torrefied PKS were altered due to high moisture content of untreated 
sample and its ability in absorbing microwave radiation. However, the fixed carbon of the torre-
fied PKS increased, with increasing microwave power level. The fixed carbon of the pretreated 
sample noticeably increased, representing a modification in quantity of energy per unit mass, 
which is related to the calorific value. Moreover, the decrease in volatile matter and moisture 
was observed. Since, the microwave pretreatment increases the carbon content, the fuel ratio of 
the irradiated samples eventually increased. This phenomenon was due to drying, volatilization, 
and decomposition of biomass feedstock during the pretreatment at higher microwave power.

The ratio of fixed carbon to volatile matter content, which is the fuel ratio, can indicate the 
accurate feedstock for thermal conversion. The fuel ratios of torrefied PKS at different micro-
wave power levels with 8 min processing time are presented in Figure 5. After microwave 
pretreatment, the fuel ratios of pretreated materials significantly increased with increasing 
microwave power level. The fuel ratios of torrefied PKS increased from 0.48 to 2.85 when the 
microwave power levels increased from 200 to 600 W. The fuel ratio of 1.1 for pretreated PKS 
at 450 W is comparable with typical fuel ratio of bituminous coal, which is around 1.0–2.5 [35].

Figure 3. Calorific value of torrefied PKS at various microwave power with 8 min processing time.
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3.5. Carbon and oxygen content of torrefied PKS

The torrefied PKS at 8 min processing time was chosen for ultimate analysis (carbon and 
oxygen content). Figure 6 shows the effect of microwave power level on carbon and oxygen 
content of pretreated PKS. In general, the results indicate that oxygen decreased and carbon 
increased with the increase in microwave power level. The oxygen was reduced up to 43% 

Figure 4. Volatile matter, fixed carbon and moisture content of torrefied PKS at various microwave power level with  
8 min processing time.

Figure 5. Fuel ratio of torrefied PKS at various microwave power with 8 min processing time.
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of pretreated PKS. On the contrary, carbon was increased up to 52 and 62% for torrefied PKS 
at the highest microwave power level of 600 W. The decrease in oxygen contents was gener-
ally attributable to the destruction of the hydroxyl group (–OH) in PKS during pretreatment, 
which consequently produced solid hydrophobic fuel. Eventually, by removing oxygen using 
microwave irradiation method, the energy density of the torrefied PKS increased.

Figure 7. O/C ratio of torrefied PKS at various microwave power with 8 min processing time.

Figure 6. Carbon and oxygen content of torrefied PKS at various microwave power with 8 min processing time.
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Due to the decomposition and elimination of volatile matter during pretreatment process, the 
oxygen mass fraction of the pretreated products will be lowered. Therefore, as illustrated in 
Figure 7, the O/C ratio of all torrefied samples was lower than that the untreated sample. As 
the microwave power level increased, the O/C ratio of torrefied PKS is gradually reduced as 
more volatile matter is being released as a result of the continuous decomposition process. 
The reduction of the atomic ratios also indicates the measures of conversion efficiency and 
oxidation degree of pretreated products [16].

3.6. Functional group analysis of torrefied PKS

The torrefied PKS at 8 min processing time with microwave power of 200, 300, 450, and 600 W 
were chosen for functional group analysis. The chemical structure difference of untreated and 
pretreated PKS at various microwave power level was characterized using FTIR as shown in 
Figure 8. The FTIR spectra of untreated and pretreated PKS are similar in shape, but the inten-
sity of the peaks is different. A broad peak at 3400 cm−1 for untreated PKS was associated to the 
hydroxyl group (–OH). These –OH groups exist with alcohols and phenols. The –OH peaks were 

Figure 8. FTIR spectra of the untreated and pretreated PKS.
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of pretreated PKS. On the contrary, carbon was increased up to 52 and 62% for torrefied PKS 
at the highest microwave power level of 600 W. The decrease in oxygen contents was gener-
ally attributable to the destruction of the hydroxyl group (–OH) in PKS during pretreatment, 
which consequently produced solid hydrophobic fuel. Eventually, by removing oxygen using 
microwave irradiation method, the energy density of the torrefied PKS increased.

Figure 7. O/C ratio of torrefied PKS at various microwave power with 8 min processing time.

Figure 6. Carbon and oxygen content of torrefied PKS at various microwave power with 8 min processing time.
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remarkably decreased with the increase of the microwave power. The peaks at 2920 and 2880 cm−1 
indicated aliphatic methylene groups. The peak intensity of pretreated PKS was smaller than 
raw PKS at higher microwave power of 450 and 600 W. The carbonyl group (C=O) bonds were 
observed at 1750 cm−1 corresponding to various acids, aldehydes, and ketones, which were formed 
by decomposition of cellulose and hemicellulose. The peak was smaller at higher torrefaction tem-
perature, which was linked with breakdown of hemicellulose. Peaks at 1550 cm−1 present alkenes 
of C=C stretching. The most concentrated peaks were observed in the range of 1500–1000 cm−1 
and assigned to C=O stretching and O–H deformation at organic compounds containing oxygen 
(alcohols, phenols, and ethers). Aromatic groups are represented by peak 790 cm−1 for PKS.

3.7. Thermal decomposition of torrefied PKS

The torrefied PKS at 8 min processing time with microwave power of 300, 450, and 600 W 
were chosen for thermal decomposition in TGA. The analysis of pretreated sample at 200 W 
was not chosen because its characteristic was similar with the untreated sample as discussed 
in the earlier section. The DTG curve of untreated and pretreated PKS is presented in Figure 9. 
The untreated and pretreated PKS showed three noticeable peaks existed in the DTG curve. 

Figure 9. DTG curve of the untreated and pretreated PKS.
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The main DTG peak at temperature range of 50–130°C indicated the moisture removal of the 
samples. The second DTG peak is located at 292 and 347°C, which referred to the maximum 
decomposition rate of hemicellulose and cellulose, respectively. After pretreated at micro-
wave power level of 300 W, the peak was at 292°C and decreased slightly. However, the 
peak at 292°C moved to higher temperature at 373°C and significantly increased in the peak 
height. When the microwave power was increased to 450 and 600 W, the peak at 292 disap-
peared. Although the peak at 292°C moved to higher temperature at 373°C and significantly 
increased the peak height when pretreated at 450 W, there was a reduction in peak height 
after pretreated at 600 W. It is obvious that the second peak disappearance represents the 
hemicellulose lost at higher microwave power level at 450 W and above, whereas the third 
peak showed the cellulose retained, but the intensity was different. It is inferred that partial 
part of the cellulose and lignin remains and is not decomposed by the torrefaction using 
microwave irradiation [30].

4. Conclusions

This study presents the properties of torrefied PKS using thermal pretreatment via micro-
wave irradiation. The torrefied PKS underwent physical and chemical modifications, which 
include mass reduction, rise in energy content, and change in chemical compositions. The 
increase in microwave power level showed the significant effect, which decreased the mass 
and energy yield of torrefied PKS. As the microwave power level increased, the moisture, 
volatile mater, oxygen content, and O/C ratio decreased. Among the microwave power-
level variation studies, the carbon content and calorific value were enhanced to 55.94% and 
21.20 MJ/kg, respectively, at microwave power of 450 W. The peak intensity of oxygenated 
functional group was reduced with the increase of the microwave power as presented in 
FTIR spectra. The TGA analysis has correlated the thermal decomposition with hemicellu-
lose, cellulose, and lignin in torrefied PKS. The research can be concluded that the PKS can be 
upgraded via MI pretreatment to a value-added feedstock at microwave power of 450 W with 
processing time of 8 min. Thus, the torrefied PKS has the prospective to be applied in thermo-
chemical conversion such pyrolysis, liquefaction, and gasification or co-conversion with coal.
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Abstract

The modeling and simulation of transesterification require an understanding of the chem-
ical reactions that take place inside the reactor. The development of reaction mechanism of
the multiple step triglyceride, triglycerides and mono-glycerides and their reversal reac-
tion is beyond the interest of chemical or mechanical engineers, whose main interests are
to assess the conversion overall and to establish performance process metrics. This chapter
undertakes the transesterification conversion by firstly establishing and formulating the
overall process kinetics as far as the rate constant and activation energy. Secondly, use the
obtained kinetic values to carry out high fidelity reactive flow of the multiple species
which are co-present inside the reactor and otherwise complex to capture experimentally.
Following these two steps, this work provides qualitative and quantitative information on
the concentration of the reactants, intermediates and the overall yield. This two-step-
approach can also be utilized as reactor design tool and gaining in-depth insight on
reaction progress and species distribution. Experimental results, high-fidelity numerical
results, and parametric sensitivity studies will be introduced and discussed.

Keywords: chemical kinetic, transesterification, CFD, biodiesel, crude glycerol

1. Introduction

Stoichiometrically and theoretically speaking, transesterification consumes 1 mole of triglyce-
ride and 3 moles of alcohol to produce 3 moles of fatty acid methyl esters (FAME) and 1 mole
of crude glycerol. Practically, unconverted triglyceride (TG) and intermediates (i.e. diglyceride
(DG) and monoglyceride (MG)) co-present in the yield which signifies the incompletion of the
reaction [1]. As these reactions are mildly influenced by temperature and pressure because of
their nearly equal heat of formation and liquid phase, the increase in the molarity of the alcohol
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promotes the desired forward reaction [2]. Contrary to well-known hydrocarbon fuels that are
characterized by fixed thermodynamic and physical properties, the TG, DG, MG have no fixed
chemical formula and neither their thermodynamic properties, such as standard enthalpy or
specific heats, nor physical ones like density or viscosity, are consistent throughout the litera-
ture [3, 4]. Therefore, material characterization is an essential step in the modeling of the
transesterification process. The extent of these properties depends on the complexity and
comprehensiveness of the simulation, from a simple incompressible flow that requires only
viscosity and density, to a complex non-isothermal flow that requires heat of formation,
specific heat, thermal conductivity and their associated diffusions. However, as these proper-
ties can be derived following the American Society for Testing and Materials (ASTM) stan-
dards, their reactions are more complex. Table 1 summarizes some of the utilized properties
for the waste oil, TG, DG, and MG used in the work of Noureddine and Zhu who were
amongst the pioneers of quantifying transesterification reaction kinetics [5].

Setting up a reaction mechanism of numerous species or elements and hundreds of reactions,
while accounting for reaction radicals, is rather impractical for engineers. The overall reaction
can be captured through well controlled conditions and yield assessment procedures that can
save the pain of the development or use these reaction mechanisms. This chapter undertakes
the conventional transesterification at different process temperatures, highlighting their influ-
ence on the yield and their distribution inside the reactor.

2. Biodiesel feedstock and the reactor device

While corn, sunflower, and palm oil are readily available in the market, their utilization may
raise a strong debate on land for food vs. land for energy. To rule out this debate, waste
cooking oil (WCO) is used instead, because it is abundantly available feedstock, inexpensive
and most of the time its disposal into sewerage systems is associated with environmental
concerns. The supply chain of collecting this abundant source is beyond the scope of this

Species Chemical
formula

Molecular weight
(g/mol)

Viscosity
(kg/m.s)

Cp

(J/kg.�C)
Density
(kg/m3)

Methanol CH4O 32 3.96E-4 1.470E3 791.8

Waste oil or
Triglyceride

C54H105O6 848 1.61E-2 2.2E3 883.3

Diglyceride C37H72O5 596 — — 880

Monoglyceride C20H40O4 344 — — 875

Biodiesel C18H36O6 284 1.12E-3 1.187E3 870

Glycerol C3H9O3 93 1.412E0 0238.6 1261

Table 1. Summary of species properties and molecular weight (MW) [5].
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chapter. However, it is important to state that residential communities are in general in favor of
trapping this problematic sewerage source that is responsible for clogging the plumbing
systems. Collection also can be facilitated by using drum type or smaller plastic containers
provided to the local restaurant, school/university canteens, residential communities as a
privately owned small business, or through municipality.

The collected WCO generally requires pretreatment that can be facilitated at a moderate
temperature to maintain its liquid and less viscous form. One can use the heat of the summer
(45–50�C) at which unsaturated and saturated steric fatty acid stays in liquid form, and 10–
20 μm filtration can be used to eliminate any suspended oil solid residuals. Dehydrating of the
WCO is also required, during which any water content brought by the processed food into the
waste cooking oil is liberated through evaporation. At the laboratory scale, stirring and heating
pad at near 110�C for several hours can perfect this task. Process methanol and catalyst NaOH
or KOH can also be substituted with commercially available grade instead of high purity
pharmaceutical grade/Sigma-Aldrich that can also leverage process economically. Once
pretreatment of the feedstock is done, the NaOH solid catalyst in the form of small ballets is
dissolved into methanol at the stipulated ratio, i.e. 0.5–1% by mass of WCO. This process can
be facilitated under moderate heating and a temperature below 60�C and stirring forming the
meth oxide reactant solution. In the lab, multiple transesterification reaction experiments can
be conducted simultaneously under the same temperature and stirring rate to reduce experi-
mental sequence and human error. This can be carried out using a multiple dissolution
apparatus such as those provided by Agilent Technologies, featuring 6–12 reactor vessels as
depicted in Figure 1 [6]. The caps are tightly fitted and are equipped with direct access ports
for sampling without process interruption. They all are also set on thermally controlled wells.
The process in these individual small-scale batch reactors resemble those carried out in larger

Figure 1. Dissolution apparatus representing eight multiple 1-L batch reactors and HomeBiodeselKits 500-liter batch
reactor.
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scale ones provided by HomeBiodeselKits, as depicted in Figure 1. Beside batch method, a
patented continuous reactor is also depicted in Figure 2 featuring compactness, continuity,
and scalability. This reactor reported better efficacy observed by the higher throughput and
better quality of product than the batch reactor.

The continuous reactor consists of a tubular reactor of two or more upright concentric cylin-
ders. Each is equipped with inflow at the bottom and outflow at the top port, connected by
5-mm ϕ chemically resistive hoses. The inflow and outflow are configured circumferentially in
each cylinder, rendering the flowmore residence time due to their helical trajectory. The details
of the reactor’s dimensions and geometry can be found in the work of Janajreh et al. [7]. A
peristaltic or a diaphragm pump type is used to inject the two reactants, i.e. pretreated oil and
methoxide into the reactor at the stipulated molar ratio. The mass flow rate is typically being
set beyond laminar limits for turbulence mixing that help the transesterification reaction. The
mixture from the batch dissolution is periodically recovered in 10 mm vials, and is refrigerated
to halt their progressive reactions for downstream species analysis. The analysis of the compo-
sitions of TG, DG, MG, FAME, glycerol (GL) and alcohol (AL) is carried out using a standard
Gas Chromatography Mass Spectrometry (GC/MS) equipment as those provided by Thermo
Scientific DSQ II equipped with a flame ionization detector.

In the GC/MS analytical equipment, the FAME column is initially calibrated using standard
biodiesel and glycerol samples to ensure precise qualitative and quantitative analysis. The
collected and refrigerated vials are obtained at numerous and progressive reaction intervals
of 15-time steps over 2 hr of reaction time [8]. The breakdown of sample species composition is
acquired using methods similar to those carried out by Noureddini and Zhu [5] and Janajreh
et al. [7]. Transesterification is performed at 6:1 alcohol to oil molar ratio and 0.5% NaOH by
mass of WCO, and both at different temperatures of 50 and 60�C.

Figure 2. Patented tubular continuous biodiesel reactor 1–8L/hr [19].
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3. Transesterification method

Figure 3 shows the three-step details of the three equilibrium reactions process of transester-
ification reaction as indicated by Noureddine et al. [5] and Janajreh et al. [9].

This equilibrium given in Figure 1 is represented by six coupled first order differential equa-
tions including the overall shunt reaction as per Eqs. (1)–(6) [10] and these are written as:

ð1Þ
d DG½ �=dt ¼ �k3 DG½ � AL½ � þ k4 E½ � MG½ � þ k1 TG½ � AL½ �–k2 E½ � DG½ � (2)

d MG½ �=dt ¼ �k5 MG½ � AL½ � þ k6 E½ � GL½ � þ k3 DG½ � AL½ �–k4 E½ � MG½ � (3)

ð4Þ

d GL½ �=dt ¼ k5 MG½ � AL½ �–k6 E½ � GL½ � þ k7 TG½ � AL½ �3–k8 E½ �3 GL½ � (5)

d AL½ �=dt ¼ �d E½ �=dt (6)

In these equations, k is the rate constant of each of the forward and backward reaction of
Figure 3 and (x) is the concentration of species x, the TG, DG, MG, AL, E, and GL are

Figure 3. Transesterification reaction mechanism.
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respectively the Triglyceride, Diglyceride, Monoglyceride, Alcohol, Fatty Acid Methyl Ester
and Glycerol. This system of PDEs Eqs. (1)–(6) is solved for k1 through k8 at minimum root
mean square following the temporal measurements of each specie and using Eq. (7) as:

Ax ¼ b or x ¼ A�1b (7)

where A is the coefficient matrix of the species concentration at each time step obtained
through GC/MS analysis, x is the evaluated rate constant vector (k1 through k8) and b is
obtained by evaluating the time derivative of the measured concentrations. The rate constant
(k) of each reaction is expressed by the Arrhenius Eq. (8) [11] as follows:

ð8Þ

where Ao (s�1) is the pre-exponential constant, E (J/mol) is the activation energy corresponding
to each of the eight reactions, R (J/mol K) is the molar universal gas constant and T is the
process temperature expressed in degree Kelvin. Therefore, from the slope and intercept of the
natural log line of K and 1/Tone can infer the activation energy (which is normalized by the gas
constant) and the natural log of the pre-constant, respectively. Following previous work on
chemical kinetics [5, 12], the reaction rate constants Eqs. (1)–(8) are solved simultaneously
using MATLAB which enables direct inference of E and Ao [13].

4. Transesterification kinetics evaluation

Transesterification is a slowly reversible reaction, where only the forward reactions are desired
for the production of biodiesel. It is easy to say that lower activation energies are favored for
forward reactions (E1, E3, E5, E7) while higher activation energies are preferred for backward
reactions (E2, E4, E6, E8). Unfortunately, this is not as simple as will be stated below. The
obtained GC/MS results for this conventional transesterification at 0.5% NaOH, 6:1 molar ratio
and temperature of 50 and 60�C, in terms of mole fraction, are depicted in Figure 4. It shows
the rates of consumption of TG and Alcohol into the formation of methylesters (E) and GL as
well as the intermediate species, i.e. DG and MG.

The E production and its byproduct GL demonstrate a sigmoidal trend: a slow delay in the
reaction rate at the start is then followed by a quick surge in the production, and a final slow
rate near the reaction completion. This trend characterizes the changing mechanisms reaction
that swings from the slow mass transfer controlled to the fast kinetically controlled and back to
slow reactivity as equilibrium is attained [5]. This can be explained by the poor diffusion
between the two phase reactants system, i.e. TG and AL. As soon as the methyl ester is formed
the solubility of the two phases into one single phase is increased drastically which causes the
production surge. This is stipulated by any sample taken at the first minute of the reaction,
which tends to form two separate phases. Samples taken thereafter appear to be a more
homogenized single phase as sampling time progress. At the onset of the formation of the
single phase, mixing becomes less important and hence temperature can play more important
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role to kinetically propel these reactions. In general, an increase in temperature provides a
higher energy state for the molecules leading to more collisions and also improves the solubil-
ity of the reactants. As these reactions are reversible, the consumption of any of the reactants
must be avoided to steer and ensure these reactions of Figure 3 forward.

As can be shown in Figure 4 of the GC/MS results obtained at the two temperatures, DG and
MG are intermediate species. They appear following mass transfer limitation for a relatively
shorter time, before they asymptotically vanish. The amount of unreacted alcohol at T = 60�C is
shown to be lower than those obtained at T = 50�C, as per Figure 4. On the contrary, the FAME
production and its byproduct GL is noticeably higher at higher temperature (T = 60�C) than the
lower process temperature (T = 50�C). The rate constants for the two process temperatures are
depicted side by side in the bottom left ‘staked bar plot’ of Figure 4. These values are relatively
comparable, except for k2 and k4. Considering the lower temperature stacked bar (left side), it
shows the low value of k1 and k2 reaction constants compared to the rest of reaction constants
placing them as the rate limiting reactions. As soon as the product of these reactions becomes
available, higher rates for their intermediate yield takeover. Comparing the lower and higher
temperature ks, the higher temperature results in higher k1 and k2, which are the rate limiting
reactions, while the rest are comparable. This explains the higher initial yield beyond the two-
phase mass transfer limitation that lasts within the first minutes of the reaction. These evalu-
ated activation energies are also depicted in the bar plot of Figure 4 on the bottom right. These

Figure 4. Transesterification of WCO conversion results at 50�C (top left) and 60�C (top right). Corresponding chemical
kinetic reaction rate constants (bottom left) and activation energy (bottom right).
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obtained by evaluating the time derivative of the measured concentrations. The rate constant
(k) of each reaction is expressed by the Arrhenius Eq. (8) [11] as follows:

ð8Þ

where Ao (s�1) is the pre-exponential constant, E (J/mol) is the activation energy corresponding
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forward reactions (E1, E3, E5, E7) while higher activation energies are preferred for backward
reactions (E2, E4, E6, E8). Unfortunately, this is not as simple as will be stated below. The
obtained GC/MS results for this conventional transesterification at 0.5% NaOH, 6:1 molar ratio
and temperature of 50 and 60�C, in terms of mole fraction, are depicted in Figure 4. It shows
the rates of consumption of TG and Alcohol into the formation of methylesters (E) and GL as
well as the intermediate species, i.e. DG and MG.

The E production and its byproduct GL demonstrate a sigmoidal trend: a slow delay in the
reaction rate at the start is then followed by a quick surge in the production, and a final slow
rate near the reaction completion. This trend characterizes the changing mechanisms reaction
that swings from the slow mass transfer controlled to the fast kinetically controlled and back to
slow reactivity as equilibrium is attained [5]. This can be explained by the poor diffusion
between the two phase reactants system, i.e. TG and AL. As soon as the methyl ester is formed
the solubility of the two phases into one single phase is increased drastically which causes the
production surge. This is stipulated by any sample taken at the first minute of the reaction,
which tends to form two separate phases. Samples taken thereafter appear to be a more
homogenized single phase as sampling time progress. At the onset of the formation of the
single phase, mixing becomes less important and hence temperature can play more important
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role to kinetically propel these reactions. In general, an increase in temperature provides a
higher energy state for the molecules leading to more collisions and also improves the solubil-
ity of the reactants. As these reactions are reversible, the consumption of any of the reactants
must be avoided to steer and ensure these reactions of Figure 3 forward.

As can be shown in Figure 4 of the GC/MS results obtained at the two temperatures, DG and
MG are intermediate species. They appear following mass transfer limitation for a relatively
shorter time, before they asymptotically vanish. The amount of unreacted alcohol at T = 60�C is
shown to be lower than those obtained at T = 50�C, as per Figure 4. On the contrary, the FAME
production and its byproduct GL is noticeably higher at higher temperature (T = 60�C) than the
lower process temperature (T = 50�C). The rate constants for the two process temperatures are
depicted side by side in the bottom left ‘staked bar plot’ of Figure 4. These values are relatively
comparable, except for k2 and k4. Considering the lower temperature stacked bar (left side), it
shows the low value of k1 and k2 reaction constants compared to the rest of reaction constants
placing them as the rate limiting reactions. As soon as the product of these reactions becomes
available, higher rates for their intermediate yield takeover. Comparing the lower and higher
temperature ks, the higher temperature results in higher k1 and k2, which are the rate limiting
reactions, while the rest are comparable. This explains the higher initial yield beyond the two-
phase mass transfer limitation that lasts within the first minutes of the reaction. These evalu-
ated activation energies are also depicted in the bar plot of Figure 4 on the bottom right. These

Figure 4. Transesterification of WCO conversion results at 50�C (top left) and 60�C (top right). Corresponding chemical
kinetic reaction rate constants (bottom left) and activation energy (bottom right).
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are consistent with those reported experimentally by Feedman and coworkers [14, 15]. Based
on the Arrhenius equations, they reported activation energies in the transesterification of the
soybean oil in the range of 33,472–83,400 J/mol [16, 17]. These values are tabulated in Table 2,
along with the rate constant. The activation energy is the highest for the reverse of the first
reaction, DG + E—TG + AL suggesting this reaction is not as spontaneous as the others and
reverse formation of TG is rather less expected. This is due to surplus of the Methanol alcohol
that forces the forward reactivity of the TG + AL—DG + E reaction. This is also evident from all
the forward reactions which are at lower activation energy than their associated reversal
reaction.

The evaluated kinetics will be utilized in the development of a high fidelity reaction model.
The model will be based on reactive flow of the six species, TG, AL, DG, MG, E and GL and
their eight reactions. These are types of volume homogenous reactions. The considered reactor
will be a tube type subjected to appropriate conditions and enabling the assessment of the
yield and species distribution.

In summary, the required kinetics that governs the reactions and change of species has been
evaluated. Results are intuitively correct, as a higher temperature results in higher rate con-
stants. These data will be used in the high fidelity reactive flow analysis that will be detailed
next. It is important to emphasize that importance of these simulations in capturing the overall
species and their distribution in the reaction device. This is becoming the tool for the develop-
ment of the new and innovative reactors. The observations procured from performing the
chemical kinetic study enables the shift in conventional transesterification towards a modified
sonication kinetic data for further reactive flow analysis. Comparison between regular mixing
and ultra- sound assisted procedures proves the supremacy of the latter in terms of fastening
the forward reactions by increasing reaction rates and decreasing activation energies of for-
ward reactions. Note that the comparative study is performed to obtain an idea of the trend of
sonication and not to get exact chemical kinetics.

Designated K or E Rate constant at
T = 50�C

Rate constant at
T = 60�C

Activation energy
(J/mol)

Pre-constant
(sec�1)

TG + AL—E + DG 0.1213 0.1157 4103 77,983,755.8

E + DG—TG + AL 0.1167 0.3276 90,540 449,020.085

DG + AL—E + MG 0.8177 0.8947 7896 1.0976 E12

E + MG—DG + AL 3.5379 3.1354 10,597 4570,1701.3

MG + AL—E + GL 1.5943 1.7922 10,267 767.86

GL + E—MG + AL 0.1661 0.1322 19,980 32,870.58

TG + 3AL—
3E + GL

0.001 0.001 3089 77,983,755.8

GL + 3E—TG + 3A 0.8149 0.7568 6490 449,020.085

Table 2. Summary of the rate constants values of the reactions at two temperatures and their activation energy.
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5. High-fidelity transesterification model development

In order to sharpen our understanding of the transesterification reaction progression and
species distribution, a high fidelity reactive flow model for transesterification is developed.
The basis of the model is computational fluid dynamics (CFD). Several research software have
adopted CFD environment to solve multiple physics, whereby some are open sources and
others are more commercially tuned. The transesterification model is developed within the
finite volume CFD based software of Ansys/Fluent 17.1 [18].

5.1. Governing equations

We here focus on the modeling of the tubular reactor that depicted earlier in Figure 2 which
has numerous advantages over the batch reactor, i.e. continuous, compactness, better yield
[19]. Modeling involves the application of flow continuity, momentum, and energy equations.
Furthermore, the flow is characterized as a mixture of multiple reacting species, incompress-
ible, viscous, and turbulent. The reaction is assumed to start as soon as the reactant compo-
nents are met inside the reactor. The flow is governed by the Navier-Stokes equation, which is
associated with temporal, advective, viscous, and any source term and is written as:

∂
∂t

∅ð Þ þ ∂
∂xi

ui∅ð Þ ¼ �∂
∂xi

Γ∅
∂∅
∂xi

� �
þ S∅ (9)

where ui is the velocity and S∅ is the source term due to the dispersed phase interaction. The ∅
is the flow dependent variable and when represents the density (r), velocity density multiple
(rui) and the temperature (T) it yields the continuity, the momentum, and the energy equa-
tions, respectively. It takes also the turbulent scalars, i.e. kinetic energy (k) and dissipation rate
(ε). These two equations in steady state are expressed as:

ð10Þ

The left terms govern the advective while the right hand terms govern respectively the gener-
ation, the diffusion, and destruction of the turbulent quantities. In these equations, μt is the
eddy viscosity parameter and it overwhelms the laminar viscosity and is written as:

ð11Þ

where f μ and Cμ are flow dependent constants and C1ε, C2ε,σk and σs are tuning empirical

constants. The transport equations that govern the of species mi take the following form:

ð12Þ
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5. High-fidelity transesterification model development
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The basis of the model is computational fluid dynamics (CFD). Several research software have
adopted CFD environment to solve multiple physics, whereby some are open sources and
others are more commercially tuned. The transesterification model is developed within the
finite volume CFD based software of Ansys/Fluent 17.1 [18].

5.1. Governing equations

We here focus on the modeling of the tubular reactor that depicted earlier in Figure 2 which
has numerous advantages over the batch reactor, i.e. continuous, compactness, better yield
[19]. Modeling involves the application of flow continuity, momentum, and energy equations.
Furthermore, the flow is characterized as a mixture of multiple reacting species, incompress-
ible, viscous, and turbulent. The reaction is assumed to start as soon as the reactant compo-
nents are met inside the reactor. The flow is governed by the Navier-Stokes equation, which is
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(rui) and the temperature (T) it yields the continuity, the momentum, and the energy equa-
tions, respectively. It takes also the turbulent scalars, i.e. kinetic energy (k) and dissipation rate
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The left terms govern the advective while the right hand terms govern respectively the gener-
ation, the diffusion, and destruction of the turbulent quantities. In these equations, μt is the
eddy viscosity parameter and it overwhelms the laminar viscosity and is written as:
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constants. The transport equations that govern the of species mi take the following form:
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Here Di,m is the diffusion coefficient of i specie within the m bulk species and Sct is the
turbulent Schmidt number defined as the ratio of the eddy viscosity t to the eddy diffusivity
Di,m. Eq. 10 incorporate an additional source term Ri which accounts for species reaction. This
term is governed by the reaction stoichiometry of the specie mi and is written as:

ð13Þ

The reaction rate is proportional to the concentration of the reaction species (both reactants and
products) to an ordered of specified power coefficients that can be written as:

ð14Þ

where kf (k1, k3, k5, k7) and kb (k2, k4, k6, k8) are the reaction rate constants evaluated according to
Eq. (8) for the forward and backward of the above Arrhenius equation Eq. (13) that summa-
rizes equations of Figure 3. The Cj are the molar concentration of jth specie to the order of its
stoichiometric coefficient ν while η is the reaction order. The Mi is the molecular weight of
species i [20]. It is a good practice to pursue CFD as a non-reactive flow first before accounting
the influence of reactions that numerically may induce earlier instability for the solution. After
achieving near steady and consistent solution and influence of reaction can be included and
analyzed.

5.2. CFD setup and mesh sensitivity analysis

The model of the considered tubular reactor is shown below in Figure 5 along with its
dimensions as summarized in Table 3.

A hybrid mesh of hexagonal and pyramid type is used to maintain the size within the
processing capacity of the current laptop for an engineer. The mesh is established in ANSYS
Design Modeler, consisting of two concentric tubular chambers along with the connecting
tubing as shown in Figure 6. A baseline and another two refined meshes were created to study
the dependency and the goodness of the mesh influence on the solution. The properties of the
reactants and products are summarized in Table 4 as per the work of Narvaez et al. [21].
The ideal mixture is used to determine the mixture properties from the known properties of
the individual specie as per Eq. (15).

ð15Þ

The boundary conditions are assigned as flow, constant velocity at the inlet and isothermal
fluid. The boundary at the top outlet was defined as fixed pressure outlet at 0-Pa gauge
pressure while the boundary walls are subjected to zero velocity, i.e. no slip and no penetra-
tion. The turbulence is accounted for via standard k-ɛ mode and model constants were kept at
their common values [22–24]. The setup was initialized at the same values of velocity from the
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inlet boundary condition. The material initially is assumed as an ideal mixture that has the
viscosity and density property proportion of 6:1 methanol-to-waste cooking oil mole fraction.

Results of the unreacted isothermal flow distribution within the reactor, or cold flow as
referred to in some literature, is depicted in Figure 7. Velocity vector colored by the residence
time is used for the three level meshes. Results of residence time parameter is used as the most
pronounced parameter for the intended reactive fluid to assess the mesh accuracy. These
results are summarized in Table 5 for the three levels of the mesh for comparison. The baseline
residence time is within 2% deviation from the next refined mesh, hence it is used for the rest of
the analysis. However, the coarse mesh showed a sustainable deviation of nearly 10% that fails
to be qualified as an accurate and representative mesh.

Component Outer cylinder (glass) Middle cylinder (metal) Inner cylinder (metal)

Outer diameter (mm) 59.9 42.0 26.2

Inner diameter (mm) 51.9 36.7 21.8

Thickness (mm) 4.0 2.7 2.2

Length (mm) 272 313 353

Table 3. Dimensions of the reactor geometry components.

Figure 5. Tubular reactor model.
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the individual specie as per Eq. (15).
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A total resident time of the order of 103 seconds is observed in each of the three meshes. If the
flow was injected at relatively high velocity, it would ensure the required homogenize mixing
of the reactants that also avoid any of the mass transfer limitation. The circumferential config-
uration of the entry and exit of the reactor enables it to maintain a long residence time, even at
a higher inlet mass flow that forces the flow to move in a swirling trajectory.

Figure 6. Discretized reactor domain using hybrid 3-D baseline mesh.

Species Chemical formula Molecular weight (g/mol) Viscosity (kg/m.s) Cp (J/kg.�C) Density (kg/m3)

Methanol CH4O 32 3.96e-4 1.470e3 791.8

Waste oil C54H104O6 849 1.61e-2 2.2e3 883.3

Biodiesel C18H36O2 284 1.12e-3 1.187e3 870

Glycerol C3H8O3 92 1.412e0 0238.6 1261

Table 4. Properties of the flow species.

Figure 7. Flow trajectory colored by the resident time for the (a) baseline, (b) fine and (c) very fine.
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5.3. Reactive flow analysis

The reactor tube is setup vertically and is subjected to inlet flow rate at Re = 6000 at the bottom
of the tube into the inner reactor chamber. There, the two fluids of TG and methoxide (mixture
of the methanol and the catalyst) are injected circumferentially at the stipulated molar/mass
ratio and inlet temperature. The outflow is subjected to atmospheric pressure which is admit-
ted at exit boundary condition of the outer tube chamber located at the top. The no-lip no
penetration and insulated wall is also applied to all the bounded reactor walls.

To maintain single-phase flow avoiding the complication of other reactivation, the case of
reactive flow simulation is carried out below the boiling point of methanol at a temperature
of 60�C (333 K). A steady-state solution is sought for the flow. This is achieved by ignoring the
temporal term of the governing equation. The flow is introduced to the reactor by means of an
external peristaltic or diaphragm pump operating at relatively low head of nearly 2-m to
overcome the viscous shear stresses and head losses and the reactor vertical head at an
adjustable discharge capacity of up to 5 L/min.

5.4. Simulation results

Based on the stoichiometry of transesterification reactive 3 moles of methanol are consumed
with 1 mole of triglycerides for the making of 1 mole of biodiesel. Using this ratio(3:1 methanol
to WCO molar), which also corresponds to AL/WCO mass fraction of 0.102/0.892, results on
the species contour plots depicted in Figure 8 and the outlet fractions are summarized in
Table 6.

At this velocity and molar ration, a low conversion of 28% is achieved. The conversion is
described by Eq. (16) and is written as:

ð16Þ

where C is the concentration and the subscripts o and f signify the initial and final state of the
concentration of the waste cooking oil (WCO). When the model is subjected to higher molar
ratio of 6:1 AL to WCO and at higher inlet mass flow results are depicted in Figure 9 of all the
participating species. This figure illustrates the reaction takes place only within the inner tube
ring. The conversion seems to be enhanced reaching as high as 89% based on the inlet and exit
fraction evaluated in the inner loop of the tubular cylinder, however a considerable intermedi-
ate is still beside TG conversion and mandating the need for the flow to duel and additional
residence time to complete the reaction.

Mesh type Coarse Baseline (Baseline � 1.5) Fine mesh (Baseline � 1.89)

No. of cells 281,382 427,742 534,228

Residence time (sec) 1.01 � 103 1.080 � 103 1.100 � 103

Error % 10% 2% —

Table 5. Cells for the two meshes for the mesh sensitivity analysis.
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ð16Þ

where C is the concentration and the subscripts o and f signify the initial and final state of the
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ratio of 6:1 AL to WCO and at higher inlet mass flow results are depicted in Figure 9 of all the
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ring. The conversion seems to be enhanced reaching as high as 89% based on the inlet and exit
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From Figure 9, the concentration of the TG is reduced as the flow climbs up in the reactor as
does the AL due to the production of biodiesel (E) and the two-intermediate species (MG and
DG). The figure also clearly shows how DG precedes the formation of the MG and GL
observed in the fading blue color contours of the DG concentration near the bottom inlet. The
MG and GL show progressive color contours from the nil value represented by dark blue
contours and reaching to higher value of 0.07 and 0.02 for each of MG and GL, respectively.
Therefore, this allows additional residence time for the reaction in the second reactor tube
reduces these intermediates and lead to higher production of the biodiesel and its byproduct

Figure 8. Molar fraction of species across the reactor (global scale).

Port & ratio/species C54H104O6 (WCO) CH4O C18H36O2 (FAME) C3H8O3 Conversion

Inlet 0.25 0.75 0 0 28%

Outlet 0.18* 0.54 0.21 0.07

*Conversion = (0.25�0.18)/0.25.
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Figure 9. Molar fraction of the participating species within the first inner tube of the reactor and at 6:1 AL to WCO ratio.
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glycerol. It must also be noted that these reactions are reversible and hence they can go either
way, such that high conversion in the 1st tubular loop may be counter reacted by the second
tubular loop and marking lower conversion.

Nevertheless, several sensitivity studies considering AL/WCO ratio, temperature, speed or
mass flux of the feedstock etc. can be conducted. Results of the species concentration
subjected to higher methanol ratio and larger influx of the feedstock of 600 mL/min (Re = 6000)
are listed in Table 7. This result clearly marked a reasonable conversion of 66% which is
higher than those obtained at lower influx %. The conversion seems also insensitive for the
additional amount of the methanol which sounds counterintuitive initially and defies the
experimental observation; this trend may be explained by the used kinetics which are
inherited from the experimental work obtained at one ratio. These obtained values failed to
capture the influence of the increase of the concentration of specific reactant to steer the
reaction forward. Therefore, this may suggest another testing procedure at another molar
ratio in parallel, mimicking those obtained and shown in Figure 4. Though, results emphasize
the advantage of increasing residence time and efficient mixing of the flow which reduces the
additional methanol concentration.

6. Conclusions

Transesterification of WCO to biodiesel is presented in this work and experimental and
numerical analysis to this green process is presented. Initially, the chemical kinetics for
the reaction are evaluated to the multiple reactions of the transesterification and in both the
forward and reversal pathways for these reactions. The obtained kinetics presented by the
activation energy (E) and the reaction pre-constant are evaluated and used to establish a high
fidelity and robust reactive flow model. This model is based on computational fluid dynamics
that is governed by the Navies-Stokes equations for isothermal, multiple species reactive flow

Port & ratio/Species C54H106O6 (WCO) CH4O C18H36O2 (FAME) C3H8O3 Conversion

3:1 methanol-WCO molar ratio

Inlet 0.25 0.75 0 0 0.66

Outlet 0.085 0.254 0.496 0.165

6:1 methanol-WCO molar ratio

Inlet 0.143 0.857 0 0 0.66

Outlet 0.049 0.574 0.283 0.094

9:1 methanol-WCO molar ratio

Inlet 0.10 0.90 0 0 0.66

Outlet 0.034 0.702 0.198 0.066

Table 7. Species molar fraction at practical conditions.
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in turbulent regime. The model is built around the newly patented multiple tube and contin-
uous transesterification reactor. The flow enters the reactor laterally and induces swirling flow.
In turn, this results in an order of magnitude residence time higher than the transfer time that
is based on the tube length and inlet velocity. Reactive flow at low velocity results in low
conversion of the WCO, while actual turbulent flow significantly increases the conversion rate.
Excess methanol mass sensitivity was insignificant to the conversion parameter that suggest
that modeling can be still limited and suggesting to integrate more kinetics data. This work
emphasizes the efficient mixing of the flow, interplaying as a parameter to the additional
methanol concentration, thereby avoiding their downstream separation. In closing, numerical
simulation of transesterification undoubtedly demonstrates the effectiveness of this tool in
analyzing complicated reactive flow as the student faces in transesterification. Still, the process
fails to reach completion even at higher reactant concentration and beyond the process stoichi-
ometry. This creates an opportunity in this area to go beyond the conventional methods, such
as electrical stimulation or signification and to assess their needed kinetics accordingly. The
results demonstrate the feasibility of reactive flow dynamics in capturing and numerically
simulating the transesterification process. This work substantiates the practicability of using
numerical methods to construct precise and insightful image of the distribution of reaction
rates and associated species to design and develop more efficient reactors.
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Abstract

This text is aimed at the basic analysis of diesel oil and rapeseed methyl ester and evalu-
ation of limited and unlimited emission produced by their combustion. Thereafter, test 
results are compared, and the evaluation of emission—greenhouse gases, dangerous 
exhaust gases and strong carcinogens and their contents during fuel combustion—is 
done. In this chapter, results obtained from the application of biofuel to the machinery 
working in conditions sensitive to environmental contamination are presented. At pres-
ent, our environment is excessively overloaded with all kinds of emission, and the idea 
of using fuel with a marginal impact on the environment is very important. Based on the 
evaluation of emission, it can be stated that it is very important to study not only limited 
but also unlimited emission that can be very dangerous, although in this work it was 
discovered that values of unlimited emission do not exceed the lethal limit.

Keywords: alternative fuels, exhaust, internal combustion engine, tractor, limited 
emissions, unlimited emissions

1. Introduction

Developments in the field of technology also bring with their positive impact and increased 
quality of life undesirable side effects. One of the severe adverse effects of scientific and tech-
nical progress is environmental pollution [1–3]. We can now witness the producers’ efforts to 
increase the ecological safety taking place as early as in the combustion engine development 
for motor vehicles. As a result, vehicles are equipped with exhaust systems supplemented 
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with exhaust gas treatment equipment. Engine developers and producers can also utilize 
alternative fuels (CNG, LPG, E85, biodiesel) as an energy source for vehicles, as well as transi-
tion to hybrid propulsion (combustion and electric motor) and introduction of fuel cells. The 
authors Vitázek et al. deal with gas emissions resulting from the combustion of biofuels in the 
environment [4, 5].

With regard to the need for limiting air pollution by combustion engine exhaust gases, the 
maximum production of pollutants in exhaust gas emissions of all motor vehicles is legally 
limited. From a legislative point of view are limited emissions of CO, hydrocarbons, vola-
tile organic HC compounds, suspended PM, and NOx oxides. Engine emissions contain 
hundreds of chemicals with different concentrations, the biological properties (impact on 
human health) of which have not been exactly determined to date. Combustion engines are 
responsible for more than 70% of global CO emissions production and 19% of global CO2 
emissions production [6]. In addition to the products of perfect combustion—i.e., CO2, H2O, 
excess oxygen, excess nitrogen—which represent the majority of exhaust products, a wide 
range of other gases and solids may occur, which tend to receive greater attention: CO, non-
combusted hydrocarbons (paraffins, olefins, aromatic hydrocarbons), partially combusted 
hydrocarbon (aldehydes and ketones), degradation products (acetylene, ethylene, hydro-
gen, soot), nitrogen oxides NOx (NO—nitrogen monoxide, N2O—dinitrogen monoxide, 
NO2—nitrogen dioxide) and solid particulate matter. It is evident from the operation of a 
compression ignition engine that the increase in smoke opacity leads to an increase in pro-
duction of pollutants (CO and HC), the measuring of which is difficult in practice, however. 
It is therefore vital to observe the value of particulate emissions (PM, particulate matter), 
the measuring of which is much faster and technologically and economically simple, while 
simultaneously being sufficient for evaluation of technical condition. Compression igni-
tion engines operate narrowly below the smoke opacity threshold during the maximum 
performance [7].

One of the ways to comply with the stricter emission regulations is to focus on and search for 
suitable alternative fuels, as suggested by Ulusoy et al. [8], stating that the main plausible alter-
native fuels used in car transport are ethanol, hydrogen and biodiesel. A large number of stud-
ies have shown that biodiesel could serve as an alternative for compression ignition engines, 
with small or even no requirements for their adjusting [9]. It was also proven that biodiesel has 
a great potential for decreasing the CO2, CO, THC (total hydro carbon) emissions and PM (par-
ticulate matter) emissions [10, 11]. In conclusion, alternative fuels and their mixtures with diesel 
fuel are still a subject of research, focusing primarily on reduction of emission arising from their 
combustion in engine, and also on the transformation of their heat into mechanical energy.

Agriculture is part of nature and the countryside. Ecological agriculture and environmental 
protection are the world’s global interests [12, 13]. There are a lot of negatives on fossil fuels, 
on which our society is depending to a high degree. One of the most important disadvantages 
is fouling the air and causing greenhouse effect, which affects weather with regard to tem-
perature [14, 15]. This work deals with a partial alternate use of diesel oil from a renewable 
fuel—rapeseed methyl ester (RME). An analysis based on limited and unlimited emission 
detection was performed.
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2. Materials and methods

The measuring standard was an international standard used for non-road engines. According to 
International Organization for Standardization (ISO), this standard specifies the test cycles for 
the measurement and evaluation of gaseous and particulate exhaust emission from reciprocat-
ing internal combustion engines, and it is applicable to engines for mobile, transportable and sta-
tionary use [16–18]. Characteristics of 8-point cycle by ISO 8178–4, C1 are shown in Figure 1 [20].

The conversion of individual compounds of exhaust gases from ppm to g.kW−1 h−1:

   ZL  i   =  EVP  is   .    
 Mm  i   .  t  vps   ________  Mm  vps   .  P  e  

   =  EVP  iv   .   
 Mm  i   .  t  vpv   ________  Mm  vpv   .  P  e  

  , g .  kW   −1   h   −1   (1)

clarity: ZLi—concentration of contaminant linked with effective power, g.kW−1 h−1, EVPis,id—
emission of exhaust gases (dry—s, moist—v) of compound i, as volume unit share, ppm; 
Mmi—minor mass of compound i, kg.kmol−1; Mmvps—minor mass of exhaust gases (dry), 
kg.kmol−1; Mmvpv—minor mass of exhaust gases (moist), kg.kmol−1; tvps—mass flow of exhaust 
gases (dry) kg.h−1; tvpv—mass flow of exhaust gases (moist), kg.h−1. For the first, second and 
third points of measurements—0.15; for the fourth, fifth, sixth and seventh points—0.1; for the 
eighth point—0.15; Pe—effective power, kW.

Needed data for conversion from ppm to g.kW−1 h−1 are listed in Table 1 [20].

2.1. Measured objects and measured devices

The technical description of both objects measured is specified in Table 2 and of measured 
devices is shown in Table 3 [20].

Figure 1. Characteristics of eight-point cycle by ISO 8178–4, C1.
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2. Materials and methods

The measuring standard was an international standard used for non-road engines. According to 
International Organization for Standardization (ISO), this standard specifies the test cycles for 
the measurement and evaluation of gaseous and particulate exhaust emission from reciprocat-
ing internal combustion engines, and it is applicable to engines for mobile, transportable and sta-
tionary use [16–18]. Characteristics of 8-point cycle by ISO 8178–4, C1 are shown in Figure 1 [20].

The conversion of individual compounds of exhaust gases from ppm to g.kW−1 h−1:

   ZL  i   =  EVP  is   .    
 Mm  i   .  t  vps   ________  Mm  vps   .  P  e  

   =  EVP  iv   .   
 Mm  i   .  t  vpv   ________  Mm  vpv   .  P  e  

  , g .  kW   −1   h   −1   (1)

clarity: ZLi—concentration of contaminant linked with effective power, g.kW−1 h−1, EVPis,id—
emission of exhaust gases (dry—s, moist—v) of compound i, as volume unit share, ppm; 
Mmi—minor mass of compound i, kg.kmol−1; Mmvps—minor mass of exhaust gases (dry), 
kg.kmol−1; Mmvpv—minor mass of exhaust gases (moist), kg.kmol−1; tvps—mass flow of exhaust 
gases (dry) kg.h−1; tvpv—mass flow of exhaust gases (moist), kg.h−1. For the first, second and 
third points of measurements—0.15; for the fourth, fifth, sixth and seventh points—0.1; for the 
eighth point—0.15; Pe—effective power, kW.

Needed data for conversion from ppm to g.kW−1 h−1 are listed in Table 1 [20].

2.1. Measured objects and measured devices

The technical description of both objects measured is specified in Table 2 and of measured 
devices is shown in Table 3 [20].

Figure 1. Characteristics of eight-point cycle by ISO 8178–4, C1.
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3. Results

3.1. Measurement of technical properties of tractors

Measurement was carried out with the use of two fuels. First type was the diesel fuel, which 
was used as a reference sample for diesel RME comparisons. Measurements results were 
evaluated and compared reciprocally. Used measuring devices were connected according to 
the scheme shown in Figure 2. Processed measurement results are shown in Figure 3. We can 
see the appliance connection together with measured parameters. The measurements were 
repeated three times for both tractors, with each fuel, at full load in accordance to OECD 

Tractor 1 (turbocharged) Tractor 2

Engine S. L. H—H 100.4 WT Engine Deutz 2012, TCD 2012 L04 2 V

Number of cylinders 4 Number of cylinders 4

Capacity of cylinders 4.00 dm3 Capacity of cylinders 4.038 dm3

Cavil/stroke 105 mm/115.5 mm Cavil/stroke 101 mm/126 mm

Rated revolution 2500 min−1 Rated revolution 2300 min−1

Power 65 kW Power 72.5 kW

Emission class Stage I Emission class Stage III A

Table 2. Technical data of the tractors.

Substance, i Mass (kg.kmol−1) Note

Mmi NO2 46.0060 NOx process as NO2

CO 28.0104

HC 13.8760 HC 1

SO2 64.0610

Mmvps Exhaust gases—dry 30.21/29.84 5% O2/9.6 O2

Mmvpv Exhaust gases—moist 28.84/28.82 5% O2/9.6 O2

Table 1. Needed data for conversion from ppm to g.kW−1 h−1.

Device name Device producer

Dynamometer Schenck W700

Emission testing system AVL—SESAM 4 (FTIR)

Fuel consumption AVL 733S

Table 3. Used measured devices.
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Code2 test. Measure points were set at 1000 min−1 of PTO revolutions. Based on results curve 
at full load, the calculation of measure points for emission measurement was processed. These 
measure points comply with the ISO 8178–4 standard. According to this standard, each mea-
sure point lasts for 10 min. Emission test system AVL-SESAMFTIR uses two methods of calcu-
lation—diesel and biodiesel. These are set according to the fuel used. The value of smokiness 
is evaluated at 95% and 70% nominal evolutions and at maximal torque.

3.2. Measurements of limited emission

Measurement of CO, HC, NOx and particulate emissions on both tractors were done accord-
ing to ISO 8178-4, C1 - 8 points (Figures 4 and 5), [20]. The conversion from ppm to g.kW−1 h−1 
was made by pattern (1) using the values from Table 1. In Table 4, there are figured standard 
deviations from three repetitions. The graphic description of limited emission is represented 
in Figures 6–11.

Based on measured values of limited emission, average value by the next pattern was 
calculated:

• the average value of sign in a subgroup [19]:

    ̄   x  i    =   1 __ n    (2)

clarity: i = 1,2,...., k and j = 1,2,....n.

Figure 2. View of test equipment (Müllerová, Landis, Schiess: Agroscope Reckenholz-Tänikon Research Station ART 
and SUA in Nitra).

Measurement of Limited and Unlimited Emissions during Burning of Alternative Fuels…
http://dx.doi.org/10.5772/intechopen.79705

71



3. Results

3.1. Measurement of technical properties of tractors

Measurement was carried out with the use of two fuels. First type was the diesel fuel, which 
was used as a reference sample for diesel RME comparisons. Measurements results were 
evaluated and compared reciprocally. Used measuring devices were connected according to 
the scheme shown in Figure 2. Processed measurement results are shown in Figure 3. We can 
see the appliance connection together with measured parameters. The measurements were 
repeated three times for both tractors, with each fuel, at full load in accordance to OECD 

Tractor 1 (turbocharged) Tractor 2

Engine S. L. H—H 100.4 WT Engine Deutz 2012, TCD 2012 L04 2 V

Number of cylinders 4 Number of cylinders 4

Capacity of cylinders 4.00 dm3 Capacity of cylinders 4.038 dm3

Cavil/stroke 105 mm/115.5 mm Cavil/stroke 101 mm/126 mm

Rated revolution 2500 min−1 Rated revolution 2300 min−1

Power 65 kW Power 72.5 kW

Emission class Stage I Emission class Stage III A

Table 2. Technical data of the tractors.

Substance, i Mass (kg.kmol−1) Note

Mmi NO2 46.0060 NOx process as NO2

CO 28.0104

HC 13.8760 HC 1

SO2 64.0610

Mmvps Exhaust gases—dry 30.21/29.84 5% O2/9.6 O2

Mmvpv Exhaust gases—moist 28.84/28.82 5% O2/9.6 O2

Table 1. Needed data for conversion from ppm to g.kW−1 h−1.

Device name Device producer

Dynamometer Schenck W700

Emission testing system AVL—SESAM 4 (FTIR)

Fuel consumption AVL 733S

Table 3. Used measured devices.

Biofuels - Challenges and opportunities70

Code2 test. Measure points were set at 1000 min−1 of PTO revolutions. Based on results curve 
at full load, the calculation of measure points for emission measurement was processed. These 
measure points comply with the ISO 8178–4 standard. According to this standard, each mea-
sure point lasts for 10 min. Emission test system AVL-SESAMFTIR uses two methods of calcu-
lation—diesel and biodiesel. These are set according to the fuel used. The value of smokiness 
is evaluated at 95% and 70% nominal evolutions and at maximal torque.

3.2. Measurements of limited emission

Measurement of CO, HC, NOx and particulate emissions on both tractors were done accord-
ing to ISO 8178-4, C1 - 8 points (Figures 4 and 5), [20]. The conversion from ppm to g.kW−1 h−1 
was made by pattern (1) using the values from Table 1. In Table 4, there are figured standard 
deviations from three repetitions. The graphic description of limited emission is represented 
in Figures 6–11.

Based on measured values of limited emission, average value by the next pattern was 
calculated:

• the average value of sign in a subgroup [19]:

    ̄   x  i    =   1 __ n    (2)

clarity: i = 1,2,...., k and j = 1,2,....n.

Figure 2. View of test equipment (Müllerová, Landis, Schiess: Agroscope Reckenholz-Tänikon Research Station ART 
and SUA in Nitra).

Measurement of Limited and Unlimited Emissions during Burning of Alternative Fuels…
http://dx.doi.org/10.5772/intechopen.79705

71



• the standard deviation in a subgroup [19]:

   s  i   =  √ 
__________

   1 ___ n − 1    ∑ j=1  n     x  ij      (3)

clarity: i = 1,2,...,k and j = 1,2,..., n; i—marking of a subgroup; j—numerical order of measured 
value in a subgroup, n—range of subgroup, Xij—measured value in a i–subgroup.

• the average value X:

    ̄   x ̄    =   1 __ k    (4)

• the average of standard deviations of individual subgroups [19]:

   s ̄   =   1 __ k    (5)

Based on the patterns above, the standard deviations of limited emission measured on Tractor 
1 with turbo and Tractor 2 were determined. The standard deviations of individual emissions 

Figure 3. Engine-speed map of Tractor 1 (turbocharged) with fuels—diesel and biofuel RME (Müllerová, Landis, Schiess: 
Agroscope Reckenholz-Tänikon Research Station ART and SUA in Nitra).
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are demonstrated in Figures 6–11. In Figures 6–11, reciprocally compared standard devia-
tions of limited emission measured using diesel oil and RME are given [20].

The values of CO and HC and also particle emission are lower for RME as in Table 4, but the 
values of NOx are lower for diesel oil. It is evident that the newer engine of Tractor 1 decreases 

Figure 4. Values of limited emission for Tractor 1 (turbocharged).

Figure 5. Values of limited emission for Tractor 2.

CO NOx HC Particles

(g.kW−1.h−1) (Number. kW−1.h−1)

Tractor 1 (turbocharged)

Diesel 1.80 11.13 0.77 3.93E + 14

RME 1.61 12.42 0.60 3.33E + 14

Tractor 2

Diesel 1.05 5.90 0.19 4.31E + 14

RME 0.91 5.92 0.13 2.66 + E14

*Average value, based on PTO power.

Table 4. Values of limited emission*.
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Figure 6. Standard deviation values of limited emission—CO for Tractor 1 (turbocharged) (Müllerová, Landis, Schiess,: 
Agroscope Reckenholz-Tänikon Research Station ART and SUA in Nitra).

Figure 7. Standard deviation values of limited emission—NOx for Tractor 1 (turbocharged) (Müllerová, Landis, Schiess: 
Agroscope Reckenholz-Tänikon Research Station ART and SUA in Nitra).

Figure 8. Standard deviation values of limited emission—HC for Tractor 1 (turbocharged) (Müllerová, Landis, Schiess: 
Agroscope Reckenholz-Tänikon Research Station ART and SUA in Nitra).
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Figure 9. Standard deviation values of limited emission—CO for Tractor 2 (Müllerová, Landis, Schiess: Agroscope 
Reckenholz-Tänikon Research Station ART and SUA in Nitra).

Figure 10. Standard deviation values of limited emission—NOx for Tractor 2 (Müllerová, Landis, Schiess: Agroscope 
Reckenholz-Tänikon Research Station ART and SUA in Nitra).

Figure 11. Standard deviation values of limited emission—HC for Tractor 2 (Müllerová, Landis, Schiess: Agroscope 
Reckenholz-Tänikon Research Station ART and SUA in Nitra).
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emission significantly. Measured values are based on PTO power, so cannot be evaluated by 
emission standards for off-road vehicles. If these measurements were done on engine, both 
tractors will meet the emission norm for CO and HC of RME and diesel. The values of NOx 

are higher about 21% for both fuels tested in agricultural Tractor 1 (turbocharged) and about 
25% for fuels tested in agricultural Tractor 2.

3.3. Measurements of unlimited emission

Measurements of unlimited emission were also done, which are possible to measure by 
AVL SESAM FTIR 4—CO2, NO, NO2, N2O, NH3, CH4, C4H6, HCN, AHC, SO2, HCHO and 
MECHO. In Table 3, average values from three repetitions for each fuel (diesel oil, RME) are 
figured. The tractor that used RME had not only higher values of NOx (NO, NO2 and N2O) but 
also almost 50% higher values of ammonia, methane and 1.3-butadiene, which are considered 
to be dangerous substances. The newer engine of Tractor 2 had higher values of NOx, acetal-
dehyde and 1.3-butadiene for RME but the difference was not so big.

On the other side, lower values with RME for sulfur dioxide and acetaldehyde were obtained 
for Tractor 1 (turbocharged) and for sulfur dioxide, hydrogen cyanide and formaldehyde for 

Tractor 1 
turbocharged

CO2 NO NO2 N2O NH3 CH4

ppm Carbon dioxide Nitric oxide Nitrogen 
dioxide

Nitrous oxide Ammonia Methane

Diesel 55,867 845 40 0.5 0.13 0.52

RME 56,769 890 43 0.66 0.21 1.27

C4H6 HCN AHC SO2 HCHO MECHO

1,3 Butadiene Hydrogen 
cyanide

Aromatic HC Sulfur 
dioxide

Formaldehyde Acetaldehyde

Diesel 0.97 0.57 2.1 4.6 8.1 2.7

RME 1.98 0.57 1.19 1.40 9.95 0.57

Tractor 2 CO2 NO NO2 N2O NH3 CH4

ppm Carbon dioxide Nitric oxide Nitrogen 
dioxide

Nitrous oxide Ammonia Methane

Diesel 64,426 378 16.9 0.43 0.12 0.1

RME 66,040 431 16.8 0.57 0.13 0.1

C4H6 HCN AHC SO2 HCHO MECHO

1,3 Butadiene Hydrogen 
cyanide

Aromatic HC Sulfur 
dioxide

Formaldehyde Acetaldehyde

Diesel 0.44 0.59 0.77 5.0 2.23 0.49

RME 0.90 0.45 1.19 2.9 2.08 0.73

Table 5. Values of unlimited emission (Müllerová, Landis, Schiess,: Agroscope Reckenholz-Tänikon Research Station 
ART and SUA in Nitra).
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Tractor 2. Nevertheless, the values of unlimited emission are negligible, except carbon dioxide 
whose values were higher with RME for both tractors.

Values of unlimited emission are shown in Table 5.

3.4. Measurements of emitted smoke

The values of smoke in exhaust gases are usually a lot lower with RME than diesel oil. For 
Tractor 1 (turbocharged), the value of smoke was more than 50% lower with RME than diesel 
oil. From Figure 12, it is evident that Tractor 2 had much lower value of smoke. These values 
were near zero and it did not matter whether RME or diesel oil was used.

4. Conclusion

At present, when our environment is overburdened with emissions of all kinds, the idea of 
using fuels with minimal impact on the environment is of great importance. Fuel produced 
from methyl ester of vegetable oils can be considered advantageous in that almost every die-
sel engine is in principle capable of combusting such fuels. Taking into account the fact that 
up to 90% of the transport of passenger and cargo transport is provided by diesel fuel vehicles 
(trucks, buses, locomotives, ships, tractors) at the present, fuels made from methyl ester of 
vegetable oils represent a huge potential for their use in the diesel combustion engines. Very 
often, the emphasis is on the contribution of fuels of plant origin in terms of creating a carbon 
balance in nature. The production of carbon dioxide during combustion corresponds to its 
consumption during photosynthesis. Biodegradability, for example, rapeseed oil methyl ester 
after its release into the environment, is approximately 95%.

In this chapter, the results reached from application of biofuel to the machinery working 
in condition that are sensitive to environment contamination are presented. At present, our 
environment is excessively overloaded with all kinds of emission and the idea of using fuel 
with marginal impact on environment is very important. It is possible to state that the differ-
ences of these two tractors are peculiar to their engines’ construction, the year of production 
and specification (Tractor 2 is specified as 100% biodiesel). By evaluation of emission (GHG, 

Figure 12. Measurement of smoke (Müllerová, Landis, Schiess: Agroscope Reckenholz-Tänikon Research Station ART 
and SPU Nitra).
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dangerous exhaust gases and carcinogens) it can be declared that it is very important to study 
not just limited but also unlimited emissions, which can be very dangerous, although in this 
work it was discovered that values of unlimited emission do not exceed lethal limits.
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dangerous exhaust gases and carcinogens) it can be declared that it is very important to study 
not just limited but also unlimited emissions, which can be very dangerous, although in this 
work it was discovered that values of unlimited emission do not exceed lethal limits.
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1. Introduction

The trend in fossil fuel consumption is increasing; adding to that, the emissions of NO, CO, 
SO2, and CO2 caused by the use of fuel oils like diesel affect directly and indirectly the environ-
ment, as well as the population quality of life [1–4]. Currently, engines with a highly devel-
oped torque are used for heavy work like urban transport, cargo transport, light passenger 
transport, agricultural machinery, emergency systems, craft and power generation powered 
by diesel, since diesel has a high heating value [5].

Some studies prove that increasing the percentage of biodiesel, that substitutes diesel, 
decreases the emissions produced by its combustion [6, 7]. The biodiesel is considered a 
renewable and ecological fuel drawn from lipids that are made to react with short-chain alco-
hol in the presence of a catalyst that can be acid, base or enzymatic, to produce a fatty acids’ 
mono-alkyl esters mixture [8].

The biodiesel contains oxygen in its molecule, which helps to increase the combustion effi-
ciency inside the compression ignition engine’s (CIE) combustion chamber [9]. The European 
Union is the leading producer of biodiesel across the world. In the case of America are the 
United States, Argentina and Brazil, who use soy, corn, canola, rapeseed, and palm oil, tallow 
yellow and white fat as raw materials.

In 2013, the production of biodiesel was of 25 billion liters; while in 2015, it was around 129 
billion liters. The world production of biodiesel grew 5.1 times between 2013 and 2015 [10, 11].

Diesel substitution for biodiesel, because of their similar characteristics, represents an alterna-
tive in many diesel applications, ranging from boilers to internal combustion engines [12].

It is essential to quantify the emissions caused by the CIE fueled by diesel and to determine 
the decrease in emissions regarding diesel. Biodiesel is acquiring increasing importance in the 
international context for it represents a rapid expansion of the industrial sector as a biofuel 
alternative to diesel [13, 14].

Currently, international governments and organizations are introducing new regulations that 
establish a stricter limit to emissions as an effort to mitigate the emissions of greenhouse gases 
[15–17]. To verify that a reduction of emissions or more efficient combustion is being obtained, 
it is imperative to have systems to quantify the emissions. Usually, the systems to register the 
internal combustion gas emissions use specialized analyzers that operate based on standardized 
methodologies [18]. These systems provide information about the concentration in parts-per-mil-
lion (ppm) or concentration percentages according to the type of gas released in the combustion.

They are tools used to monitor and control combustion. At this time, there are many systems 
to determine the concentration of emissions; these systems can be portable or permanent, they 
present advantages and disadvantages, among these stands out the high acquisition cost with 
a range of 2000 up to 20,000 USD, rigidity, and the impossibility of being scalable [19, 20]. 
The use of these systems is limited to specific applications without having the versatility and 
flexibility to adapt them to other required uses. Nowadays, hybrid systems based on virtual 
instrumentations, a DAQ (data acquisition system), and a personal computer are being used 
as an alternative to the traditional systems customarily used to measure emissions.
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The virtual instrumentation (VI) constitutes a new technology that covers the use of software and 
hardware systems that, with the use of a computer, replaces a measurement and control system 
in the real world. Any program and hardware that fulfill this function are a VI. In almost every 
commercial system, the concept of VI is realized in an object-oriented programming language 
[21]. The modern scientific instrumentation promotes the introduction, development, and evo-
lution of VI-based systems. The main advantages of virtual instrumentation consist that they are 
defined by the end user, are scalable, recyclable and can connect with the outside world using 
modern communication technologies in addition to having a low cost per acquisition channel. 
In most cases, the VI has the possibility of modification, the facility of personalization to the 
specific necessities of each user, and the use of programming language [22]. The virtual instru-
ments combine nonexclusive operation hardware with powerful software, obtaining a scalable 
architecture instrument, as a result, with the possibility of being modified if required [23–25].

Currently, the emission measurement of internal combustion gases originated from CIE is 
performed through the use of autonomous modular analyzers, dedicated and specialized, 
that provide the information about the quantity or concentration of the gases. In recent years, 
the application of virtual instrumentation for the measurement of said emissions has been 
proposed [26]. It is because of a virtual system allows to measure and monitor the CO concen-
tration in vehicle exhaust gases that have been developed [27].

Recently, National Instruments developed a virtual instrument for the emission measurement 
generated by internal combustion engines. This instrument is based on the international emis-
sion standards, in particular, the Euro 4 and EPA. These agencies specify the total amount of 
pollutants that an internal combustion engine must emit to the atmosphere. These emission 
factor units are defined in general as gram per mile [28].

In the present work, biodiesel (B100) was obtained through soybean oil, with which were 
prepared mixtures with diesel: B2, B5, B10, and B20. The kinematic viscosity and heating 
value were determined. A virtual instrument for the measurement and monitoring of emis-
sion (VIEM) based on the virtual programming platform LabVIEW 2010® was developed.

The measurement of fuel consumption (FC), revolutions per minute (rpm), and exhaust tem-
perature were realized based on the ARDUINO platform. The VIEM was synchronized with 
the sensors, data acquisition card, and the signal conditioners to measure and register in real 
time parameters like O2, NO, CO, SO2, CO2, FC, rpm, and temperature. The VIEM program-
ming, electrical schematic diagrams for the sensor signal conditioning, as well as the charac-
terization of the O2, NO, CO, SO2, and CO2 sensors are presented as results [29].

2. Materials and methods

2.1. Diesel-biodiesel mixtures

The fuels used were PEMEX diesel, ultra-low sulfur, and biodiesel. It was obtained biodiesel 
through the transesterification of soybean oil in the presence of methanol, by alkaline cataly-
sis. With these fuels, the following mixtures were prepared: B2, B5, B10, and B20. Some of the 
physicochemical properties for each of the mixes are presented below.
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sis. With these fuels, the following mixtures were prepared: B2, B5, B10, and B20. Some of the 
physicochemical properties for each of the mixes are presented below.

Development and Implementation of Virtual Instrumentation for the Measurement…
http://dx.doi.org/10.5772/intechopen.80533

83



2.2. Fuel kinematic viscosity

The determination of the kinematic viscosity of the fuel mixtures B2, B5, B10, B20, and diesel 
was performed using a CAP 2000+ Viscometer, where the information of the PEMEX diesel 
kinematic viscosity was entered, whose value is between 1.9 and 4.1 (mm2/s) at 40°C [30]. All 
determinations were performed in triplicate.

2.3. Fuel heating value

The high heating value (HHV) measurements were performed by the utilization of a calori-
metric bomb IKA WERKE model C2000 basic. The equipment was calibrated before experi-
mentation. The procedure was followed according to ASTM E711. The tests were performed 
in triplicate to obtain reliable results.

2.4. VI for the measurement of O2, CO, CO2, NO, and SO2 gases

The hardware system is composed of four systems. The first system is comprised of the O2, 
NO, CO, SO2, and CO2 sensors listed in Table 1. The characteristics and operating ranges 
of each of the used sensor are described, which were of infrared response and work under 
the nondispersive infrared (NDIR) principle. This analyzer is used to detect the presence of 
carbon dioxide up to a volume of 100%. It is possible to determine said gas concentration 
through an infrared source with a specific filtration, which is assembled inside the optical/
gas cavity. The infrared sensor interconnects with an electronic signal. The signal processing 
implies the linearization and compensation in temperature using algorithms in the system 
software. The infrared gas sensor uses a low frequency flash lamp drive that is controlled by 
an excitation circuit. Infrared radiation pulses reflect inside providing a trajectory through 
the gas and objective. “Pyros” pyroelectric detectors are used to determine the infrared signal 
change. The active pyroelectric is sensitive to the changes in the infrared wavelengths that are 
usually absorbed by the gas, passing between the transmitter and receiver [18].

Electrocatalytic analyzers utilize sensors that were developed as an outgrowth of fuel cell 
technology and are commonly used to detect O2 concentrations in sample streams. These 
sensors use a solid catalytic electrolyte to aid the flow of electrons from a sample gas cell to 
a reference gas cell. In practice, catalyst-coated ceramic materials (such as ZrO2) separate the 
reference cell (containing a high concentration of O2) and the sample stream.

When heated, the electrolyte allows the transfer of ionic oxygen components from the reference 
cell to the sample cell. The surface of the electrolyte has a special electrocatalytic coating that 
catalyzes the transfer process and serves as an electrode surface to attract released electrons.

The ions are migrating from the reference side to the sample side release electrons on this 
surface, striving toward the equilibrium. However, since the sample is continuously replen-
ished, a continual flow of electrons is induced across the measurement load resistor, and the 
current flow is used to infer the concentration of oxygen in the gas sample stream. Because the 
electrons contain a finite catalytic activity, it is necessary to establish a limit to the diffusion 
speed of objective gas in the sensor, guaranteeing that gas reacts appropriately. It is performed 
through a barrier taking the shape of a small hole or capillary located on the sensor cover [18].
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The second system is composed of the conditioners and signal amplifiers for each one of the 
sensors. The third system is comprised of the DAQ card and PC. The function of the data 
acquisition card is to digitize the information provided by the signal conditioners.

The used DAQ was a USB model 6009, with eight analog inputs of 14 bits, 48 kS/s, two 
static analog outputs of 12 bits, 12 digital inputs-outputs, and a 32 bit counter of National 
Instruments. The digital signals are transferred to the PC model Sony Vaio VGN- CR190 Intel 
Core Duo T7100 @ 1.8 GHz, Windows 7 operating system.

2.5. Integrated circuits

The integrated circuits are used to condition and amplify the signal given by the sensors when 
the information about the gas quantity or concentration is registered. The voltage, Vo, regis-
tered is of 2.435 V when 1% of oxygen is present, being this the minimum concentration the 
sensor can detect. It means that the data acquiring card (DAQ) process increases equivalent to 
0.065 V/1% of O2. To determine the output voltage, in the case of the O2 sensor’s conditioning 
output signal, Eq. (1) was used.

  Vo = 2.5 V − 65 mV / %     ∗   [ O  2  %]   (1)

Features Operating conditions

SO*₂ NO O₂ CO CO₂

Operating ranges 0–2000 ppm 0–250 ppm 0–30% O2 0–500 ppm 0–100% Vol.

Model EC4-2000-SO2 EC4-250-NO EC410 EC4-500-CO IR11BR

Sensitivity 8–20 nA/ppm SO2 320–480 nA/ppm 
of NO

N/A 55–85 nA/ppm CO N/A

Maximum 
overload

N/A 1000 ppm 100% O2 1500 ppm CO N/A

Zero in air at 
20°C

<±50 ppm SO2 −0.06–4.5 ppm NO N/A <±3.1 ppm of CO N/A

Zero deviation 
(−20–+40°C)

0–4 ppm SO2 N/A N/A N/A N/A

Resolution 5 ppm SO2 0.5 ppm NO 0.1% O2 1 ppm CO N/A

response time t 90 < 60 s t 90 = 35 s t 90 < 15 s t 90 < 30 s N/A

Temperature 
range

−20 to +50°C −20 to +50°C −20 to +55°C −20 to +50°C −20 to +55°C

Operating 
humidity

15–90% RH 
Noncondensing

15–90% RH 
Noncondensing

15–95% RH 15–90% RH 
Noncondensing

0–99% 
Noncondensing

Pressure range 90–110 kPa 90–110 kPa 90–110 kPa 90–110 kPa 80–120 kPa

DC supply 
recommended

N/A N/A N/A N/A 5 V

Table 1. Sensors operating ranges.
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In Figure 1, the integrated circuit diagram used to condition and amplify the signal provided 
by the O2 sensor is presented.

The registered voltage, Vo, is of 2.508 V when 1 ppm of NO is present, being this the mini-
mum concentration the sensor can detect.

It means that the data acquisition card DAQ process increases equivalent to 0.004 V/1 ppm of 
NO. Eq. (2) was used to determine the output voltage.

  Vo = 2.5 V + 8 mV /  ppm   ∗   [NO ppm]   (2)

Figure 2 presents the integrated circuit diagram used to condition and amplify the signal 
provided by the NO sensor.

The registered voltage, Vo, is of 2.5047 V when 5 ppm of SO2 is present, being this the minimum 
concentration the sensor can detect. It means that the data acquisition card DAQ process increases 
equivalent to 0.00476 V/5 ppm of SO2. For the output voltage estimation, Eq. (3) was used.

  Vo = 2.5 V + 0.952 mV /  ppm   ∗   [ SO  2   ppm]   (3)

In Figure 3, the integrated circuit diagram used to condition and amplify the signal provided 
by the SO2 sensor is presented.

The registered voltage, Vo, is of 2.5039 V when 1 ppm of CO is present, which is the lower limit 
the sensor can detect. It means that the data acquiring card DAQ process increases equivalent 
to 0.00392 V/1 ppm of CO. For the output voltage calculation, Eq. (4) was implemented.

  Vo = 2.5 V + 3.92 mV /  ppm   ∗   [CO ppm]   (4)

In Figure 4, the integrated circuit diagram used to condition and amplify the signal provided 
by the CO sensor is presented.

Figure 1. Designed circuit to condition the O2 signal.
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In Figure 5, the absorbance fraction regarding the CO2 concentration is observed. It allows 
finding the sensor’s sensitivity that ranges between 0 and 100% of concentration volume of 
carbon dioxide.

In Figure 6, the integrated circuit diagram used to condition and amplify the signal provided 
by the CO2 is presented.

Figure 2. Designed circuit to condition the NO signal.

Figure 3. Designed circuit to condition the SO2 signal.

Figure 4. Designed circuit to condition the CO signal.
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Figure 5. Absorbance’s fraction relation regarding the CO2 concentration.

Figure 6. Designed circuit to condition the CO2 signal.

2.6. Virtual instrument for emission measurement (VIEM)

This section shows the programming description of the main blocks that are part of the virtual 
instrument for emission measurement that was developed in a LabVIEW 2010 platform. In the 
figures, the operation performed by each programming block is shown. The VIEM counts the 
tests performed to organize the file experiment. It is made through the test counter (Sub-Vl), 
which saves a text file (.txt) with a start value of zero and an increment of 1 for each VIEM 
implementation, in the “Configuration tab” through a “property node”, and the menus and the 
toolbar are configured by the VIEM. Figure 7 illustrates a programming block. Within while 
loop 1, routines are executed for test configuration and execution. The test duration, in turn, 
is selected through “Time test” control. The rhythm configuration of the sample is executed 
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through “Acquisition time” control. The sub-Vl “Direction by test” generates the name and the 
address of the file, which will contain the test samples in the implementation process.

The sub-IV “Write to Spreadsheet File” generates a new file for each registered variable which 
will be shown through the graphics display “Test.” The latter is inside the “Event Structure” 
module, which allows synchronization with the computer clock through a timeout of 
2000 ms, while loop 1 remains in continuous execution, while loop 2 is focused on the acquisi-
tion of sensor signals. It is possible because of the sub-Vl “Acquisition.” It also configures the 
entries of storage directions for the several variables to measure and as indicator outputs own 
numeric of the “double” type. The frequency of this cycle depends directly on the configured 
value in the “Acquisition time” control.

The cycle owns an implementation of the “Continue if true” type which is controlled through 
the “start/stop” button, and the sample of the program block is shown in Figure 7. The sub-Vl 
“Acquisition” is focused on sensor data recompilation through the use of Vl express “DAQ 
ASSISTANT,” which is configured as an analogical entry, referenced to earth type (RSE) for 
continuous sample taking of voltage, in an allowed measurement range from −10 to 10 V. The 
output of Vl “Acquisition” shows the measurements to the user through a numerical indica-
tor. The data are processed for its storage using the sub-Vl “Write to spreadsheet”. All of this 
are made for a maximum amount of eight sensors, and the data flow is controlled by the 
“Flats sequence” structure to avoid information saturation in the acquisition time.

Figure 7. Block programming.
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Graphical programming in LabVIEW 2010® uses the programming model by data flow 
unlike programming based on a text focused in a flow model control programming. Instead 
of laboriously write lines of text, with the risk of syntactic and logic errors, LabVIEW 2010® 
is based on the linked of icons with cables. Besides, to most of the users, including the experi-
mented ones, it is easier to visualize and interpret graphical programming compared to text 
programming. The VIEM flowchart is displayed in Figure 8.

2.7. VI for temperature and revolutions per minute measurement

A virtual instrument was developed based on Arduino to register the run of the motor rev-
olutions per minute using an infrared diode and a receiver diode. One of them is located in 
front of another with a distance no longer than 1.5 cm sending a continuous signal between 
the two: a “low” or a “0” V. Basically, the program quantifies the times that the signal was 

Figure 8. VIEM flow chart of the operation.
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interrupted, and it divides them in a minute obtaining rpm as a result. In Figure 9, it can be 
seen a block diagram describing the program operation based on the ARDUINO platform.

Once the program was obtained, the circuit will be welded on a printed circuit board. For 
temperature measurement, LM35 solid sensors were used which provide us a linear output 
signal with a scaling factor of 10 mV/°C, considering a range of −55 with a conversion factor of 
−550 mV up to 150°C with a conversion factor of 1500 mV, and this temperature range is enough 
to measure all the system temperature. A sensor was programmed in ARDUINO to compare 
the sensor precision, as it is explained in the block diagram of the program in Figure 10.

2.8. VI for measurement of fuel consumption

The used motor consumes 1.30 L/h in experimentation. Fuel consumption of the engine per 
second was quantified, relying on the result, and a virtual instrument was designed as well as 

Figure 9. Block diagram of the program to measure rpm.
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the hardware. The VI uses a proximity sensor to measure the fuel difference and determine 
its consumption. The measurement is made by emitting and receiving ultrasonic signals with 
the proximity sensor. The proximity sensor is designed as an accessory for Arduino and inte-
grates a signal conditioning system.  Figure 11 describes the operation of the virtual instru-
ment with the use of Arduino as an interface for the measurement of fuel.

Tests were made to characterize the virtual instrument, using a measuring cylinder of 1 
liter with a precision of ±10 mL. One of the benefits of this sensor is that it was not neces-
sary to develop a signal conditioning circuit. It was programmed in ARDUINO. Based 
on the above, a 2.5 L capacity container was made using the acrylic material. The cubic 
container had a design area of 12.2 × 11.1 cm to obtain a total area of 135.4 cm2. With the 
container area, a correction factor was added to the programming obtaining a final margin 
of error of ±50 mL.

Figure 10. Programming operation in ARDUINO of the LM35 sensor.
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3. Results

The viscosities of the different fuel mixtures in relation with temperature are listed in Table 2. 
The fact that the biodiesel viscosity is higher than the diesel one was observed. When improv-
ing the biodiesel percentage in the mixture, viscosity increases, which improves the lubrica-
tion of the parts that are in contact with the mix, such as the low pressure pump, the high 
pressure pump, injectors, and the system of fuel distribution [30–32].

About the high heating value determination of fuels, the diesel (PEMEX) presented a higher 
value of 44.97 MJ/kg and for the B100 was of 39.08 MK/kg. As a consequence, depending 
on the percentage of the biodiesel increase in the mixture, the high heating value decreases. 
The following values were obtained for the mixtures: B2 44.97 MJ/kg, B5 44.81 MJ/kg, B10 
44.37 MJ/kg, and B20 43.68 MJ/kg [33].

Figure 11. Block diagram of programming using Arduino.

Development and Implementation of Virtual Instrumentation for the Measurement…
http://dx.doi.org/10.5772/intechopen.80533

93



the hardware. The VI uses a proximity sensor to measure the fuel difference and determine 
its consumption. The measurement is made by emitting and receiving ultrasonic signals with 
the proximity sensor. The proximity sensor is designed as an accessory for Arduino and inte-
grates a signal conditioning system.  Figure 11 describes the operation of the virtual instru-
ment with the use of Arduino as an interface for the measurement of fuel.

Tests were made to characterize the virtual instrument, using a measuring cylinder of 1 
liter with a precision of ±10 mL. One of the benefits of this sensor is that it was not neces-
sary to develop a signal conditioning circuit. It was programmed in ARDUINO. Based 
on the above, a 2.5 L capacity container was made using the acrylic material. The cubic 
container had a design area of 12.2 × 11.1 cm to obtain a total area of 135.4 cm2. With the 
container area, a correction factor was added to the programming obtaining a final margin 
of error of ±50 mL.

Figure 10. Programming operation in ARDUINO of the LM35 sensor.

Biofuels - Challenges and opportunities92

3. Results

The viscosities of the different fuel mixtures in relation with temperature are listed in Table 2. 
The fact that the biodiesel viscosity is higher than the diesel one was observed. When improv-
ing the biodiesel percentage in the mixture, viscosity increases, which improves the lubrica-
tion of the parts that are in contact with the mix, such as the low pressure pump, the high 
pressure pump, injectors, and the system of fuel distribution [30–32].

About the high heating value determination of fuels, the diesel (PEMEX) presented a higher 
value of 44.97 MJ/kg and for the B100 was of 39.08 MK/kg. As a consequence, depending 
on the percentage of the biodiesel increase in the mixture, the high heating value decreases. 
The following values were obtained for the mixtures: B2 44.97 MJ/kg, B5 44.81 MJ/kg, B10 
44.37 MJ/kg, and B20 43.68 MJ/kg [33].

Figure 11. Block diagram of programming using Arduino.

Development and Implementation of Virtual Instrumentation for the Measurement…
http://dx.doi.org/10.5772/intechopen.80533

93



The result of the virtual instrument development used to measure the CIE parameters is 
shown in Figure 12. The main user screen that exhibits the graphic interface represents the 
instrument when choosing the configuration option. The software allows defining the time 
test, the acquisition time, and the start option to proceed to the predefined tests.

Figure 13 displays the user graphic interface, where the measures in real time of O2, NO, CO, 
SO2, and CO2 can be observed, such as the temperature, the fuel consumption, and the rpm, 
which are being monitored and where information is being obtained from each one of the 
parameters considering the predefined values by the user.

The results obtained from the integrated circuits are specific, because signal conditioning 
circuits were designed for each sensor. It is unlikely that there are circuits that are the same 

Temp (°C) Viscosity (P) Temp (°C) Viscosity (P) Temp (°C) Viscosity (P)

B2 B5 B10

56.53 0.0180 49.90 0.0203 49.90 0.0203

59.13 0.0150 55.07 0.0187 55.10 0.0180

63.70 0.0140 59.63 0.0170 59.63 0.0160

67.50 0.0133 64.17 0.0160 64.20 0.0157

71.47 0.0130 68.77 0.0147 68.80 0.0137

75.43 0.0120 73.30 0.0143 73.30 0.0130

79.23 0.0110 77.90 0.0127 77.90 0.0120

83.33 0.0107 82.17 0.0123 82.13 0.0117

86.97 0.0103 87.00 0.0113 87.07 0.0110

91.37 0.0100 91.10 0.0113 91.10 0.0100

B20 B100 Diesel

49.90 0.0213 54.57 0.0320 55.77 0.0210

55.00 0.0193 57.83 0.0303 59.37 0.0193

59.67 0.0177 62.37 0.0280 63.63 0.0173

64.10 0.0160 66.43 0.0257 67.57 0.0160

68.73 0.0143 70.57 0.0243 71.43 0.0150

73.33 0.0140 74.70 0.0227 75.43 0.0143

77.93 0.0127 78.80 0.0217 79.20 0.0133

82.13 0.0117 82.93 0.0200 83.40 0.0130

86.97 0.0110 87.03 0.0193 87.00 0.0123

91.13 0.0107 91.20 0.0183 91.17 0.0113

Table 2. Viscosity of the B2, B5, B20, B100 fuels and diesel.
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as those presented. It is not possible to access the programming of the other instruments sold 
commercially due to the protection of their programs.

4. Application

The VIEM main function is to measure the concentration of gases coming from the mani-
fold of the combustion chamber of the CIE, where the O2, NO, CO, SO2, and CO2 emis-
sions of combustion gases are generated, by using infrared and electrochemical sensors. 
These sensors determine the gas concentration in ppm or percentage of the concentration 

Figure 12. User graphic interface, principal window, and configuration tab.

Figure 13. User graphic interface.
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of the emissions generated when burning diesel-biodiesel mixtures. When the combustion 
takes place in the engine, the gases are conducted by a pipeline and then passed to a heat 
exchanger to reduce the gas temperature at 40° C. This process is necessary to ensure a 
proper functioning of the sensors, because the maximum temperature for operation speci-
fied is 50 ± 5°C, after that the gases pass through a water trap, a humidity trap and finally 
reach each of the sensors so that each sensor reads real-time readings and generates regis-
tration data, databases provided by the signal conditioning devices processed through the 
virtual instrument on the PC. There is the versatility to measure the readings every 15 and 
20 seconds, as well as 1 and 5 minutes. Other applications of virtual instruments are used in 
monitoring stations, chemical stations, iron and steel industries, restaurants, power plants, 
combined cycle, diesel internal combustion engines, gasoline, and natural gas motor test 
vehicle departments. They represent an option for the use of the VIEM through its redesign 
and adaptation to function as a portable system.

5. Conclusions

The development of hardware and software of the virtual instrument for the measurement 
of emissions (VIEM) and for the measurement of parameters such as emission gases of O2, 
NO, CO, SO2, CO2, rpm, FC, and temperature is constituted by the platforms of programming 
LabVIEW 2010® and ARDUINO MEGA as well as a data acquisition card model DAQ 6009 
the National Instruments and an acquisition card model ARDUINO ONE, PC model Sony 
Vaio VGN-CR190 Intel Core Duo T7100 @ 1.8 GHz, Windows 7 operating system. These ele-
ments make up a combination of nonexclusive operation hardware with powerful software, 
obtaining an instrument of scalable architecture, with the possibility of being modified if 
necessary, presenting versatility and flexibility to adapt to other required uses, showing as 
the main advantage the cost of the system compared with conventional systems. The VIEM 
shows in real time the results of each of the measured parameters, graphs the results, and 
generates a database of each of the experimental activity.

As a result of the characterization of the diesel-biodiesel mixtures, the value of the calorific 
value of the diesel that was used as a reference point is 44.97 MJ/kg, and for the B100, it is 
39.08 MJ/kg. It is necessary to develop specific circuits for gas sensors such as O2, NO, CO, 
SO2, and CO2, where the integrated circuits were designed to obtain equivalent increments of 
0.065 V/1% of O2, 0.004 V/1 ppm of NO, 0.00476 V/5 ppm of SO2, and 0.00392 V/1 ppm of CO, 
with the schematic diagrams presented in this chapter and the model of the sensors, and it is 
possible to replicate the hardware used for gas measurement.

With the development of the VIEM, it is easier and accessible to implement a test bench 
used to quantify the performance, emissions, and efficiency of the CIE. It was obtained a 
more demanding control on the inputs and outputs of the system, as well as the operating 
parameters of the diesel engines using a biofuel, or any other engine that works with any 
other fuel, biofuel or mix of both considering the minimum and maximum parameters of 
the sensors.
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Abstract

Production of biofuels from nonfood biomass has emerged as a sustainable option to 
address the problems associated with growing enery demand for transportation, heating, 
and industrial processes, in the context of diminishing petroleum reserves and global 
climate change. Biomass resources such as lignocellulose-rich biomass and microalgae, 
despite being abundant pose several challenges for efficient bioconversion to biofuels. 
Major challenges that must be addressed are the chemical complexity of the biomass and 
the associated feedstock variability. In this chapter, the role of microbial consortium-based 
biocatalysis strategies that are being developed to address these issues are reviewed and 
discussed. Microbial coculture biocatalysts are systems that are engineered to specialize 
in the conversion of a general class of substrates present in the biomass hydrolysates into 
biofuel intermediates, providing the capability of adapting to the variable composition 
of the feedstock. The techniques being developed to understand the interactions between 
the members of the bioconversion consortia and the corresponding population dynamics 
of the engineered cocultures are also discussed.

Keywords: biomass feedstocks, feedstock variability, biofuels, multisubstrate, 
microbial consortia, population dynamics

1. Introduction

The driving forces behind the urgent need for developing sustainable bioenergy and bioprod-
ucts include growing concerns over climate change, conflicts over oil supplies, and the desire 
to stimulate a new bioenergy economy [1]. Biomass is a renewable energy source that can offer 
a substitute for fossil-based transportation fuels and create economic opportunities and rural 
development while reducing climate impacts related to greenhouse gas emissions. Biomass 
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is an energy resource derived from plant and algae-based materials that includes agricultural 
residues, forest resources, grasses, woody energy crops, algae, wet waste, municipal solid 
waste, urban wood waste, and food waste [2].

Utilization of industrial biotechnology for production of petroleum displacing products from 
low cost feedstocks faces major challenges because of recalcitrance of the biomass to hydro-
lysis as well as the high degree of biochemical complexity and variability in crude biomass 
hydrolysates [3]. In addition to unintentionally produced fermentation inhibitors from pre-
treatment, biomass hydrolysates contain a variety of carbohydrates, lignin, protein, lipids, 
organic acids, and ash, often at nearly stoichiometric ratios of each component. Although 
significant progress is underway for effective biomass pretreatment and utilization of each 
of the common types of fermentation substrates [4–6], the diversity of these substrates can 
result in spiraling costs for upstream separations, supplementation of fermentation media, 
serial fermentation steps, and product purification. From a technoeconomic perspective, any 
one of these unit operations can tip the scales against economic viability for a promising 
breakthrough. In terms of a biochemical or hybrid biorefinery, fractionation of the biomass 
to generate a spectrum of marketable products is assumed [7]; however, it is very rarely the 
case that the bulk of the biomass can provide significant or reliable economic return with-
out upgrading. In light of this, process intensification based on single-pot bioconversion 
of multiple substrates provides a means for achieving dramatic improvements in reaction 
kinetics, yields, product titers, and separations while minimizing unit operations, thereby 
reducing cost and investment risk in chemical manufacturing [8]. Furthermore, consortium-
based biocatalysis strategies provide the potential for utilizing ecological interactions, such 
as mutualism or commensalism, to increase biofuel production efficiency and yield [9, 10]. In 
this chapter, we will review promising biomass feedstocks and the associated feedstock vari-
ability challenges paired with the microbial consortia approaches that are being developed for 
bioconversion of multicomponent biomass hydrolysates to biofuels.

2. Biomass feedstocks for biofuel production

Although the current commercial biofuels industry is predominantly focused on feedstocks 
from harvestable components of food or feed crops (starch, sucrose, and oils), the potential of 
lignocellulose as an energy feedstock has received significant focus for second-generation bio-
fuel production. Lignocellulosic biomass refers to the lignocellulose-rich materials available 
from terrestrial plants and crop residues, and is the most abundant renewable form of fixed 
carbon on earth. Lignocellulosic biomass is primarily composed of three polymers - cellulose, 
hemicellulose, and lignin. Cellulose, the major component of lignocellulosic biomass, is a 
linear homopolysaccharide consisting of 500–15,000 anhydrous glucose units that are linked 
by β-1,4-glycosidic bonds, with cellobiose as the smallest repetitive unit [11]. Hemicellulose 
is the second most abundant polymer whose role is to provide a linkage between lignin and 
cellulose. Hemicellulose is a short, highly branched polymer of pentose (e.g. D-xylose and 
L-arabinose) and hexose (e.g., D-mannose, D-galactose, and D-glucose) which forms a ran-
dom and amorphous structure [12]. Lignin is the third major component of plant biomass 
in addition to cellulose and hemicellulose, accounting for 10–40% (w/w) of plant cell wall on 
the mass basis [13]. Lignin is an amorphous, randomly branched heteropolymer comprising 
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of phenylpropanoid units [14]. Lignin covalently binds to side groups on neighboring hemi-
cellulose units, forming a complex matrix that surrounds the cellulose micro-fibrils. As the 
dominant structural polymer in terrestrial biomass, for evolutionary reasons, the lignocel-
lulosic biomaterial is highly recalcitrant to deconstruction and hydrolysis. Because of this 
recalcitrance, significant effort is required for pretreatment of the material using mechanical, 
chemical, physicochemical and biological methods or various combinations of these [15] to 
fractionate lignocellulose into its biochemical constituents which can be converted to biofuels 
and chemicals using biocatalysis. However, large scale adoption of lignocellulosic biofuels in 
the market has been slower than expected, and the bulk of lignocellulosic bioenergy produc-
tion (~3% of the total energy consumed in the U.S.) has been restricted to industrial heat, 
steam, and electrical power instead of liquid fuels.

Microalgae are another potentially abundant biomass resource for biofuel production. 
Microalgae comprise a large and diverse group of uni- or multicellular phototrophic and 
heterotrophic organisms which, because of high growth rate, minimal competition for agri-
culture land use, the ability to utilize CO2, and rapidly improve strains [16], microalgae may 
provide a dynamic addition to the sustainable fuels portfolio. Current markets for algae 
derived products have however been restricted to higher value products such as nutraceuti-
cals, cosmetics, and foods. Microalgae have long been touted for their ability to accumulate 
large quantities of lipids. Oleaginous microalgae have oil contents of 20–50% by weight and 
several can exceed 80% oil by weight of dry biomass basis [17]; therefore, microalgae are 
being seriously considered as a feedstock for biodiesel production if the biomass produc-
tion costs can be significantly reduced. Various species of microalgae produce a host of lipid 
subtypes, including mono-, di-, and triglycerides, phospholipids, glycolipids, waxes, carot-
enoids, hydrocarbons among others [18]. Microalgae are also rich in carbohydrates (5–23%) 
and proteins (6–52%) [19]; different species and cultivation conditions result in variable pro-
portions of protein and carbohydrates. Some species, Spirogyra sp. for example, have high car-
bohydrate content, 33–64% [20], whereas the common nutraceutical algae strain, Arthrospira 

Figure 1. Current markets and the convergent R&D landscape for the general biomass feedstocks.

Engineering Microbial Consortia for Bioconversion of Multisubstrate Biomass Streams to Biofuels
http://dx.doi.org/10.5772/intechopen.80534

103



is an energy resource derived from plant and algae-based materials that includes agricultural 
residues, forest resources, grasses, woody energy crops, algae, wet waste, municipal solid 
waste, urban wood waste, and food waste [2].

Utilization of industrial biotechnology for production of petroleum displacing products from 
low cost feedstocks faces major challenges because of recalcitrance of the biomass to hydro-
lysis as well as the high degree of biochemical complexity and variability in crude biomass 
hydrolysates [3]. In addition to unintentionally produced fermentation inhibitors from pre-
treatment, biomass hydrolysates contain a variety of carbohydrates, lignin, protein, lipids, 
organic acids, and ash, often at nearly stoichiometric ratios of each component. Although 
significant progress is underway for effective biomass pretreatment and utilization of each 
of the common types of fermentation substrates [4–6], the diversity of these substrates can 
result in spiraling costs for upstream separations, supplementation of fermentation media, 
serial fermentation steps, and product purification. From a technoeconomic perspective, any 
one of these unit operations can tip the scales against economic viability for a promising 
breakthrough. In terms of a biochemical or hybrid biorefinery, fractionation of the biomass 
to generate a spectrum of marketable products is assumed [7]; however, it is very rarely the 
case that the bulk of the biomass can provide significant or reliable economic return with-
out upgrading. In light of this, process intensification based on single-pot bioconversion 
of multiple substrates provides a means for achieving dramatic improvements in reaction 
kinetics, yields, product titers, and separations while minimizing unit operations, thereby 
reducing cost and investment risk in chemical manufacturing [8]. Furthermore, consortium-
based biocatalysis strategies provide the potential for utilizing ecological interactions, such 
as mutualism or commensalism, to increase biofuel production efficiency and yield [9, 10]. In 
this chapter, we will review promising biomass feedstocks and the associated feedstock vari-
ability challenges paired with the microbial consortia approaches that are being developed for 
bioconversion of multicomponent biomass hydrolysates to biofuels.

2. Biomass feedstocks for biofuel production

Although the current commercial biofuels industry is predominantly focused on feedstocks 
from harvestable components of food or feed crops (starch, sucrose, and oils), the potential of 
lignocellulose as an energy feedstock has received significant focus for second-generation bio-
fuel production. Lignocellulosic biomass refers to the lignocellulose-rich materials available 
from terrestrial plants and crop residues, and is the most abundant renewable form of fixed 
carbon on earth. Lignocellulosic biomass is primarily composed of three polymers - cellulose, 
hemicellulose, and lignin. Cellulose, the major component of lignocellulosic biomass, is a 
linear homopolysaccharide consisting of 500–15,000 anhydrous glucose units that are linked 
by β-1,4-glycosidic bonds, with cellobiose as the smallest repetitive unit [11]. Hemicellulose 
is the second most abundant polymer whose role is to provide a linkage between lignin and 
cellulose. Hemicellulose is a short, highly branched polymer of pentose (e.g. D-xylose and 
L-arabinose) and hexose (e.g., D-mannose, D-galactose, and D-glucose) which forms a ran-
dom and amorphous structure [12]. Lignin is the third major component of plant biomass 
in addition to cellulose and hemicellulose, accounting for 10–40% (w/w) of plant cell wall on 
the mass basis [13]. Lignin is an amorphous, randomly branched heteropolymer comprising 

Biofuels - Challenges and opportunities102

of phenylpropanoid units [14]. Lignin covalently binds to side groups on neighboring hemi-
cellulose units, forming a complex matrix that surrounds the cellulose micro-fibrils. As the 
dominant structural polymer in terrestrial biomass, for evolutionary reasons, the lignocel-
lulosic biomaterial is highly recalcitrant to deconstruction and hydrolysis. Because of this 
recalcitrance, significant effort is required for pretreatment of the material using mechanical, 
chemical, physicochemical and biological methods or various combinations of these [15] to 
fractionate lignocellulose into its biochemical constituents which can be converted to biofuels 
and chemicals using biocatalysis. However, large scale adoption of lignocellulosic biofuels in 
the market has been slower than expected, and the bulk of lignocellulosic bioenergy produc-
tion (~3% of the total energy consumed in the U.S.) has been restricted to industrial heat, 
steam, and electrical power instead of liquid fuels.

Microalgae are another potentially abundant biomass resource for biofuel production. 
Microalgae comprise a large and diverse group of uni- or multicellular phototrophic and 
heterotrophic organisms which, because of high growth rate, minimal competition for agri-
culture land use, the ability to utilize CO2, and rapidly improve strains [16], microalgae may 
provide a dynamic addition to the sustainable fuels portfolio. Current markets for algae 
derived products have however been restricted to higher value products such as nutraceuti-
cals, cosmetics, and foods. Microalgae have long been touted for their ability to accumulate 
large quantities of lipids. Oleaginous microalgae have oil contents of 20–50% by weight and 
several can exceed 80% oil by weight of dry biomass basis [17]; therefore, microalgae are 
being seriously considered as a feedstock for biodiesel production if the biomass produc-
tion costs can be significantly reduced. Various species of microalgae produce a host of lipid 
subtypes, including mono-, di-, and triglycerides, phospholipids, glycolipids, waxes, carot-
enoids, hydrocarbons among others [18]. Microalgae are also rich in carbohydrates (5–23%) 
and proteins (6–52%) [19]; different species and cultivation conditions result in variable pro-
portions of protein and carbohydrates. Some species, Spirogyra sp. for example, have high car-
bohydrate content, 33–64% [20], whereas the common nutraceutical algae strain, Arthrospira 

Figure 1. Current markets and the convergent R&D landscape for the general biomass feedstocks.

Engineering Microbial Consortia for Bioconversion of Multisubstrate Biomass Streams to Biofuels
http://dx.doi.org/10.5772/intechopen.80534

103



platensis (a.k.a Spirulina sp.) have has high protein content, ~67% [21]. During pretreatment 
of microalgae biomass for biofuels production, the carbohydrate and protein fractions of the 
microalgae feedstock can be hydrolyzed to soluble monomeric sugars and amino acids, each 
of which can be converted by a biocatalyst into biofuel products during a microbial fermen-
tation process, thereby increasing the net yield of biofuel intermediates beyond that of the 
lipids alone. Although algae lack the extreme recalcitrance to pretreatment that is provided by 
lignin to terrestrial plants, the high biochemical diversity of algae presents similar challenges 
for consistent pretreatment. In both cases, however, efficient utilization of the bulk of the 
various biopolymers present in the biomass is vital for development of economically feasible 
bioconversion routes for biofuel production. Figure 1 illustrates the current markets as well as 
the convergent R&D landscape for each of these general biomass feedstocks.

3. Variability of biomass feedstocks

One of the most important challenges facing consortium-based bioconversion technologies is 
feedstock variability. Changes in biomass composition, even within the same crop in the same 
geographic location, is an issue that has plagued many industrial bioprocessing plants and 
has greatly hindered the widespread application of bio-based renewable fuels and chemicals. 
Since many processing facilities require process optimization around a given biomass source 
for plant profitability, deviations in biomass composition often require the process to be re-
optimized which can cause significant down time in the plant. While the impact on plant 
operation time has been reduced over time, feedstock variability remains one of the most 
significant cost drivers for many industrial bioprocessing operations.

While there are many biomass composition variables such as ash and moisture content that 
are important economic drivers for the larger biorefinery picture, most relevant to the bio-
conversion process is the biochemical breakdown of the biomass source. Table 1 highlights 
the variability of the glucan versus xylan percentages for different crops. The large range 
of values represents the severity in variation which is most dramatic in corn stover, with a 
maximum of 66% and a minimum of 39% [22].

One technique that has been deployed to curb these issues is blending of different biomass 
sources to help with geographic and seasonal variability [1]. This strategy can reduce the 
impact of feedstock variability, but requires sophisticated biomass logistics management to 

Corn stover Miscanthus Wheat

Mean 53 61 50

Maximum 66 65 57

Minimum 39 55 41

Range 27 10 15

Data from [22].

Table 1. Carbohydrate compositions (% xylan + glycan) for various crops.
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prioritize variables for maximum operational profitability and is intrinsically limited in its 
reach due to geographic and seasonal constraints. This strategy is further limited by biomass 
storage challenges that limit the availability of different sources for blending.

Differences in biochemical composition of various biomass sources have been well docu-
mented in the technical literature because biochemical conversion routes often utilize only 
specific components of the biomass (such as glucose and xylose) and large variations of these 
components will have major impacts on process efficiency and yields. The majority of this 
work has focused on the relative biochemical fractions of a particular biomass source that 
can be classified as carbohydrates, proteins, or lipids, commonly referred to as the proximate 
composition. In the bioconversion context, these three major biochemical classes have vary-
ing importance for different biomass sources, with carbohydrates receiving particular atten-
tion for most fermentation-based processes. These variations are explored for three biomass 
sources with near-term industrial relevance in the section below.

3.1. Corn stover

Ethanol production from corn stover has been a significant area of research and development 
due to the widespread availability of the feedstock from cultivation of maize. The updated 
Billion Ton Study released by the U.S. Department of Energy in 2016 reports that the base case 
for corn stover supplied under $80/dry ton is over 129 million dry tons per year of biomass 
[1]. The variation of the composition of corn stover from cultivation in different geographic 
locations is highlighted in Table 2 [23].

3.2. Distillers grains with solubles

Distillers grains with solubles (DGS) is another example of a highly variable biomass source 
that may play an important role in scale-up of bioconversion technologies. Twenty-three mil-
lion tons of DGS were produced in 2017 as a coproduct of the corn ethanol process, with sig-
nificant quantities of similar coproducts such as wet grains and dried grains without solubles 
also being produced. Because DGS are a coproduct of corn-ethanol fermentation, they suf-
fer from variability of the original crop used as well as differences in different fermentation 
batches and strategies. These variations are highlighted in Table 3 [24–28].

South Carolina Central Alabama Northern Alabama

Cellulose 41.13 (0.98) 41.76 (0.18) 41.22 (0.18)

Hemicellulose 31.97 (0.99) 21.98 (0.14) 22.72 (0.16)

Lignin 5.97 (0.48) 6.49 (0.06) 6.56 (0.08)

Holocellulose 73.1 (1.42) 63.74 (0.17) 63.94 (0.15)

Ash 3.97 (0.14) 2.87 (0.02) 3.43 (0.04)

Data sourced from [23].

Table 2. Relative % (standard error) for corn stover harvests in the southeastern united states at three different locations.
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3.3. Microalgae

While microalgae research has generally focused on high lipid strains and cultivation strate-
gies for oil extraction and biodiesel production, recent studies have demonstrated the techno-
economic necessity for higher productivity algal systems which generally corresponds to 
lower quantities of lipids and a higher fraction of proteins and carbohydrates [29]. Because 
of the wide diversity of potential strains and cultivation conditions, microalgal biomass has 
a wide range of biochemical possibilities. This is further magnified by the distinct difference 
in biomass composition at different stages in microalgal cultures growth cycle. As a part of 
a study to understand the impact of this variation on a dilute acid hydrolysis pretreatment 
process, the composition of three microalgae strains at different points in their growth cycle 
was investigated by Peinkos et al. and is summarized in Table 4 [27].

The challenges caused by feedstock variability provide a unique opportunity for consortium 
bioconversion strategies. For many biomass sources, techno-economic reports conclude that 
the cost of the biomass itself is the main economic sustainability driver [29], so a growing field 
is developing around the use of consortium conversion strategies that enable utilization of the 
vast majority of the biomass for production of a biofuel or petroleum displacing commodity 
chemical in an integrated biorefinery scheme. Clearly, if the biomass itself is the key cost driver 
at scale, then as much value as possible needs to be extracted from of the biomass. Consortium 
strategies allow for different organisms to specialize in efficient conversion of a particular sub-
strate and collectively convert as much of the diverse and variable biomass-derived biochemi-
cal intermediates to a fuel or chemical product as possible. If done effectively, this strategy will 

Species Growth stage Lipids Ash Carbohydrate Protein

N. granulata Early 12.28 (0.16) 14.2 8.92 (0.13) 32.7

Mid 25.6 (0.20) 13.6 11.12 (0.48) 23.1

Late 57.33 (0.09) 5.1 10.89 (0.11) 9.4

C. vulgaris Early 12.07 (0.09) 6.7 11.12 (0.12) 43.2

Mid 15.02 (0.16) 4.4 35.69 (0.01) 24.0

Late 23.14 (0.19) 5.3 38.00 (0.36) 15.2

Data from [27].

Table 4. Biochemical composition in mass of dry cell weight (Std Dev) for two microalgae species.

Spiehs and Whitney 
[28]

Liu [26] Belyea et al. [25] Cromwell and Herkelman [27]

Protein 30.2 (2.9) 27.4 (3.3) 31.4 (2.5) 29.7 (5.7)

Oil 10.9 (1.2) 11.7 (2.2) 12.0 (1.7) 10.7 (5.0)

starch — 4.9 (2.5) 5.3 (0.7) —

Total carbohydrate 53.1 56.5 52.1 54.3

Crude fiber 8.8 (1.4) — 10.2 (1.0) —

Table 3. Biochemical composition of DGS as a dry mass % (range of values) from four different studies as reported by [24].
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be an effective tool to reduce the impact of feedstock variability, as the ratio of growth of the 
different specialized organisms in the consortium can be engineered to be proportional to the 
concentration of the different substrates derived from a given biomass source.

4. Microbial consortia for biomass conversion and biofuel/chemical 
production

Recent advances in synthetic biology, metabolic engineering, and systems biology have 
enabled rapid progress in developing microbial cell factories [6, 30, 31] and novel enzyme 
cascade systems [32–34] for the conversion of biomass feedstocks and synthesis of biofuels 
and other platform chemicals. Although there are some successful examples of developing 
‘superbugs’ capable of multiple functions, engineering a single microbe to simultaneously 
perform multiple tasks is still quite challenging and bioenergetically costly under most situa-
tions. Because of the complexity and the multisubstrate nature of the biomass feedstocks, it is 
especially challenging to engineer a single microbe to efficiently convert the diverse substrates 
(carbohydrates, proteins, fatty acids, oils, etc.) of the biomass to produce value-added prod-
ucts. In contrast to the ‘superbug’ paradigm, in nature microbes rarely live in isolation, but 
rather exist in highly diverse and complex communities known as consortia. The microbes 
in these communities interact in numerous ways ranging from cooperation to competition 
and are often capable of performing tasks that are far too complex for any single organism to 
complete themselves [35]. Besides the ability to perform complex biosynthetic tasks, microbial 
consortia exhibit many other appealing properties such as stability, productivity and func-
tional robustness. Inspired by the powerful features of the natural consortia, there are rapidly 
growing efforts been undertaken to understand natural consortia and to engineer synthetic 
consortia for biotechnology applications [36, 37]. Well-designed microbial consortia involving 
two or more microbes can take advantage of the functions of individual microbes and their 
interactions to realize synergistic division of labor and more efficient utilization of biochemi-
cal substrates than monocultures. Natural and synthetic microbial consortia developed for 
the conversion of different biomass feedstocks for biofuel and chemical production will be 
discussed below.

4.1. Anaerobic digestion

When considering consortium-based bioconversion technologies, anaerobic digestion offers 
a model process due to its long history of industrial application of a complex, albeit unsu-
pervised, microbial consortium. Anaerobic digestion is a biochemical process that converts 
organic material into a mixture of methane and CO2 (biogas) in an anaerobic environment. 
Its widespread use since the middle of the nineteenth century and the extensive research 
around the details of the process make it an important benchmark technology as well a valu-
able resource for future consortium conversion technologies [38]. The anaerobic digestion 
process is generally split into five stages, creating an interconnected web of processes each 
utilizing naturally adapted microorganisms that play a critical role in the overall conver-
sion process. The stages can generally described as disintegration, hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis which describes the sequential process of the organic 
polymers  comprising biomass (such as carbohydrates and proteins) being disintegrated, 
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be an effective tool to reduce the impact of feedstock variability, as the ratio of growth of the 
different specialized organisms in the consortium can be engineered to be proportional to the 
concentration of the different substrates derived from a given biomass source.

4. Microbial consortia for biomass conversion and biofuel/chemical 
production

Recent advances in synthetic biology, metabolic engineering, and systems biology have 
enabled rapid progress in developing microbial cell factories [6, 30, 31] and novel enzyme 
cascade systems [32–34] for the conversion of biomass feedstocks and synthesis of biofuels 
and other platform chemicals. Although there are some successful examples of developing 
‘superbugs’ capable of multiple functions, engineering a single microbe to simultaneously 
perform multiple tasks is still quite challenging and bioenergetically costly under most situa-
tions. Because of the complexity and the multisubstrate nature of the biomass feedstocks, it is 
especially challenging to engineer a single microbe to efficiently convert the diverse substrates 
(carbohydrates, proteins, fatty acids, oils, etc.) of the biomass to produce value-added prod-
ucts. In contrast to the ‘superbug’ paradigm, in nature microbes rarely live in isolation, but 
rather exist in highly diverse and complex communities known as consortia. The microbes 
in these communities interact in numerous ways ranging from cooperation to competition 
and are often capable of performing tasks that are far too complex for any single organism to 
complete themselves [35]. Besides the ability to perform complex biosynthetic tasks, microbial 
consortia exhibit many other appealing properties such as stability, productivity and func-
tional robustness. Inspired by the powerful features of the natural consortia, there are rapidly 
growing efforts been undertaken to understand natural consortia and to engineer synthetic 
consortia for biotechnology applications [36, 37]. Well-designed microbial consortia involving 
two or more microbes can take advantage of the functions of individual microbes and their 
interactions to realize synergistic division of labor and more efficient utilization of biochemi-
cal substrates than monocultures. Natural and synthetic microbial consortia developed for 
the conversion of different biomass feedstocks for biofuel and chemical production will be 
discussed below.

4.1. Anaerobic digestion

When considering consortium-based bioconversion technologies, anaerobic digestion offers 
a model process due to its long history of industrial application of a complex, albeit unsu-
pervised, microbial consortium. Anaerobic digestion is a biochemical process that converts 
organic material into a mixture of methane and CO2 (biogas) in an anaerobic environment. 
Its widespread use since the middle of the nineteenth century and the extensive research 
around the details of the process make it an important benchmark technology as well a valu-
able resource for future consortium conversion technologies [38]. The anaerobic digestion 
process is generally split into five stages, creating an interconnected web of processes each 
utilizing naturally adapted microorganisms that play a critical role in the overall conver-
sion process. The stages can generally described as disintegration, hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis which describes the sequential process of the organic 
polymers  comprising biomass (such as carbohydrates and proteins) being disintegrated, 
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those polymers being hydrolyzed to their corresponding monomers, the monomers being 
fermented to organic acids and hydrogen, the long carbon chain organic acids being further 
broken down into acetic acid and hydrogen, and finally the conversion of acetic acid to the 
fully reduced methane product.

Anaerobic digestion offers a touchstone example of the technological potential of consortium 
bioconversion processes because many microorganisms involved are strongly dependent on 
other organisms in the consortium. This is exemplified by the interspecific transfer of hydrogen, 
i.e. hydrogenotrophs utilize the hydrogen being produced by syntrophic organisms oxidizing 
organic acids that require low pressures of H2 [39]. These syntrophic organisms are not able 
to grow in pure cultures because of this interdependency. While these symbiotic relationships 
are in many ways beneficial, they leave the entire process vulnerable to varying environmental 
conditions. If the temperature, pH, or another important environmental factor becomes unfa-
vorable to an important organism in the anaerobic consortium the whole process is stalled and 
operates less efficiently. Furthermore, because of the wide variety of microorganisms involved 
in the anaerobic digestion process and the high level at which conditions can be controlled, 
it is difficult to engineer the system for any organism or class of organisms. The diversity of 
microbes involved in anaerobic digestion has minimized the potential roles for including meta-
bolic engineering into the process, with most recent works simply looking to understand the 
population dynamics of the organisms involved [40]. The robustness of the technology makes 
it a base case bioconversion route for almost any biomass source, many of which have been 
investigated to varying levels of detail. Each biomass source presents unique challenges and 
difficulties to the overall anaerobic digestion process; microalgal biomass is a key example, 
since cells have been observed to remain intact after a 30 day retention time in a digester [41].

4.2. Consolidated bioprocessing of lignocellulosic biomass

Microbial conversion of lignocellulosic biomass requires multiple biological functionalities, 
including production of saccharifying enzymes, enzymatic hydrolysis of lignocellulose to 
soluble fermentable sugars, and metabolism of sugars to desired biofuel products. Cellulose 
and hemicellulose in lignocellulosic biomass can be hydrolyzed by cellulase and hemicellu-
lase enzymes such as endoglucanase, exoglucanase, β-glucosidase, xylanase, xylosidase, and 
arabinofuranosidase. Microorganisms that are able to hydrolyze lignocellulosic biomass or 
secret cellulolytic hydrolysate enzymes are important for this step. Most biological process 
employed fungi such as Trichoderma reesei, Penicillium echinulatum, Penicillium purpurogenum, 
Aspergillus niger, and Aspergillus fumigatus [4] which secrete cellulolytic enzymes for sacchari-
fication. Some anaerobic bacteria such as Clostridium thermocellum, Ruminococcus flavefaciens 
and Clostridium cellulovorans developed large, extracellular multienzyme complexes called the 
cellulosomes, which are highly structured and consist of multiple cellulolytic enzyme units 
that interact with each other synergistically [42]. These anaerobic bacteria are also found to 
degrade cellulosic substrates efficiently. To reduce the number of unit operations and capital 
costs, a nascent approach called consolidated bioprocessing (CBP) has been developed for 
simultaneous enzyme production, hydrolysis, and fermentation by employing the microbial 
consortia biocatalyst strategy.
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The microbial consortia for CBP involve a cellulolytic strain that hydrolyzes hemicellulosic 
biomass to fermentable sugars and a fermentation strain that utilizes the cellulosic sugars 
for growth and conversion to biofuel products through the natural or engineered metabolic 
pathways. Native cellulosic microorganisms such as fungi and some anaerobic bacteria are 
usually selected as the cellulosic strains in the consortia. For example, the thermophilic anaer-
obe Clostridium thermocellum which is capable of hydrolyzing cellulose through the activity of 
the cellulosome multiprotein complex was cocultured with the engineered ethanol producing 
strain Thermoanaerobacterium saccharolyticum for the production of ethanol from Avicel [43]. By 
genetically engineering the two strains to be acetate and lactic acids-deficient, the yield was 
greatly improved, resulting in the coculture producing 38 g/L ethanol from 92 g/L Avicel. In 
another study, Minty et al. designed a synthetic fungal/bacterial consortium that involved 
a cellulolytic fungus Trichoderma reesei and an engineered E. coli strain for bioconversion of 
lignocellulosic feedstocks [44]. In the consortium, the cellulolytic fungus secreted cellulase 
enzymes to hydrolyze pretreated corn stover into fermentable sugars and the E. coli converted 
soluble saccharides into isobutanol with titers up to 1.88 g/L. The T. reesei/E. coli consortia 
developed in this study showed a cooperator-cheater dynamics which lead to stable equilib-
rium population.

The main challenges of using native cellulolytic microorganisms as the cellulolytic strains are the 
availability of tools for genetic manipulation and the application of these tools to engineer the 
strains with high yield, titer and robustness under industrial conditions. Industrial strains that are 
not naturally capable of hydrolyzing cellulose have also been genetically engineered as the cel-
lulolytic strains. For example, E. coli was engineered to express cellulase, xylanase, β-glucosidase 
and xylobiosidase enzymes extracellularly [45]. The resulting two E. coli strains were able to grow 
on cellulose and xylan substrates, respectively. Subsequent incorporation of biofuel production 
pathways into each cellulolytic and hemicellulolytic strain enabled production of biofuel prod-
ucts such as fatty-acid ethyl ester, butanol and pinene from ionic liquid pretreated switchgrass by 
the E. coli coculture. In this E. coli based CBP, cellulose and hemicellulose in the pretreated bio-
mass were hydrolyzed into soluble oligosaccharides by the secreted cellulases and hemicellulases 
from the two E. coli strains. The oligosaccharides were further converted to monomeric sugars 
by the expressed β-glucosidase enzymes and were eventually metabolized into biofuels via the 
heterologous pathways of the same E. coli strains. The E. coli strains developed in this study incor-
porated the biomass-degrading capability and biofuel-producing ability into one strain, unlike in 
most typical CBP systems where cellulolytic and fermentation strains are engineered separately. 
Instead, this E. coli coculture divided the labor of producing advanced biofuels from cellulose and 
hemicellulose fractions of the lignocellulosic biomass between the two engineered strains.

Besides biofuels, valuable chemicals are also produced from nonfood agricultural resources 
by the CBP approach. For example, Bayer et al. used a synthetic metagenomics approach 
to identify methyl halide transferase (MHT) genes from various organisms and screened 
these enzymes in E. coli for MHT activity [46]. MHT with the highest activity was cloned 
in Saccharomyces cerevisiae and the resulting strain was able to produce methyl halides from 
monomeric sugars such as glucose and xylose. The production of methyl halide from unpro-
cessed switchgrass, corn stover, sugar cane bagasse, and poplar was then demonstrated by 
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those polymers being hydrolyzed to their corresponding monomers, the monomers being 
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in Saccharomyces cerevisiae and the resulting strain was able to produce methyl halides from 
monomeric sugars such as glucose and xylose. The production of methyl halide from unpro-
cessed switchgrass, corn stover, sugar cane bagasse, and poplar was then demonstrated by 

Engineering Microbial Consortia for Bioconversion of Multisubstrate Biomass Streams to Biofuels
http://dx.doi.org/10.5772/intechopen.80534

109



the consortium of the engineered yeast and a cellulolytic bacterium Actinotalea fermentans. 
In the coculture, the cellulolytic bacterium produced monomeric sugars from hemicellulosic 
biomass which were further converted to methyl halide by the engineered yeast.

Inspired by the natural cellulosome in some anaerobic bacteria for the hydrolysis of cellulose, 
Tsai et al. developed a synthetic yeast consortium displaying an artificial minicellulosome 
for the synergistic saccharification and fermentation of cellulose to ethanol [47]. In the con-
sortium, one yeast strain displayed a miniscaffolding consisting of three different cohesin 
domains and three other yeast strains secreted dockerin-tagged endoglucanase, exogluca-
nase, and β-glucosidase, respectively. Because of the specific interaction between the orthogo-
nal cohesin-dockerin pairs, dockerin-tagged cellulolytic enzymes bound onto the scaffolding 
and a minicellulosome structure formed on the yeast cell surface. Cellulose was hydrolyzed 
to glucose by the three cellulases in the yeast displayed minicellulosome and glucose was then 
utilized by the yeast and fermented to ethanol. In this work, it was found that the ethanol 
yield could be fine-tuned by adjusting the ratio of the different yeast strains in the consortium. 
The consortium with the optimized ratio of the different populations produced ethanol up to 
93% of the theoretical value from cellulose.

4.3. Microbial consortia for variable sugar mixture feeds

Hydrolysis of lignocellulosic biomass by chemical or enzymatic methods usually results in a 
mixture of C6 sugars (glucose, mannose, and galactose) and C5 sugars (xylose and arabinose) 
[15, 48]. The relative proportion of these sugars varies among different hemicellulosic bio-
mass sources. Although glucose is the most abundant hexose and xylose is typically the major 
pentose, the fraction of other sugars found in hydrolysates can also be significant depending 
on the biomass and the pretreatment process. Natural microbes commonly consume hexose 
sugars prior to initiating the consumption of a pentose sugar. This phenomenon is known 
as carbon catabolite repression, in which the presence of a preferred substrate represses the 
expression of genes in the microbes required for the metabolism of other substrates [49]. 
Although efforts have been made to develop a single organism that can consume glucose and 
xylose simultaneously [50–52], sugar mixtures remain inefficiently consumed in these single-
organism processes. Moreover, since the sugar composition and proportion vary in different 
biomass hydrolysates, a single organism has very limited ability to adjust to this variation. 
Instead, multiorganism coculture systems with each organism selectively consuming only 
one particular sugar substrate have been developed to eliminate the carbon catabolite repres-
sion and convert the mixed sugar feed streams more efficiently and completely. The multior-
ganism systems also have the ability to adjust the ratio of the different individual populations 
in the coculture in order to adapt to the fluctuation in the mixed sugar compositions of the 
feedstocks.

As a recent example, two substrate-selective strains of E. coli were metabolically engineered 
with one strain only able to consume glucose and the other one only able to utilize xylose [53]. 
To construct the xylose selective (glucose deficient) strain, three genes ptsG, manZ and glk 
involved in glucose uptake were knocked out from the chromosome and the glucose-selective 
(xylose deficient) strain has the xylA gene encoding for xylose isomerase deleted. This coculture 
was demonstrated for simultaneous conversion of glucose and xylose for acetate production. 
Moreover, the relative biocatalyst concentrations in the coculture could be adjusted in order 

Biofuels - Challenges and opportunities110

to optimize the product yield from feed streams with variable sugar compositions. Xia et al. 
extended the consortium strategy for mixed sugar utilization to a synthetic mixture composed 
of three sugars-glucose, xylose and arabinose as well as the growth inhibitor acetic acid [54].  
In this case one strain engineered to utilize acetate but not sugar was used to selectively 
remove acetate in the first stage of the bioprocess. In the subsequent stage, three E. coli strains 
which were each engineered to utilize only one sugar were cocultured and consumed glucose, 
xylose and arabinose simultaneously. Although reduction of the net growth rate of the strains 
was observed as a result of the chromosomal gene deletions that were required to generate 
the strains, the consortium showed significant improvement in multiple sugar utilization than 
any single-organism approach.

Substrate-selective consortia have also been engineered for the production of biofuels from 
hemicellulose-derived sugar mixtures. In a recent study, the synthetic pathway of n-butanol 
was engineered into a glucose-selective strain and a xylose-selective strain and the resulting 
E. coli coculture produced n-butanol from the sugar mixture [55]. The system was further 
improved by distributing the n-butanol production pathway into the two strains for improved 
redox balance and 5.2 g/L n-butanol was produced by the coculture from a glucose-xylose 
mixture. In another related study, Saccharomyces cerevisiae was genetically engineered to uti-
lize L-arabinose. By coculturing the L-arabinose-utilizing yeast and the yeast that could fer-
ment glucose and xylose, the hexose and pentose sugars present in corn stover hydrolysates 
was efficiently fermented to ethanol [56].

An E. coli coculture system with two substrate-selective strains has also been developed 
to produce commodity chemical such as cis, cis-muconic acid from a glucose/xylose sugar 
mixture [57]. To overcome the high-level intermediate accumulation during the synthesis, 
the entire muconic acid synthetic pathway was split into the two E. coli cells. Therefore, one 
strain was only able to utilize xylose and convert it to the intermediate 3-dehydroshikimic 
acid (DHS) which is the precursor for muconic acid. The second strain incorporated a DHS 
transporter and could utilize glucose and convert DHS to the final product muconic acid 
through the rest of the split pathway. The E. coli-E. coli coculture system has shown to use 
sugar mixtures efficiently even at increased scale, and produce significantly higher amount of 
muconic acid than previous studies, with a yield of 51% of the theoretical maximum.

4.4. Microbial consortia for sugar and protein mixture

Besides sugar mixtures, many biomass resources are also rich in proteins. For example, dis-
tillers grains with solubles (DGS) produced from the first-generation bioethanol process are 
considered as a rich source of cellulosic polysaccharides (52–57%) and proteins (27–31%) [58]. 
Microalgae are another example of the biomass resource that is rich in polysaccharides and 
proteins. Therefore, developing biochemical techniques for simultaneous utilization of the 
sugar and protein fractions of the biomass is important for efficient bioconversion of these 
biomass feedstocks.

Microbes normally cannot utilize amino acids as carbon source for growth. However, an E. coli  
strain that was able to use 13 individual amino acids as the sole carbon source for growth was 
developed after several rounds of chemical mutagenesis. A strategy was subsequently devel-
oped to deaminate amino acids and convert the remaining carbon backbones of amino acids to 
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fusel alcohols through metabolic engineering [59]. In a follow-on study, the engineered E. coli  
was further improved by modifying the cofactor specificity of two enzymes involved in the 
metabolic pathway and the resulting strain can produce fusel alcohols with significantly 
improved yield [60].

Liu et al. has demonstrated the feasibility of one-pot bioconversion of the protein and carbo-
hydrate fractions of the DGS hydrolysates and algae hydrolysates into mixed fusel alcohols 
by an E. coli coculture [61]. In the consortia, one strain is dedicated for bioconversion of hex-
ose and pentose sugars in the hydrolysates into isobutanol (C4) and isopentanol (C5) fusel 
alcohols, whereas the other strain was engineered to convert free amino acids into mixed 
fusel alcohols. At the optimized inoculation ratio of the two strains, the consortium produced 
the highest titer of total fusel alcohols, up to 10.3 g/L, including 6.5 g/L isobutanol which 
comprised 63.1% of the total alcohols. Correspondingly, the consortium with the optimized 
inoculation ratio consumed the highest amount of DGS carbohydrates and proteins in the 
hydrolysates, including near complete consumption of the glucose and arabinose and 85.1% 
of the xylose, as well as 31.3% of the total proteins in the hydrolysates. Evaluation of the 
biofuel properties of the fusel alcohols produced using this strategy indicates that the higher 
carbon chain length alcohol mixture (especially C3-C5) provides increased energy densities 
and a variety of improved physical properties, such as reduced water solubility and corrosiv-
ity, than ethanol [16]. Therefore, the mixed fusel alcohols produced in this coculture have 
promising potential applications as a fuel upgrading feedstock in gasoline, diesel, and jet fuel 
or as a neat fuel of itself.

Similar E. coli cocultures were also developed for the production of terpene mixtures from the 
carbohydrate and protein fractions of algae hydrolysates [62, 63]. In these works, the caryoph-
yllene biosynthesis pathway was engineered into the carbohydrate conversion strain and the 
protein conversion strain respectively. The engineered coculture produced up to 507.4 mg/L 
of total terpene mixture including sesquiterpene, monoterpene, and caryophyllene from algae 
hydrolysates. Terpenes are considered potential “drop-in” candidates for aviation fuels based 
on their high energy density. Importantly, the terpene yield produced from the E. coli consor-
tia is significantly higher than those from plant tissue.

4.5. Microalgae cocultures

In addition to lignocellulosic biomass, microalgae are an attractive biomass resource for biofuel 
production. Microalgae can provide several types of biofuels, including methane produced by 
anaerobic digestion of the algae biomass [64], biodiesel derived from microalgae oil [65], and bio-
hydrogen produced photobiologically [66]. Many microalgae species can accumulate substantial 
quantities of lipids and contribute to a high oil yield. The average lipid content of microalgae 
varies between 1 and 70% and some can accumulate up to 90% of dry weight under certain 
conditions [65]. Furthermore, the lipids extracted from microalgae biomass often consist of tri-
glycerides and can be converted to biodiesel by transesterification reactions in which three fatty 
acid molecules are esterified with a glycerol molecule. Synthetic consortia with microalgae cocul-
tured with heterotrophs have been developed to take benefit from their mutualistic interactions.

Oleaginous yeast that can also accumulate high account of lipids has been cocultured with 
microalgae in several studies. In the mixed culture, yeasts use a vast variety of organic matter 
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and provide CO2 for photosynthesis by the microalgae. At the same time, microalgae act as 
an oxygen generator which benefits yeast growth. The mixed cultures usually showed higher 
yields of lipid production and higher growth rates and biomass concentration of the microalgae. 
Examples of oleaginous yeast and microalgae coculture include the culture of yeast Rhodotorula 
glutinis with microalgae Chlorella vulgaris [67] and yeast Rhodotorula glutinis with cyanobacterium 
Spirulina platensis [68]. In these studies, the lipid production and algae growth was reported to be 
higher than that in the pure cultures. Applying a similar strategy, cocultivation of filamentous 
fungus A. fumigatus and microalgae has also been demonstrated to increase biomass production 
and lipid yield [69]. Moreover, because filamentous fungi are bioflocculating agents, cocultiva-
tion with microalgae assisted the flocculation and therefore the harvesting of microalgae.

In the oleaginous yeast and microalgae coculture, organic carbon feedstocks are usually 
needed to feed the yeasts to produce biofuel products. A phototrophic sucrose-secreting cya-
nobacteria Synechococcus elongatus was engineered and cocultured with oleaginous yeast strain 
Cryptococcus curvatus or Rhodotorula glutinis which is capable of producing biofuel products 
[70]. In this case, S. elongatus utilized sunlight and CO2 and produced sucrose as a carbon source 
to yeasts while yeasts assist cyanobacteria growth and survival by eliminating oxidative stress. 
The oleaginous yeast strain was shown to have increased lipid production in the coculture and 
could be engineered to produce biofuel products. This synthetic coculture presents a potential 
sustainable production platform for biofuels production directly from sunlight and CO2.

Algae-bacterium-archaeon consortia have also been developed for the production of oil-like 
mixtures under anaerobic, thermophilic, and atmospheric conditions. Thermostable bacte-
rium Thermosipho globiformans and archaeon Methanocaldococcus jannaschii were cocultured at 
68°C with different species of microalgae under anaerobic conditions, followed by pyrolysis 
at 300°C and the consortia produced n-alkane rich biofuels and isoprenoids [71]. The compo-
sition and quantities of n-alkanes produced by pyrolysis were found to be closely related to 
the lipid contents and composition of the microalgae.

5. Tools for studying microbial consortia

Stability and tunable population compositions are highly desirable for microbial consortia 
developed for bioprocessing applications, because these properties could expand possible 
process configurations and improve efficiency. For examples, stability allows the use of 
continuous reactors and avoids eliminating one strain in the coculture during fermentation, 
whereas tunability would allow the optimization of the population composition for desired 
performance. Because of the multisubstrate nature of the biomass, microbial consortia with 
tunable population compositions are especially important to be adapted to the variable sub-
strate compositions. Understanding the population dynamics and interactions between the 
members in the microbial consortia is important to develop a coculture with stable population 
and to tune the composition of the consortia.

Real-time PCR assays have been used to study the population dynamics of the consortia devel-
oped for biofuel production. In the study of simultaneous conversion of sugar and protein 
fractions of the hydrolysates by an E. coli coculture, specific primers targeting the unique 
genes in the chromosome of the two different E. coli strains were designed and q-PCR based 
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production. Microalgae can provide several types of biofuels, including methane produced by 
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varies between 1 and 70% and some can accumulate up to 90% of dry weight under certain 
conditions [65]. Furthermore, the lipids extracted from microalgae biomass often consist of tri-
glycerides and can be converted to biodiesel by transesterification reactions in which three fatty 
acid molecules are esterified with a glycerol molecule. Synthetic consortia with microalgae cocul-
tured with heterotrophs have been developed to take benefit from their mutualistic interactions.

Oleaginous yeast that can also accumulate high account of lipids has been cocultured with 
microalgae in several studies. In the mixed culture, yeasts use a vast variety of organic matter 
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and provide CO2 for photosynthesis by the microalgae. At the same time, microalgae act as 
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fungus A. fumigatus and microalgae has also been demonstrated to increase biomass production 
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[70]. In this case, S. elongatus utilized sunlight and CO2 and produced sucrose as a carbon source 
to yeasts while yeasts assist cyanobacteria growth and survival by eliminating oxidative stress. 
The oleaginous yeast strain was shown to have increased lipid production in the coculture and 
could be engineered to produce biofuel products. This synthetic coculture presents a potential 
sustainable production platform for biofuels production directly from sunlight and CO2.

Algae-bacterium-archaeon consortia have also been developed for the production of oil-like 
mixtures under anaerobic, thermophilic, and atmospheric conditions. Thermostable bacte-
rium Thermosipho globiformans and archaeon Methanocaldococcus jannaschii were cocultured at 
68°C with different species of microalgae under anaerobic conditions, followed by pyrolysis 
at 300°C and the consortia produced n-alkane rich biofuels and isoprenoids [71]. The compo-
sition and quantities of n-alkanes produced by pyrolysis were found to be closely related to 
the lipid contents and composition of the microalgae.

5. Tools for studying microbial consortia

Stability and tunable population compositions are highly desirable for microbial consortia 
developed for bioprocessing applications, because these properties could expand possible 
process configurations and improve efficiency. For examples, stability allows the use of 
continuous reactors and avoids eliminating one strain in the coculture during fermentation, 
whereas tunability would allow the optimization of the population composition for desired 
performance. Because of the multisubstrate nature of the biomass, microbial consortia with 
tunable population compositions are especially important to be adapted to the variable sub-
strate compositions. Understanding the population dynamics and interactions between the 
members in the microbial consortia is important to develop a coculture with stable population 
and to tune the composition of the consortia.

Real-time PCR assays have been used to study the population dynamics of the consortia devel-
oped for biofuel production. In the study of simultaneous conversion of sugar and protein 
fractions of the hydrolysates by an E. coli coculture, specific primers targeting the unique 
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quantification method was developed to monitor the temporal profile of cell growth of the 
two strains in the coculture during fermentation [61]. The results indicated that an optimized 
coculture population which was tunable by changing the inoculation ratio of the two strains 
is essential for the consortium to achieve higher biofuel yield. q-PCR was also used to probe 
the dynamics of the yeast consortium which assembled the mini-cellulosome for ethanol pro-
duction [72]. The primers were designed to specifically target a unique gene encoding for the 
endoglucanase, exoglucanase, β-glucosidase and the scaffolding expressed by each of the yeast 
strain. It was found that the final population ratio of the four yeast species did not change 
significantly compared with the initial inoculation ratio. By comparing the population of each 
strain in the assembled mini-cellulosome structure with that in the free enzyme system, the 
synergistic effect among the cellulases in the mini-cellulosome on cellulose hydrolysis was sug-
gested. In another study, a real-time PCR assay based on the 16S rRNA gene sequence was per-
formed to study the population abundance of each strain in a coculture consist of a celluloytic 
bacterium and a noncelluloytic, solventogenic bacterium during the production of butanol [73]. 
The  competition and cooperation relationships between the two strains at different stages of the 
fermentation was revealed by the population dynamics study; it was found that the population 
of each strain was readily modulated by culture conditions such as pH and nutrient availability.

Beyond the experimental demonstrations of bioconversion consortia, a modeling framework 
based on comprehensive ordinary differential equation has been developed to gain insights 
into the behavior and dynamics of a fungal-bacterial consortium for isobutanol production 
[44]. The rate expressions for each of the reaction steps were derived and the parameter values 
were obtained from the literature or by experiment. The concentrations of cellulose, microbial 
biomass, and isobutanol during the coculture fermentation predicted by the model were vali-
dated by experimental data. The model suggested that the competition between the fungal 
and bacterial strain for soluble saccharides is the key interaction that drives the behavior of 
two strains in the coculture and the relationship between the two strains was recognized 
as the cooperator-cheater. The model could also predict the outcomes and stability of the 
interactions in the microbial consortia, which provided important information for tuning the 
coculture population and stabilizing the consortia.

Furthermore, genome-based metabolic networks using multispecies dynamic flux balance 
analysis were developed to build a process model for an open pond system involving the 
oleaginous yeast and microalgae consortia for biodiesel production [74]. The algal monocul-
ture and yeast monoculture were modeled separately and compared to the algae and yeast 
coculture with cellulosic glucose and xylose feeds. The model predicted the biomass and lipid 
productivities of the coculture with results comparable to those reported in literature. The 
economic analysis of this system was also performed and indicated that the algae and yeast 
coculture can produce biodiesel at competitive prices.

6. Conclusion

The development and implementation of biorefineries using biomass as the raw materials is 
encouraged by the growth in demand for renewable fuels and chemicals and the need for a 
reduction of fossil energy derived green-house gas emissions. Challenges facing scale-up of 
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the general biorefinery concept include technoeconomic hurdles stemming from recalcitrance 
of the biomass to hydrolysis, feedstock variability, achieving high rate, yield, and titers of bio-
conversion of the bulk of the biomass to fuels, up- and down-stream separations, and mini-
mizing resource inputs, including water, chemical additives, electricity, and infrastructure. 
Progress in development of consortium-based bioconversion technologies provides solutions 
to many of these challenges by consolidating pretreatment and biocatalysis, allowing flexibil-
ity for utilization of multiple substrates at variable concentrations, and supporting tunability 
for targeted end-products. New advances in synthetic biology and metabolic engineering in 
the context of microbial communities will be required to accelerate adoption and scale-up of 
these strategies for an economically viable bio-based economy.
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the context of microbial communities will be required to accelerate adoption and scale-up of 
these strategies for an economically viable bio-based economy.
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Abstract

Diversified research in alternate sources arises become necessity due to higher consump-
tion of fossil fuels along with their adverse impacts on the environment, even to the point
of complete elimination of diesel from compression-ignition (CI) engines. Binary fuel
blend (a blend of low and high viscous fuel) is one of the best environmentally friendly
alternative in CI engines. Blending of methyl ester with edible and nonedible oils in
different volumetric ratios has the potency to give a stable mixture and that can be used
as a fuel in diesel engines. The main motive for the blending of two fuels is that the inferior
properties of one biofuel remunerate from improved properties of the other fuel consider-
ably improves the physicochemical properties of the blend. The present study provides
comprehensive information on the emission and performance characteristics of binary
biodiesel-oil fuel blends. Most researchers had suggested optimum blends from their
respective studies that support capability for complete elimination of diesel from CI
engines. Some researchers have used this binary fuel blend with minor adjustments to
the engine parameters. These investigations have provided positive results. The compre-
hensive review concluded that binary fuel approach has potential to completely eliminate
diesel from CI engines.

Keywords: binary fuel blends, emission profile, fossil fuel depletion, performance analysis

1. Introduction

Demand of energy has been increased day by day due to the usage of nearly 600 million
automobiles by 7 billion people throughout the world [1]. Today, the air contamination is also
a severe concern as higher pollutants in today’s environment are from internal combustion (IC)
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engine tailpipe emissions. Hence, the automobile industries are emphasizing on cleaner trans-
port systems that decrease the environmental pollution and provide at least the same effi-
ciency as normal diesel fuel [2]. Also, the pressure of environmental monitoring authorities
forces the automobile companies to diminish the greenhouse gas emissions from the vehicles.
These ever-increasing energy demand, rapid depletion of crude oil, and environmental pollu-
tion have an emphasis on a new feasible source of energy known as biofuel (mainly biodiesel).
The another reason for emphasis on alternate fuel which can be produced from readily acces-
sible resources is that the countries which do not have sufficient resources of fossil fuel and
import crude petroleum are facing foreign exchange problem or energy crisis. Therefore, the
exploration is focused on numerous feedstocks (edible/nonedible oils along with its methyl
esters (biodiesel)) as a probable source of fuel for automobile sector [3]. It is better to use
methyl ester instead of fossil-based diesel fuel due to its various benefits, that is, availability,
high lubricity, low sulfur contents, low aromatic compounds, environmentally friendly nature,
the existence of a carbon dioxide (CO2) cycle in burning period, viability, and biodegradability
[4–9]. In general, biodiesel is clean burning mono-alkyl ester-based oxygenated fuel derived
from long chain fatty acids of edible and nonedible oil, animal fat, microalgae, etc. [10]. The
main application of biodiesel is in diesel engines as a fuel had shown that it lowers GHG
emissions with the acceptable engine performance [11]. This finally leads us to the study of
diesel engine characteristics of biodiesels, since they are the single most important contender in
the area of future fuels.

Broad research has been carried out with the aim of using biodiesel and its blends as a
feedstock for diesel engine. In this concern, B20 (80% diesel and 20% biodiesel by volume) is
found to be the most suitable blend without any modification to the engine hardware [12].
Some researchers had used biodiesel-diesel-alcohol blends for increasing the biodiesel contents
in the blend and conveyed that blending of 25% biodiesel-5% alcohol and 70% diesel give
better result in terms of emission and performance in diesel engines [13]. However, with the
application of 20 and 25% biodegradable realm in diesel engine, it is not presumable to attain
the fossil fuel nondependence energy sources. Furthermore, the sustainability as well as the
environmental friendliness of these blends decreases as the percentage of fossil-based diesel
fuel is more in the blend as compared to diesel. So, it is imperative to take a step toward the
total replacement of diesel from CI engines. In this regard, some work has been done on
biodiesel-alcohol, biodiesel-oil, and biodiesel-biodiesel blends. The different approaches of
the researchers who are working in the area of alternate fuels for engine application with the
aim of partial and complete elimination of diesel is tabulated in Table 1. The applicability of
neat biodiesel in diesel engine is also too low as it affects the engine performance and its
running life due to high viscosity. One of the best possible ways to achieve the above stated
requirement is to use binary fuel (biodiesel-oil) blends which possess properties as per Amer-
ican Society for Testing Materials (ASTM) specification for biodiesel. Using methyl ester (high
viscous) in various proportions with nonedible oils (low viscous) have the ability to give a
stable solution and feasible to completely replace diesel from CI engines [1]. The biodiesel can
be a solubilizer and improve properties of the blend [14]. The major advantage of this binary
fuel blend is that it can be used in CI engines without any major tweaking, and second, it
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produces less harmful gases as emission to the environment. Another advantage of using
binary biofuel is that it also decreases our dependency on fossil fuels without compromising
with the efficiency of the engine. Also, the feedstock used in binary fuel approach is renewable
in nature. The graphical representation of binary fuel approach is shown in Figure 1.

The present study is to highlight the prospective of biodiesel with oil blend to be used as a
feedstock for diesel engine in the automotive sector and can also make available effectively for
the complete elimination of diesel from standing engine with these blends. This contributes to
the constraints made by organizations like Occupational Safety and Health Administration
(OSHA) and Environmental Protection Agency (EPA) toward the replacement of fossil fuel
and finding an alternative that is environmental friendly and biodegradable.

Elimination of conventional fuel from diesel engines

Partial elimination

Biodiesel + diesel blends

Biodiesel + alcohol + diesel blends

Biodiesel 1 + biodiesel 2 + diesel blends

Complete elimination

Biodiesel + alcohol blends

Neat biodiesel

Biodiesel + oil blends

Other mixed feedstock

Table 1. Overview of elimination of conventional fuel from CI engines.

Figure 1. Graphical representation of binary fuel approach.
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2. Performance analysis and emission profile of binary fuel blends

Blending of biodiesel with low viscous oil has a potential to completely replace diesel from the
CI engine, and some work was already done on this type of blending.

Devan and Mahalakshmi [14] had used paradise oil methyl ester (PME) blends with eucalyp-
tus (EU) oil in the proportion of 20, 30, 40 and 50% on a volume basis. Outcome revealed that
50% blend of PME and 50% EU is an optimum blend. The authors found that this blend shows
a significant reduction in unburnt hydrocarbons (HC), carbon monoxide (CO), and smoke
opacity at all load conditions. But, there is some increase in nitrogen oxide (NOx) observed.
Although the enhancement in brake thermal efficiency (BTE), 2.4% at full load condition and
decrement in most of the tailpipe emissions overshadow the slight increase in NOx.
Vallinayagam et al. [15] had also assessed diesel engine characteristics fuelled with biodiesel
oil blends. They had used blends of kapok methyl ester (KME), that is, high viscous and pine
oil (low viscous) in the proportion of 25, 50, and 75% on the volume basis in single cylinder 4-
stroke water cooled CI engine. Results revealed that 50% KME and 50% pine oil blend on
volume basis (KME50P50) shows optimum result for engine performance and emission. With
this blend as a fuel in diesel engine, they found 12.5, 18.9, and 8.1% decrement in CO, smoke,
and HC emissions as compared to diesel, respectively. Results revealed that exhaust gas
temperature (EGT) also reduced minimally at all the load conditions. And NOx emissions were
found in line with diesel. They also found the performance of KME50P50 similar to conven-
tional diesel fuel at high load condition perhaps its slight lower than diesel at low load
conditions. Sharma and Murugan [16] had investigated Jatropha oil biodiesel with tyre pyrol-
ysis oil (TPO) in composition as a fuel. They were found out that 80% Jatropha biodiesel-20%
tyre pyrolysis oil blend provides better result in terms of performance and emissions and
stated it as an optimum blend. Dubey and Gupta [17] had also used Jatropha methyl ester.
They investigated diesel engine characteristics with Jatropha methyl ester blend and turpen-
tine oil blends, that is, JB90TO10, JB70TO30, and JB50TO50. JB50TO50 shows improved results
as compared to other tested blends. At full load condition, tailpipe emissions, that is, HC, CO,
smoke, and NOx were found to be 42.5, 4.56, 29.16, and 4.72%, respectively, lower than
conventional diesel although CO2 emissions rises by 10.5%. Singh et al. [1] had used Amla seed
oil biodiesel (AB) and EU in the various proportions of 9:1, 8:2, 7:3, 6:4, and 5:5 by volume. They
concluded that among all the tested blends, AB70EU30 is optimum blend as it gives better results
in terms of combustion, performance, and emission characteristics. AB70EU30 shows better
results in terms of emissions and comparable performance as diesel at high load conditions.

All the authors used biodiesel-oil blends as a feedstock for diesel engine. They maximally
found that the emissions decrease drastically with the use of biodiesel-oil blends, and one of
the optimum blends from the tested blends has better combustion and emission characteristics.
The effect on performance and emission characteristics of diesel engine with different binary
fuel blends is due to variable properties of the fuels. The properties of the fuel used and their
binary fuel blends are given in Table 2. The effect of operating conditions on performance and
emission characteristics of different binary fuel blends is shown in Table 3, and the optimum
blends suggested by the authors is tabulated in Table 4.
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2. Performance analysis and emission profile of binary fuel blends
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oil (low viscous) in the proportion of 25, 50, and 75% on the volume basis in single cylinder 4-
stroke water cooled CI engine. Results revealed that 50% KME and 50% pine oil blend on
volume basis (KME50P50) shows optimum result for engine performance and emission. With
this blend as a fuel in diesel engine, they found 12.5, 18.9, and 8.1% decrement in CO, smoke,
and HC emissions as compared to diesel, respectively. Results revealed that exhaust gas
temperature (EGT) also reduced minimally at all the load conditions. And NOx emissions were
found in line with diesel. They also found the performance of KME50P50 similar to conven-
tional diesel fuel at high load condition perhaps its slight lower than diesel at low load
conditions. Sharma and Murugan [16] had investigated Jatropha oil biodiesel with tyre pyrol-
ysis oil (TPO) in composition as a fuel. They were found out that 80% Jatropha biodiesel-20%
tyre pyrolysis oil blend provides better result in terms of performance and emissions and
stated it as an optimum blend. Dubey and Gupta [17] had also used Jatropha methyl ester.
They investigated diesel engine characteristics with Jatropha methyl ester blend and turpen-
tine oil blends, that is, JB90TO10, JB70TO30, and JB50TO50. JB50TO50 shows improved results
as compared to other tested blends. At full load condition, tailpipe emissions, that is, HC, CO,
smoke, and NOx were found to be 42.5, 4.56, 29.16, and 4.72%, respectively, lower than
conventional diesel although CO2 emissions rises by 10.5%. Singh et al. [1] had used Amla seed
oil biodiesel (AB) and EU in the various proportions of 9:1, 8:2, 7:3, 6:4, and 5:5 by volume. They
concluded that among all the tested blends, AB70EU30 is optimum blend as it gives better results
in terms of combustion, performance, and emission characteristics. AB70EU30 shows better
results in terms of emissions and comparable performance as diesel at high load conditions.

All the authors used biodiesel-oil blends as a feedstock for diesel engine. They maximally
found that the emissions decrease drastically with the use of biodiesel-oil blends, and one of
the optimum blends from the tested blends has better combustion and emission characteristics.
The effect on performance and emission characteristics of diesel engine with different binary
fuel blends is due to variable properties of the fuels. The properties of the fuel used and their
binary fuel blends are given in Table 2. The effect of operating conditions on performance and
emission characteristics of different binary fuel blends is shown in Table 3, and the optimum
blends suggested by the authors is tabulated in Table 4.
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3. Effect of minor modification on performance of optimum binary fuel
blend

The most important parameter is the air-fuel mixing that affects the performance of biodiesel
and its blends. A way to improve the air-fuel mixing is to alter the engine parameters. In this
regard, some researchers have used this binary fuel blend with minor adjustments to the
engine parameters.

There is very less literature available with biodiesel-oil blend as a feedstock in a diesel engine
with minor tweaking. Authors [18–21] had performed experiments to study the behavior of a
diesel engine running on the optimum binary fuel blends at varying compression ratio (CR),
injection timing (IT), and injection pressure (IP).

CR has been altered without changing the geometry of combustion chamber with the provi-
sion of arrangement provided in variable compression engine [21]. In a simple diesel engine,
CR of the engine has been changed by altering the clearance volume, by the replacement of
gaskets of variable thickness in between the cylinder and the cylinder head. The fuel injection
strategy is an important parameter in diesel engines to optimize the combustion, performance,
and tailpipe emissions. Three IP values were used for experimentation, that is, 180, 210, and
240 bar. IP was adjusted by regulating spring tension of needle provided in injector. Injection
timing was adjusted on three different values of 20, 23, and 26� bTDC by introducing required
shims at the position between the fuel pump and engine. To advance the fuel IT, the shims
under the pump were removed, and to retard additional shims were introduced under fuel
injection pump. At standard IT, the number of shims placed under the pump was three. The
thickness of the each shim is 0.3 mm and removing one shim advanced IT about 1.5�CA IT and
introducing a shim retard the timing by 1.5�CA.

CR is the most valuable factors for diesel engine operation because of its high anti-knocking
property. Sharma and Murugan [18] had altered the CR and compared the results of optimum
Jatropha biodiesel-tyre pyrolysis oil blend. They operated the engine with diesel as a fuel at
original condition and JB50TPO50 blend at altered CR conditions. They found that BTE
improves unrelatedly of the engine load at higher CR. The consumption of energy at higher
CR reduces at higher CR as compared to the original conditions. This may be due to the reason
of better fuel spray characteristics and improved air-fuel mixing at higher CR. As compared to
original CR conditions, the tailpipe emissions, that is, CO and HC to the environment from
diesel engine exhaust fueled with biodiesel oil blends reduces. Smoke opacity also reduces as

Authors
(Ref.)

Devan and
Mahalakshmi [14]

Vallinaygam et al.
[15]

Sharma and
Murugan [16]

Dubey and Gupta
[17]

Singh et al.
[1]

Optimum
blend

PME50EU50 KME50P50 JB80TPO20 JB50TO50 AB70EU30

Table 4. Optimum blend that have capability to completely eliminate diesel from CI engines.
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3. Effect of minor modification on performance of optimum binary fuel
blend

The most important parameter is the air-fuel mixing that affects the performance of biodiesel
and its blends. A way to improve the air-fuel mixing is to alter the engine parameters. In this
regard, some researchers have used this binary fuel blend with minor adjustments to the
engine parameters.

There is very less literature available with biodiesel-oil blend as a feedstock in a diesel engine
with minor tweaking. Authors [18–21] had performed experiments to study the behavior of a
diesel engine running on the optimum binary fuel blends at varying compression ratio (CR),
injection timing (IT), and injection pressure (IP).

CR has been altered without changing the geometry of combustion chamber with the provi-
sion of arrangement provided in variable compression engine [21]. In a simple diesel engine,
CR of the engine has been changed by altering the clearance volume, by the replacement of
gaskets of variable thickness in between the cylinder and the cylinder head. The fuel injection
strategy is an important parameter in diesel engines to optimize the combustion, performance,
and tailpipe emissions. Three IP values were used for experimentation, that is, 180, 210, and
240 bar. IP was adjusted by regulating spring tension of needle provided in injector. Injection
timing was adjusted on three different values of 20, 23, and 26� bTDC by introducing required
shims at the position between the fuel pump and engine. To advance the fuel IT, the shims
under the pump were removed, and to retard additional shims were introduced under fuel
injection pump. At standard IT, the number of shims placed under the pump was three. The
thickness of the each shim is 0.3 mm and removing one shim advanced IT about 1.5�CA IT and
introducing a shim retard the timing by 1.5�CA.

CR is the most valuable factors for diesel engine operation because of its high anti-knocking
property. Sharma and Murugan [18] had altered the CR and compared the results of optimum
Jatropha biodiesel-tyre pyrolysis oil blend. They operated the engine with diesel as a fuel at
original condition and JB50TPO50 blend at altered CR conditions. They found that BTE
improves unrelatedly of the engine load at higher CR. The consumption of energy at higher
CR reduces at higher CR as compared to the original conditions. This may be due to the reason
of better fuel spray characteristics and improved air-fuel mixing at higher CR. As compared to
original CR conditions, the tailpipe emissions, that is, CO and HC to the environment from
diesel engine exhaust fueled with biodiesel oil blends reduces. Smoke opacity also reduces as
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Mahalakshmi [14]

Vallinaygam et al.
[15]

Sharma and
Murugan [16]

Dubey and Gupta
[17]

Singh et al.
[1]

Optimum
blend

PME50EU50 KME50P50 JB80TPO20 JB50TO50 AB70EU30

Table 4. Optimum blend that have capability to completely eliminate diesel from CI engines.
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compared to original conditions. This is also due to the fact that air move in during the suction
stroke at higher CR is compressed, which escalates the air temperature. Higher air temperature
helps for better atomization of fuel which improves fuel combustion inside the combustion
chamber. But NOx emissions increase at higher CR as compared to original conditions. This is
due to the higher temperature inside the combustion chamber at higher CR conditions as
compared to original CR conditions. This is also due to the higher oxygen contents in the
biodiesel-oil blends which improves combustion and hence increases NOx formation. The
exhaust gas temperature also found to be higher due to the higher intake temperature and
then better combustion rate. Similarly, Dubey and Gupta [19] had also altered CR with the aim
of better performance of binary fuel blends in diesel engines. They found that the JB50TO50
gives the better result as compared to other blends and BTE efficiency improved by 2.17% a
full load condition and higher CR. The tailpipe emissions CO, HC, and NOx, and smoke
opacity were decreased by 13.04, 17.5, 4.21, and 30.8%, respectively, while there is some
increment was noticed in CO2, that is, 11.04%. Overall, they stated that JB50TO50 has better
option at higher CR condition as a fuel for CI engines.

Fuel IT is undoubtedly an important parameter that influences the combustion, performance,
and emission characteristics of any diesel engine. Advanced IT results in increase in maximum
cylinder pressure and heat release rate, while the reverse trend is noticed in the case of
retarded IT. Ignition delay was found to be longer with shorter combustion duration at
advanced IT as compared to that with the original and retarded ITs. BSEC at advanced IT is
lower than that with the original IT. Advancing the IT results in reduced CO, HC, and
particulate emission. This is due to the fact that more time is being available for the complete
combustion in the case of advanced ITs. NOx emission was higher at the advanced IT in
comparison to that with the original IT and lower at retarded IT compared to original and
advanced ITs. This is due to the fact that at retarded IT, fuel is injected near the top dead centre
(TDC) and most of the fuel burn after TDC. It causes higher amount of heat going to the
exhaust which results in lowering of maximum cylinder pressure and temperature [20].

Sharma and Murugan [21] used JB50TPO50 as a fuel at altered IP conditions. Outcome
revealed that the IP up to 220 bar gave good engine performance as compared to those of
original IP and also 230, 240, and 250 bar. At 220 bar IP, the BTE was found to be higher. HC
and CO emissions were also lower at this IP as compared to original IP at full load. The smoke
opacity was lower at full load compared to original IP.

4. Tribological aspects associated with binary fuel blends

There are two different types of tribological studies available in the literature for binary fuel
compatibility in engines, that is, short-term bench tests and long-term endurance test. Before
conducting the endurance test, some bench tests on four ball tester (FBT), high frequency
reciprocating rig (HFRR), and pin on disc tester (POD) were carried with binary fuel blends
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to endow the convenient basic information about the fuel lubricity behavior, effect of oxidative
stability, and engine oil dilution. The effect of temperature and load on friction and wear were
investigated with the help of FBT [4]. As biodiesel is subjected to oxidation and has highly
affected lubricity at higher temperature and load, so the effect of oxidation was also studied.
The effect of dilution in lubricating oil was also evaluated by means of HFRR and POD friction
monitor [5]. The effect of engine oil dilution on pin and disc as well as on cam and tappet in
valve train combination were studied. The effect of binary fuel blend on injection system of
engine was also discussed by Singh et al. [22]. Result revealed that biodiesel and its oil blends
show improved lubricity as compared to diesel, and hence increase the life of injection system
of the engine.

The outcome of the four ball tester gives an idea about the impact of binary fuel blend used in
the experiment on wear and friction under different operating conditions. The operating loads
and temperatures were 147–392 N and 45–60–75�C, respectively. The changes in load and
temperature highly influenced the wear and friction between sliding surfaces. Higher load and
higher temperature adversely affect the tribological performance of the used feedstocks. The
existence of both abrasive and adhesive wear has been observed at this condition, while only
abrasive wear occurred at low temperature and load condition. The oxidation of methyl ester
blends at higher loads and temperature conditions lead to higher corrosive wear. However, the
aged (oxidized) methyl ester shows better results in terms of lubricity in short-term test [4].

The effect of 10% dilution of fresh AB70EU30 oxidized AB70EU30 and diesel by volume in the
engine oil by means of HFRR and POD. The results revealed that the 10% dilution AB70EU30
showed promising results after dilution with lubricating oil as compared to diesel and oxy-
biodiesel and provided much smoother mating surfaces. It is due to the existence of palmitic
acid, tocopherol, etc. in the biodiesel and oil blend [23]. The lubricating oil diluted with oxy-
biodiesel shows higher COF and WSD as compared to fresh biodiesel contaminated lubricat-
ing oil. This is because of complex interactions between polar molecules of anti-wear additives
and biodiesel after the oxidation. This shows the poorer results as compared to fresh biodiesel
but rather it is better than diesel. AB70EU30 diluted lubricating oil shows lower change in the
value of total acid number (TAN) after the test as compared to diesel contaminated lubricating
oil. This also justified the better condition of the lubricating oil after the dilution of AB70EU30.
The ferrography also showed the less wear debris in the AB70EU30 contained lubricating oil.
In modern diesel engine, additional late in-cylinder injection strategy is implemented to raise
the EGT in order to check the particulate emission. During late injection, piston moves toward
BDC exposing more cylinder surface area to the fuel, causing lubricating oil dilution as fuel
readily passes through to the crankcase [24]. Crankcase dilution can decrease viscosity and
lubricity of engine lube oil, and at the same time, it can diminish the performance of anti-wear
additives. Sharma and Murugan [25] have assessed the use of 20% tyre pyrolysis oil with 80%
Jatropha oil methyl ester in CI engine for long term, that is, 100 hrs. They reported that the
deposition of carbon on injector tip and inside the combustion chamber was higher for this
blend. But, they did not find any problem with the use of JB80TPO20 for 100 hrs in diesel
engine with modified conditions.
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compared to original conditions. This is also due to the fact that air move in during the suction
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value of total acid number (TAN) after the test as compared to diesel contaminated lubricating
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5. Conclusion

Though, difference results in terms of performance and emission characteristics obtained from
binary fuel blends due to their different physico-chemical properties, however, some general
conclusions were drawn:

• Suitable selection and blending of two biofuels (biodiesel or oil) are an effective way to
overcome the operative issues in engine associated with the neat oil and biodiesel. Typical
issues such as viscosity and calorific values can be suitably adjusted with the blending.

• It can be drawn from the above observations that optimum biodiesel-oil blend suggested
gives satisfactory result in terms of performance and emission.

• Minor tweaking in engine parameters can be a better option for the utilization of binary
fuel blend. It provides the better efficiency and lower emissions for binary fuel blends as
compared to diesel.

• The optimum blends also have better performance in short-term and long-term tribolog-
ical tests as compared to diesel.

• In future, these optimum blends are environmentally friendly alternate for diesel without
compromising the efficiency and the consumption of fuel as compared to diesel. Hence,
these blends play a vital role to reduce the environmental impact of fossil energy sources.

Nomenclature

AB amla biodiesel

ASTM American Society for Testing Materials

BSFC brake specific fuel consumption

bTDC before top dead centre

BTE brake thermal efficiency

CA crank angle

CI compression ignition

CO carbon monoxide

CO2 carbon dioxide

CR compression ratio

DI direct injection

EGT exhaust gas temperature

EGT exhaust gas temperature
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EU eucalyptus oil

GHG greenhouse gas

HC hydrocarbon

IC internal combustion

IP injection pressure

IT injection timing

JB Jatropha biodiesel

KME Kapok methyl ester

NOx nitrogen oxide

PM particulate matter

TO turpentine oil

TPO tyre pyrolysis oil
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Abstract

During the last years, concerns regarding climate change, decline of energy security, and 
hydrocarbon reserves have resulted in a wide interest in renewable alternative sources for 
transportation fuels. Methanol and ethanol have been possible candidates as alternative 
fuels for the internal combustion engines because they are liquid and have several physi-
cal and combustion properties which resemble those of gasoline. Therefore, the aim of 
this study is to develop the one-dimensional model of a gasoline engine for predicting the 
effect of various fuel types on engine performances, specific fuel consumption, and emis-
sions. Commercial software AVL BOOST was used to examine the engine characteristics 
for different blends of methanol, ethanol, and gasoline (by volume). A comparison was 
made between the results gained from the engine simulation of different fuel blends and 
those of gasoline. They show that when blended fuel was used, the engine brake power 
decreased and the BSFC increased compared to those of gasoline fuel. When blended 
fuel increases, the CO and HC emissions decrease, and there is a major increase in NOx 
emissions when blended fuel increases up to 30% M30 (E30). Increase in the percentage 
of ethanol and methanol leads to a significant increase in NOx emissions.

Keywords: alternative fuels, ethanol blends, methanol blends, engine simulation,  
spark-ignition engine, emissions

1. Introduction

In the last years, the problem with crude oil depletion has arisen. Intensive research has been 
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beneficial compared to fossils fuels. They are also renewable. The most common fuels that 
are used as alternative fuels are natural gas, propane, methanol, ethanol, and hydrogen. 
Regarding engine operating with blended fuels, a lot of papers have been written about these 
blended fuels; but a small number of works have compared some of these fuels together in 
the same engine [1–4]. Low contents of ethanol or methanol have been added to gasoline since 
at least the 1970s, when there was a reduction in oil supplies and scientists began searching 
for alternative energy carriers in order to replace petrol fuels. In the beginning, ethanol and 
methanol were thought to be the most attractive alcohols to be added to gasoline. Ethanol and 
methanol can be manufactured from natural products or waste materials, whereas gasoline 
fuel which is a nonrenewable energy resource cannot be manufactured [5, 6]. An important 
feature is that methanol and ethanol can be used without requiring any significant changes 
in the structure of the engine. Being part of the various alcohols, ethanol and methanol are 
known as the most suitable fuels for spark-ignition (SI) engines.

The use of blended fuels is crucial since many of these blends can be used in engines with the 
aim to improve its performance, efficiency, and emissions. The oxygenates are one of the most 
important fuel additives to improve fuel efficiency (organic oxygen-containing compounds). A 
few oxygenates have been used as fuel additives, such as ethanol, methanol, methyl tertiary butyl 
alcohol, and tertiary butyl ether [7]. The process of using oxygenates makes more oxygen avail-
able in the combustion process and has a great potential to reduce SI engine exhaust emissions.

Regarding the combustion process, the flash point and autoignition temperature of methanol 
and ethanol are higher than pure gasoline, which makes it safer for storage and transportation. 
The latent heat of ethanol of evaporation is three to five times higher than pure gasoline; this 
leads to increase the volumetric efficiency because temperature of the intake manifold is lower. 
The heating value of ethanol is lower than gasoline. Consequently, 1.6 times more alcohol fuel 
is needed to achieve the exact same energy output. The stoichiometric air-fuel ratio of ethanol is 
around two-third of the pure gasoline; therefore, for complete combustion, the needed amount 
of air is lesser for ethanol [8]. Ethanol has several advantages compared to gasoline, e.g., lower-
ing of unburned HC emissions, CO, and much better antiknock characteristics [9]. Ethanol and 
methanol have a lot higher octane number compared to pure gasoline fuel [10]. This enables 
higher compression ratios of engines and, as a result, increases its thermal efficiency [11]. The 
production of methanol can be from natural gas at no great cost and is easy to blend with gaso-
line fuel. These properties of methanol make it as an attractive additive. Methanol is aggressive 
to some materials, like plastic components and some of the metals in the fuel system. When 
using methanol it is necessary that precautions had to be taken when handling it [12].

There are many publications with different blends of alcohols and gasoline fuel. For exam-
ple, Palmer [13] examined the influence of blends of ethanol and gasoline in spark-ignition 
engine. The obtained results pointed out that ethanol addition (10%) leads to 5% increase in 
the engine power and 5% octane number increase for each 10% ethanol added. The result 
showed that 10% of ethanol addition to gasoline fuel lead to reduction the emissions of CO 
up to 30%. In another study, Bata et al. [9] examined different blends of ethanol and gasoline 
and discovered that ethanol reduced the UHC and CO emissions. The lowered CO emis-
sions are caused by the oxygenated characteristic and wide flammability of ethanol. Other 
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researchers [14] studied that the potentialities for ethanol production are equivalent to about 
32% of the total gasoline consumption worldwide, when used in 85% ethanol in gasoline for 
a passenger vehicle. In another study, Shenghua et al. [15] examined a gasoline engine with 
various percentages of methanol blends (from 10 to 30%) in gasoline. The results showed 
that engine torque and power decreased, whereas the brake thermal efficiency improved 
with the increase of methanol percentage in the fuel blend. Other authors [16] have studied 
the influence of methanol-gasoline blends on the gasoline engine performance. The results 
showed that the highest brake mean effective pressure (BMEP) was obtained from 5% meth-
anol-gasoline blend. In another study, Altun et al. [17] researched the influence of 5 and 
10% methanol and ethanol blending in gasoline fuel on engine performance and emissions. 
The best result in emissions showed blended fuels. The HC emissions of E10 and M10 are 
reduced by 13 and 15% and the CO emissions by 10.6 and 9.8%, respectively. An increased 
CO2 emission for E10 and M10 was observed. The methanol and ethanol addition to gasoline 
showed an increase in the brake-specific fuel consumption (BSFC) and a decrease in break 
thermal efficiency compared to gasoline.

It can be seen in the literature survey that the exhaust emissions for ethanol-gasoline and methanol-
gasoline blends are lower than that of pure gasoline fuel [9, 13, 14, 17]. The engine performance and 
exhaust emissions with ethanol-gasoline blends resemble those with methanol-gasoline blends.

From the reviewed literature, a conclusion was made that the exhaust emission and engine perfor-
mance of various blends of methanol and ethanol in gasoline engines have not been investigated 
sufficiently. Therefore, the objective of this work is to investigate the effects of methanol-gasoline 
and ethanol-gasoline fuel blends on the performance and exhaust emissions of a gasoline engine 
under various engine speeds, comparing them with those of pure gasoline.

The simulation tools are the most used in recent years owing to the continuous increase in 
computational power. The use of engine simulations enables optimization of engine combus-
tion, geometry, and operating characteristics toward improving specific fuel consumption and 
exhaust emissions and reducing engine development time and costs. Consequently, it can be 
expected that the use of engine simulations during engine construction will continue to increase. 
Engine modeling is a fruitful research area, and therefore many laboratories have their own 
engine thermodynamic models with varying degrees of complexity, scope, and ease to use [18].

Computer simulation is becoming an important tool for time and cost efficiency in engine’s 
development. The simulation results are challenging to be obtained experimentally. Using 
computational fluid dynamics (CFD) has allowed researchers to understand the flow behav-
ior and quantify important flow parameters such as mass flow rates or pressure drops, under 
the condition that the CFD tools have been properly validated against experimental results. 
Many processes in the engine are three-dimensional; however, it requires greater knowledge 
and large computational time. Thus, simplified one-dimensional simulation is occasionally 
used. Hence, simulating the complex components by means of a three-dimensional code and 
modeling the rest of the system with a one-dimensional code are the right choice to save 
computational time, i.e., the ducts. This way, a coupling methodology between the one-
dimensional and the three-dimensional codes in the respective interfaces is necessary and has 
become the aim of numerous authors [19–21].
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2. Research methodology

The aim of the present chapter is to develop the one-dimensional model of four-stroke port 
fuel injection (PFI) gasoline engine for predicting the effect of methanol-gasoline (M0–M50) 
and ethanol-gasoline (E0–E50) addition to gasoline on the exhaust emissions and perfor-
mance of gasoline engine. For this, simulation of gasoline SI engine (calibrated) as the basic 
operating condition and the laminar burning velocity correlations of methanol-gasoline 
and ethanol-gasoline blends for calculating the changed combustion duration was used. 
The engine power, specific fuel consumption, and exhaust emissions were compared and 
discussed [22, 23].

2.1. Simulation setup

The one-dimensional SI engine model is created by using the AVL BOOST software and has 
been employed to examine the performance and emissions working on gasoline, ethanol-
gasoline, and methanol-gasoline blends.

In Figure 1, PFIE symbolizes the engine, while C1–C4 is the number of cylinders of the SI engine. 
The cylinders are the main element in this model, because they have many very important 
parameters to settle: the internal geometry, bore, stroke, connecting rod, length and compres-
sion ratio, as well as the piston pin offset and the mean crankcase pressure. The measuring 
points are marked with MP1–MP18. PL1–PL4 symbolizes the plenum. System boundary stands 
for SB1 and SB2. CL1 represents the cleaner. R1–R10 stands for flow restrictions. CAT1 symbol-
izes catalyst and fuel injectors—I1–I4. The flow pipes are numbered 1–34.

The calibrated gasoline engine model was described by Iliev [23], and its layout is shown in 
Figure 1 with engine specification shown in Table 1.

Table 2 presents a comparison between the properties of gasoline, ethanol, and methanol. 
As shown in Table 2, compared with gasoline and ethanol, methanol has a higher elemental 
oxygen content and a lower heating value, molecular weight, elemental carbon, hydrogen 
content, and stoichiometric air/fuel ratio (AFR).

2.2. Combustion model description

In this research, two-zone model of Vibe was chosen for the combustion simulation and analy-
sis. The combustion chamber was divided into two regions: unburned gas region and burned 
gas regions [17]. For the burned charge and unburned charge, the first law of thermodynamics 
is applied:

  (1)

    
 dm  u    u  u   ______ d𝛼𝛼   = −  p  c     

 dV  u   ____ d𝛼𝛼   − ∑   
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where   dm  u    represents the change of the internal energy in the cylinder,   p  c     
dV ___ 
da

    is the piston 
work,    

 dQ  
F
  
 ____ 

da
    stands for the fuel heat input,    

 dQ  
W

  
 ____ 

da
    is the wall heat loses,   h  

u
     
 dm  

b
  
 ____ 

da
    represents the enthalpy 

flow from the unburned to the burned zone due to the conversion of a fresh charge to combus-
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due to blow-by, u and b in the subscript are unburned and burned gas.

Moreover, the sum of the zone volumes must be equal to the cylinder volume, and the sum of 
the volume changes must be equal to the cylinder volume change:
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Figure 1. Schematic of the gasoline PFI engine model.
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Properties Gasoline Methanol Ethanol

Chemical formula C8H15 CH3OH C2H5OH

Molecular weight 111.21 32.04 46.07

Oxygen content (wt%) — 49.93 34.73

Carbon content (wt%) 86.3 37.5 52.2

Hydrogen content (wt%) 24.8 12.5 13.1

Stoichiometric AFR 14.5 6.43 8.94

Lower heating value (MJ/kg) 44.3 20 27

Heat of evaporation (kJ/kg) 305 1.178 840

Research octane number 96.5 112 111

Motor octane number 87.2 91 92

Vapor pressure (psi at 37.7 OC) 4.5 4.6 2

Destiny (g/cm3) 0.737 0.792 0.785

Normal boiling point (OC) 38–204 64 78

Autoignition temperature (OC) 246–280 470 365

Table 2. Comparison of fuel properties.

Engine parameters Value

Bore 86 (mm)

Stroke 86 (mm)

Compression ratio 10.5

Connection rod length 143.5 (mm)

Number of cylinder 4

Piston pin offset 0 (mm)

Displacement 2000 (cc)

Intake valve open 20 BTDC (deg)

Intake valve close 70 ABDC (deg)

Exhaust valve open 50 BBDC (deg)

Exhaust valve close 30 ATDC (deg)

Piston surface area 5809 (mm2)

Cylinder surface area 7550 (mm2)

Number of stroke 4

Table 1. Engine specification.
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The amount of burned mixture at each time setup is obtained from the Vibe function. For all 
other terms, for instance, wall heat losses, etc., models similar to the single-zone models with 
an appropriate distribution on the two zones are used [24].

2.3. A description of exhaust emission model

In AVL BOOST, the model of formation on NOx is based on AVL List Gmbh [24], which 
incorporates the Zeldovich mechanism [25]. The rate of NOx production was obtained using 
Eq. (5):
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    represents post-processing multiplier,   C  
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    denotes kinetic mul-
tiplier,  C  stands for molar concentration in equilibrium, and   r  

i
    represents reaction rates of 

Zeldovich mechanism.

The NOx formation model in AVL Boost is based on Onorati et al. [26]:

   r  CO   =  C  Const   ( r  1   +  r  2  )  .  (1 − α)   (6)

 where  α =   
 C  CO.act   ______  C  CO.equ  

    . 

In Eq. (6),  C  represents molar concentration in equilibrium and   r  
i
    represents reaction rates 

based on the model.

The unburned HC has different sources. A complete description of HC formation still cannot be 
given, and the achievement of a reliable model within a thermodynamic approach is definitely 
prevented by the fundamental assumptions and the requirement of reduced computational 
times. Still, a phenomenological model which accounts for the main formation mechanisms and 
is able to capture the HC trends as function of the engine operating parameter may be proposed. 
The following important sources of unburned HC can be identified in SI engines [21]:

1. During the intake and compression stroke, fuel vapor is absorbed into the oil layer and 
deposits on the cylinder walls. The following desorption occurs when the cylinder pres-
sure decreases during the expansion stroke and complete combustion cannot take place 
anymore.

2. A fraction of the charge enters the crevice volumes and is not burned since the flame 
quenches at the entrance.

3. Occasional complete misfire or partial burning takes place when combustion quality is 
poor.

4. Quench layers on the combustion chamber wall which are left as the flame extinguishes 
prior to reaching the walls.

Comparison of Ethanol and Methanol Blending with Gasoline Using Engine Simulation
http://dx.doi.org/10.5772/intechopen.81776

145



Properties Gasoline Methanol Ethanol
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Intake valve open 20 BTDC (deg)

Intake valve close 70 ABDC (deg)

Exhaust valve open 50 BBDC (deg)

Exhaust valve close 30 ATDC (deg)

Piston surface area 5809 (mm2)

Cylinder surface area 7550 (mm2)

Number of stroke 4

Table 1. Engine specification.
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The amount of burned mixture at each time setup is obtained from the Vibe function. For all 
other terms, for instance, wall heat losses, etc., models similar to the single-zone models with 
an appropriate distribution on the two zones are used [24].

2.3. A description of exhaust emission model

In AVL BOOST, the model of formation on NOx is based on AVL List Gmbh [24], which 
incorporates the Zeldovich mechanism [25]. The rate of NOx production was obtained using 
Eq. (5):
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In the above equation,   C  
PPM

    represents post-processing multiplier,   C  
KM

    denotes kinetic mul-
tiplier,  C  stands for molar concentration in equilibrium, and   r  

i
    represents reaction rates of 

Zeldovich mechanism.

The NOx formation model in AVL Boost is based on Onorati et al. [26]:

   r  CO   =  C  Const   ( r  1   +  r  2  )  .  (1 − α)   (6)

 where  α =   
 C  CO.act   ______  C  CO.equ  

    . 

In Eq. (6),  C  represents molar concentration in equilibrium and   r  
i
    represents reaction rates 

based on the model.

The unburned HC has different sources. A complete description of HC formation still cannot be 
given, and the achievement of a reliable model within a thermodynamic approach is definitely 
prevented by the fundamental assumptions and the requirement of reduced computational 
times. Still, a phenomenological model which accounts for the main formation mechanisms and 
is able to capture the HC trends as function of the engine operating parameter may be proposed. 
The following important sources of unburned HC can be identified in SI engines [21]:

1. During the intake and compression stroke, fuel vapor is absorbed into the oil layer and 
deposits on the cylinder walls. The following desorption occurs when the cylinder pres-
sure decreases during the expansion stroke and complete combustion cannot take place 
anymore.

2. A fraction of the charge enters the crevice volumes and is not burned since the flame 
quenches at the entrance.

3. Occasional complete misfire or partial burning takes place when combustion quality is 
poor.

4. Quench layers on the combustion chamber wall which are left as the flame extinguishes 
prior to reaching the walls.
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5. The flow of fuel vapor into the exhaust system during valve overlap in gasoline engines.

The first two mechanisms and in particular the crevice formation are considered to be the 
most important and need to be accounted for in a thermodynamic model. Partial burn and 
quench layer effect cannot be physically described in a quasi-dimensional approach, but may 
be included by adopting tunable semiempirical correlations.

The formation of unburned HC in the crevices is described by assuming that the pressure in 
the cylinder and in the crevices is the same and that the temperature of the mass in the crevice 
volumes is equal to the piston temperature.

The mass in the crevices at any time is described by Eq. (7):

   m  crevice   =   
 pV  crevice   M ________  RT  piston  

     (7)

In Eq. (7),   m  
crevice

    represents the mass of unburned charge in the crevice,  p  denotes cylinder pres-
sure,   V  

crevice
    stands for total crevice volume,  M  represents unburned molecular weight,   T  

piston
    is the 

temperature of the piston, and  R  denotes gas constant.

The second important source of HC is the presence of lubricating oil in the fuel or on the walls 
of the combustion chamber. During the compression stroke, the fuel vapor pressure increases 
so, by Henry’s law, absorption occurs even if the oil was saturated during the intake. During 
combustion the concentration of fuel vapor in the burned gases goes to zero so the absorbed 
fuel vapor will desorb from the liquid oil into the burned gases. Fuel solubility is a positive 
function of the molecular weight, so the oil layer contributed to HC emissions depending on 
the different solubility of individual hydrocarbons in the lubricating oil.

The assumptions made in the development of the HC absorption/desorption are the following:

1. Fuel is constituted by a single hydrocarbon species, completely vaporized in the fresh mixture.

2. The oil film temperature is at the same as the cylinder wall.

3. Traverse flow across the oil film is negligible.

4. Oil is represented by squalane (C30H62), whose characteristics resemble those of the 
SAE5W20 lubricant.

5. Diffusion of the fuel in the oil film is the limiting factor, for the diffusion constant in the 
liquid phase which is 104 times smaller than the corresponding value in the gas phase.

The radial distribution of the fuel mass fraction in the oil film can be determined by solving 
the diffusion Eq. (8):

    
∂  w  F   ____ ∂ t   − D   

 ∂   2   w  F   ____ ∂  r   2    = 0  (8)

In Eq. (8),   w  F    represents fuel’s mass fraction in the oil film,  t  is the time,  r  stands for radial 
position in the oil film (distance from the wall), and  D  is relative (fuel-oil) diffusion coefficient.
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3. Result and discussion

The present research focused on the performance and emission characteristics of the metha-
nol and ethanol-gasoline blends. Various concentrations of the blends 0% methanol (ethanol) 
M0 (E0), 5% methanol (ethanol) M5 (E5), 10% methanol (ethanol) M10 (E10), 20% methanol 
(ethanol) M20 (E20), 30% methanol (ethanol) M30 (E30), 50% methanol (ethanol) M50 (E50), 
and 85% methanol (ethanol) M85 (E85) by volume were analyzed.

3.1. Engine performance characteristics

The results of the brake power and specific fuel consumption for ethanol-gasoline blended 
fuels at different engine speeds are shown on Figures 2 and 3.

The brake power is one of the important factors that determine the performance of an engine. 
The variation of brake power with speed was obtained at full load conditions for E5, E10, 
E20, E30, E50, and pure gasoline E0. The ethanol content in the blended fuel increased, and 
the brake power decreased for all engine speeds. The gasoline brake power was higher than 
E5–E50 for all engine speeds. The ethanol’s heat of evaporation is higher in comparison to 
gasoline fuel, providing air-fuel charge cooling and increasing the density of the charge. The 
blended fuel causes the equivalence ratio of blend approaches to stoichiometric condition 
which can lead to a better combustion. However, the ethanol heating value is lower compared 
to gasoline, and it can neutralize the previous positive effects. Consequently, a lower power 
output is obtained.

Figure 3 shows the changes of the BSFC for ethanol-gasoline blends under various engine 
speeds. The figure shows that the BSFC increased as the ethanol percentage increased. Heating 
value and stoichiometric air-fuel ratio are the smallest for these two fuels, which means that 
for specific air-fuel equivalence ratio, more fuel is needed. The highest specific fuel consump-
tion is obtained at E50 ethanol-gasoline blend.

Figure 2. Influence of ethanol-gasoline blended fuels on brake power.
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5. The flow of fuel vapor into the exhaust system during valve overlap in gasoline engines.

The first two mechanisms and in particular the crevice formation are considered to be the 
most important and need to be accounted for in a thermodynamic model. Partial burn and 
quench layer effect cannot be physically described in a quasi-dimensional approach, but may 
be included by adopting tunable semiempirical correlations.

The formation of unburned HC in the crevices is described by assuming that the pressure in 
the cylinder and in the crevices is the same and that the temperature of the mass in the crevice 
volumes is equal to the piston temperature.

The mass in the crevices at any time is described by Eq. (7):
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temperature of the piston, and  R  denotes gas constant.
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of the combustion chamber. During the compression stroke, the fuel vapor pressure increases 
so, by Henry’s law, absorption occurs even if the oil was saturated during the intake. During 
combustion the concentration of fuel vapor in the burned gases goes to zero so the absorbed 
fuel vapor will desorb from the liquid oil into the burned gases. Fuel solubility is a positive 
function of the molecular weight, so the oil layer contributed to HC emissions depending on 
the different solubility of individual hydrocarbons in the lubricating oil.

The assumptions made in the development of the HC absorption/desorption are the following:

1. Fuel is constituted by a single hydrocarbon species, completely vaporized in the fresh mixture.

2. The oil film temperature is at the same as the cylinder wall.

3. Traverse flow across the oil film is negligible.

4. Oil is represented by squalane (C30H62), whose characteristics resemble those of the 
SAE5W20 lubricant.

5. Diffusion of the fuel in the oil film is the limiting factor, for the diffusion constant in the 
liquid phase which is 104 times smaller than the corresponding value in the gas phase.

The radial distribution of the fuel mass fraction in the oil film can be determined by solving 
the diffusion Eq. (8):

    
∂  w  F   ____ ∂ t   − D   
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In Eq. (8),   w  F    represents fuel’s mass fraction in the oil film,  t  is the time,  r  stands for radial 
position in the oil film (distance from the wall), and  D  is relative (fuel-oil) diffusion coefficient.
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3. Result and discussion

The present research focused on the performance and emission characteristics of the metha-
nol and ethanol-gasoline blends. Various concentrations of the blends 0% methanol (ethanol) 
M0 (E0), 5% methanol (ethanol) M5 (E5), 10% methanol (ethanol) M10 (E10), 20% methanol 
(ethanol) M20 (E20), 30% methanol (ethanol) M30 (E30), 50% methanol (ethanol) M50 (E50), 
and 85% methanol (ethanol) M85 (E85) by volume were analyzed.

3.1. Engine performance characteristics

The results of the brake power and specific fuel consumption for ethanol-gasoline blended 
fuels at different engine speeds are shown on Figures 2 and 3.

The brake power is one of the important factors that determine the performance of an engine. 
The variation of brake power with speed was obtained at full load conditions for E5, E10, 
E20, E30, E50, and pure gasoline E0. The ethanol content in the blended fuel increased, and 
the brake power decreased for all engine speeds. The gasoline brake power was higher than 
E5–E50 for all engine speeds. The ethanol’s heat of evaporation is higher in comparison to 
gasoline fuel, providing air-fuel charge cooling and increasing the density of the charge. The 
blended fuel causes the equivalence ratio of blend approaches to stoichiometric condition 
which can lead to a better combustion. However, the ethanol heating value is lower compared 
to gasoline, and it can neutralize the previous positive effects. Consequently, a lower power 
output is obtained.

Figure 3 shows the changes of the BSFC for ethanol-gasoline blends under various engine 
speeds. The figure shows that the BSFC increased as the ethanol percentage increased. Heating 
value and stoichiometric air-fuel ratio are the smallest for these two fuels, which means that 
for specific air-fuel equivalence ratio, more fuel is needed. The highest specific fuel consump-
tion is obtained at E50 ethanol-gasoline blend.

Figure 2. Influence of ethanol-gasoline blended fuels on brake power.
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Moreover, there is a slight difference between the BSFC when using pure gasoline and when 
using blends (E5, E10, and E20). The lower energy content of blended fuels causes some incre-
ment in BSFC of the engine.

Figure 4 shows the influence of methanol-gasoline blended fuels on engine brake power. The 
variation of brake power with speed was obtained at full load conditions for M5, M10, M20, 
M30, M50, and pure gasoline M0. When the methanol content in the blended fuel was increased 
(M10, M20, and M30), there was not a significant increase in engine brake power.

The engine brake power may be due to the increase of the indicated mean effective pressure 
for higher methanol content blends. The methanol’s heat of evaporation is higher compared 
to that of gasoline, thus providing air-fuel charge cooling and increasing the density of the 
charge. Therefore, a higher power output is obtained. The engine brake power was higher in 
operation with gasoline in comparison to M50 for all engine speeds.

Figure 4. Influence of methanol-gasoline blended fuels on brake power.

Figure 3. Influence of ethanol-gasoline blended fuels on brake-specific fuel consumption.
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Figure 5 shows the variations of the BSFC for methanol-gasoline blended fuels under various 
engine speeds. As shown in this figure, the BSFC increased as the methanol percentage increased. 
This can be described with heating value, and stoichiometric air-fuel ratio is the smallest for 
these two fuels, which means that for specific air-fuel equivalence ratio, more fuel is needed. The 
specific fuel consumption of M50 methanol-gasoline blend was highest compared to those of 
gasoline for all engine speeds.

Furthermore, there is a small difference between the BSFC when using gasoline and when 
using methanol-gasoline blended fuels (M5–M30). As engine speed increased reaching 
2000 rpm, the BSFC decreased reaching its minimum value.

The results of the brake power and specific fuel consumption for ethanol- and methanol-
gasoline blended fuels at different engine speeds are presented in Figures 6 and 7.

When there was an increase in the ethanol content in the blended fuel, the brake power 
decreased for all engine speeds. The brake power of gasoline fuel was higher than those of 
E5–E50. The heating value of ethanol is lower than pure gasoline fuel, and the heating value 
of the blends decreases with the increase of the ethanol percentage. Consequently, a lower 
power output is obtained [22, 23].

By increasing the percentage of methanol in the blends (M5 and M10), the brake power 
slightly increased, which can be explained by better combustion efficiency of oxygenated 
fuels. By increasing the methanol content in the blends (M30 and M50), the engine brake 
power decreased for all engine speeds. The blended fuel heating value decreases with the 
increase of the percentage of methanol. This results in a lower power output. The gasoline 
brake power was higher compared to blend M50.

Figure 7 shows the changes of the BSFC for blended fuels under different engine speeds. 
The BSFC increased as the ethanol and methanol percentage increased. The reason has been 
known—the heating value and stoichiometric air-fuel ratio are the smallest for this fuel, which 

Figure 5. Influence of methanol-gasoline blended fuels on engine brake power.
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means that more fuel is needed for specific air-fuel equivalence ratio. The highest specific fuel 
consumption is obtained at E50 (M50) blended fuel.

What is more, there is small difference between the BSFC when using pure gasoline and blended 
fuels (E5 (M5), E10 (M10), and E20 (M20)). The lower energy content of ethanol blended fuels 
makes some increment in BSFC.

3.2. Emission characteristics

The result of the ethanol-blended fuels on CO emissions is shown in Figure 8.

A conclusion, which can be made by Figure 8, is that when ethanol content increases, the CO 
emission decreases. The reason for this could be explained with the enrichment of oxygen owing 
to the ethanol, in which an increase in the proportion of oxygen will promote the further oxida-
tion of CO during the engine exhaust process. One of the other significant reasons for this reduc-
tion is that ethanol (C2H5OH) has less carbon than gasoline (C8H18).

Figure 6. Effect of blended fuels on engine brake power.
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Figure 7. Influence of blended fuels on engine fuel consumption.

Figure 8. Influence of ethanol-gasoline blended fuels on CO emissions.
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Figure 7. Influence of blended fuels on engine fuel consumption.

Figure 8. Influence of ethanol-gasoline blended fuels on CO emissions.
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Figure 9. Influence of ethanol-gasoline blended fuels on HC emissions.

The result of the ethanol gasoline blends on HC emissions is shown in Figure 9. The fig-
ure shows that when ethanol percentage increases, the HC concentration decreases. The HC 
emission decreases with the increase of the relative air-fuel ratio. The decrease of HC can be 
explained similarly to that of CO concentration described above.

The effect of the ethanol gasoline blends on NOx emissions for various engine speeds is shown 
in Figure 10. When the combustion process is closer to stoichiometric, flame temperature 
increases. As a result, the NOx emissions are increased.

The effect of the methanol-gasoline blends on CO emissions for various engine speeds can be 
seen in Figure 11. When methanol percentage increases, the CO concentration decreases. This 
can be explained with the enrichment of oxygen because of the methanol and less carbon of 
methanol than gasoline.

The effect of the methanol-gasoline blends on HC emissions is visible in Figure 12. When 
methanol percentage increases, the HC concentration decreases. The concentration of HC 
emissions decreases with the increase of the relative air-fuel ratio. The reason for the decrease 
of HC concentration resembles that of ethanol.

The effect of the methanol-gasoline blends on NOx emissions can be seen in Figure 13. When 
methanol percentage increases, the NOx concentration increases. When combustion process is 
closer to stoichiometric, flame temperature increases and the NOx emissions increase as well.

The effect of the ethanol- and methanol-gasoline blends on CO emissions can be viewed 
in Figure 14. By increasing the methanol and ethanol content in the blended fuel, the CO 
emission decreases. The reason can be the enrichment of oxygen because of the ethanol and 
methanol, in which an increase in the proportion of oxygen will promote the further oxida-
tion of CO during the engine exhaust process. Another major reason for this reduction is that 
ethanol (C2H5OH) and methanol (CH3OH) have less carbon than gasoline (C8H18). The lowest 
CO emissions are obtained with blended fuel containing methanol (M50).
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Figure 10. Influence of ethanol-gasoline blended fuels on NOx emissions.

Figure 11. Influence of methanol-gasoline blended fuels on CO emissions.

Figure 12. Influence of methanol-gasoline blended fuels on HC emissions.
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Figure 13. Influence of methanol-gasoline blended fuels on NOx emissions.

Figure 14. Influence of ethanol- and methanol–gasoline blended fuels on CO emissions.
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The effect of the ethanol- and methanol-gasoline blends on HC emissions is visible in Figure 15. 
When there is an increase in the ethanol and methanol percentage, the HC concentration  
decreases.

Figure 15. Influence of blended fuels on HC and NOx emissions.
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When the relative air-fuel ratio increases, the concentration of HC emissions decreases. The 
reason for the decrease in HC emissions is similar to that of CO described above. The com-
parison between the decrease in HC emissions and the blended fuels indicates that methanol 
is more effective than ethanol. The lowest HC emissions are obtained with methanol-blended 
fuel (M50). When more combustion is complete, it will result in lower HC emissions.

Figure 15 shows the influence of the blended fuels on NOx emissions. It is noticeable that 
when methanol and ethanol percentage increases up to 30% E30 (M30), the NOx emission 
increases, after which it decreases with increasing the percentage of the methanol (ethanol).

The reason is that the improved combustion results in increased temperature in combustion 
chamber. The higher methanol (ethanol) content in the blends lowers the temperature in com-
bustion chamber. The lower temperature is due to:

1. Latent heat of evaporation of alcohols, which decreases the temperature in combustion 
chamber during the vaporization.

2. The more triatomic molecules are produced: the higher the gas heat capacity and the lower 
the combustion gas temperature will be. However, the low temperature in combustion 
chamber can also lead to an increment in the unburned combustion product.

4. Conclusions

The purpose of the present chapter is to demonstrate the influence of ethanol and methanol 
addition to gasoline on spark-ignition engine performance and emission characteristics. The 
summarized results from this study are the following:

With the increase of the percentage of ethanol in the blended fuel, the engine brake power 
decreased for various engine speeds.

With the increase of the percentage of methanol in the blends M5 and M10, the brake power 
slightly increased, and with the increase of the percentage of methanol in the blends M30 and 
M50, the brake power decreased.

As the ethanol (methanol) percentage increased, the BSFC increased. The blended fuels show 
higher BSFC and lower engine brake power than pure gasoline. Furthermore, there is a slight 
difference between the BSFC in comparison of gasoline and gasoline blended fuels (E5, E10, 
and E20 and M5, M10, and M20).

When there is an increase in ethanol and methanol percentage, the CO and HC concentra-
tion decreases. The lowest CO and HC emissions are obtained with blended fuel containing 
methanol (M50).

Increasing the percentage of ethanol and methanol leads to a significant increase in NOx 
emissions.

When there is an increase in the ethanol and methanol percentage up to 30% E30 (M30), there 
is an increase in the NOx concentration, followed by a decrease, after which it decreases with 
increasing ethanol (methanol) percentage. The lowest NOx emissions are obtained with gasoline.
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Abstract

Our planet’s climate has experienced changes mainly ascribed to the emission of carbon 
dioxide (CO2), which accumulates in the atmosphere and causes an increase in the Earth’s 
average temperature. In 2015, heads of state and scientists from several countries met in 
Paris to discuss measures aimed at curbing greenhouse gas emissions in order to limit 
that temperature rise to 2°C by the end of this century. As CO2 needs to be banned from 
our environment for the sake of our own planet, it is reasonable for biofuels to pres-
ent themselves as clean alternatives for the gradual replacement of fossil fuels. Biodiesel 
stands as an option. After 2005, some public policies were created in Brazil as an attempt 
to establish biodiesel as a replacement for mineral diesel, mainly in the transport sector. 
Although moderately successful, none of them compare in scope and reach to RenovaBio, 
a domestic biofuels policy that will make the production and use of biodiesel take off, 
once and for all. Therefore, herein, we present a brief overview on the status of the 
biodiesel production and use before the enactment of this new biofuels policy and the 
forecast of what it is expected to happen after its implementation.

Keywords: RenovaBio, biodiesel policy, fossil fuel, GHG, carbon dioxide, CO2 emission

1. Introduction

The climate of our planet undergoes changes that mainly derive from the emission of green-
house gases (GHGs), among which is carbon dioxide (CO2), considered by many as the most 
significant man-made GHG. When expelled by the exhaust of internal combustion-powered 
vehicles, CO2 accumulates in the atmosphere and causes an increase in the Earth’s average 
temperature. As CO2 has a very long atmospheric lifetime [1], usually longer than the other 
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three main heat-trapping gases (methane, nitrous oxide, and CFCs—except for CFC-13 and 
CFC-115), it is seen as the chief culprit of global warming, which has worried the scientific 
community around the world in recent years.

Bearing in mind that it is essential to limit CO2 emissions in the air, dozens of heads of state 
and hundreds of scientists from all over the globe gathered at the end of 2015, in Paris, for the 
21st Conference of Parts—also known as COP21 or Paris Agreement—with the main goal of 
engaging nations in an international agreement on climate change in which everyone pledged 
to collaborate so that the increase in the average temperature of our planet should not exceed 
the limit of 2°C by the end of this century.

At the COP21, Brazil voluntarily committed to: (1) cut down on GHG emission up to 37% 
by 2025 and 43% by 2030—considering 2005 as the base year for both scenarios [2]—which 
would represent approximately 1.2 million tons of carbon dioxide equivalent (CO2eq) by the 
year 2020 [3]; (2) increase the use of biofuels from sustainable bioenergy up to 18% of the 
total domestic energy mix by the year 2030 [4]; and (3) increase the share of renewables to an 
estimated 45% by the same year [5].

So, considering the scenario wherein CO2 needs to be banned from our environment for the 
sake of our own planet, it is reasonable for biofuels to present themselves as clean and renew-
able alternatives [6] for the gradual replacement of fossil fuels such as gasoline and mineral 
diesel, for example. Therefore, because biodiesel is biodegradable, less toxic, and almost 100% 
renewable [7, 8], it stands as an option.

After 2005, some public policies were created in Brazil as an attempt to definitely establish 
biodiesel as replacement for fossil diesel, mainly in the transport sector. Although successful 
to some extent, none of them compare in scope and reach to the recently created National 
Biofuels Policy (RenovaBio), whereto there is a hope it will make the production and use of 
biodiesel increase at a much faster rate.

Therefore, this work is primarily aimed at informing the reader about the past biodiesel poli-
cies that were implemented to boost its production and use, providing special emphasis to the 
most recent one: RenovaBio.

2. Early stages of biodiesel in Brazil and first public policies

The first time Brazil began to flirt with biodiesel was during the 1920s, when the Instituto 
Nacional de Tecnologia, a government technological institution, began to undertake studies on 
that biofuel [9].

Although the first real tests with biodiesel in Brazil began to appear 20 years later, in the early 
1940s, during World War II [10], it was only during the 1970s, after continued increases in oil 
prices, that conventional biodiesel technology, using a catalyst and an alcohol, became well 
known in Brazil [11].

With the oil shock of 1973, the world awakened to the importance of finding different sources 
of energy that were not dirty like those produced by the fossil fuels. That year became a 
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landmark in our planet’s energy history, whose focus would be on overcoming the energy 
crisis via two main groups of action: conservation of energy—or energy saving—and the use 
of alternative sources of energy [12].

Following that type of awareness, Expedito Parente, the leading Brazilian biodiesel scientist 
at that time, created the first patents of that biofuel in the country, which would represent the 
outcome of his studies in the late 1970s and early 1980s. As a result, he became the mainstay 
and principal proponent of the early developments of biodiesel in Brazil.

The first policies created to promote the production and consumption of biodiesel in Brazil 
(Table 1) are discussed ahead.

2.1. Social Fuel Stamp (SCS)

The Brazilian government launched the Social Fuel Stamp program—or Selo Combustível Social 
(SCS), in Portuguese—in December 2004, through Decree No. 5297 [13], to promote social 
inclusion of family farmers from the two poorest regions of Brazil: North and Northeast [14]. 
The intention was also to regionalize the production—highly dependent on soybean and beef 
tallow—of other abundant raw materials, such as palm, cotton seed, and maybe jatropha [15].

Plentiful in both regions, castor would be a nice contender if it were not for the fact that 
this oilseed presents a very high viscosity content of 14.1 mm2/s, which is way above the 
maximum determined by the Brazilian Petroleum Agency (ANP) of 6.0 mm2/s [16]. That tech-
nical constraint alone deems castor an unsuitable alternative feedstock for the production of 
biodiesel [10, 17–20].

The SCS is also a mechanism that serves to reduce government taxes and allow the Brazilian 
Development Bank (BNDES) to grant lower funding fees for biodiesel producers who acquire 
raw materials from—and provide technical assistance to—family farmers [15].

Through ANP, the Federal government promotes auctions for the purchase of biodiesel. 
During the first stage of the auction, 80% of the total volume is offered to biodiesel producers 
who already have the SCS. This phase, restricted to holders of the stamp, grants them the 
purchase and delivery of the product for specified periods. The remaining 20% of biodiesel is 
offered to any producer, with or without the stamp [21, 22].

Year Mechanism Program name and acronym (in Portuguese)

2004 Decree No. 5297 Social Fuel Stamp (SCS)

2005 Law No. 11097 National Program of Production and Use of Biodiesel (PNPB)

2009 Law No. 12187 National Policy on Climate Change (PNMC)

2014 Law No. 13033 Mandatory blend on diesel: increase to 6% and 7%

2016 Law No. 13263 Mandatory blend on diesel: increase to 8%, 9% and 10%

2017 Law No. 13576 National Biofuels Policy (RenovaBio)

Table 1. Policies that helped biodiesel in Brazil.
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offered to any producer, with or without the stamp [21, 22].

Year Mechanism Program name and acronym (in Portuguese)

2004 Decree No. 5297 Social Fuel Stamp (SCS)

2005 Law No. 11097 National Program of Production and Use of Biodiesel (PNPB)

2009 Law No. 12187 National Policy on Climate Change (PNMC)

2014 Law No. 13033 Mandatory blend on diesel: increase to 6% and 7%

2016 Law No. 13263 Mandatory blend on diesel: increase to 8%, 9% and 10%

2017 Law No. 13576 National Biofuels Policy (RenovaBio)

Table 1. Policies that helped biodiesel in Brazil.
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Although the SCS program was conceived to bring about major social and economic changes 
in the North and Northeast regions, as initially intended by the government, except for some 
modest progress, many authors see it as a failure. The reasons vary from high logistic and 
harvesting costs to low economies of scale, low utilization of agricultural machinery, artificial 
irrigation and fertilizer, and lack of access to financing due to red tape [18]. Therefore, this 
program is currently under revision in order to correct the aforesaid problems, already real-
ized by the government.

2.2. National Program of Production and Use of Biodiesel (PNPB)

On January 13, 2005, the Brazilian government formally introduced The National Program of 
Production and Use of Biodiesel (PNPB, Brazilian acronym for Programa Nacional de Produção 
e Uso de Biodiesel) into the energy matrix through the implementation of Federal Law No. 
11097 [23].

One of the main objectives of PNPB, besides the promotion of social inclusion of family farm-
ers, primarily from the North and Northeast regions of Brazil, was also to reduce the import 
of mineral diesel [9, 24], thus positively affecting the Brazilian trade balance.

In addition, the program also meant to establish a minimum blending percentage of biodiesel 
into petroleum diesel. At first, the suggested blending percentage (2%) was optional to run 
from 2005 to 2007, then mandatory from January 2008 onward (Table 2).

Table 2 shows that the production percentage rates from 2005 to 2010 were (on average) very 
high when compared to the ones from 2011 to 2017. Although 2014 was a year in which the blend 
changed twice, the percentage increase was relatively low: only 17%. And since then, the percent-
age has declined, even negative in 2016—a year in which there was a decrease in the biodiesel 
production for the first time since the establishment of the PNPB program, in 2005.

Right from the beginning of the PNPB program, soybean has become the main and over-
whelmingly dominant raw material for biodiesel production, accounting for an average of 
75% and beef tallow, in second, with an average of 15%. Other raw materials, such as cotton 
seed, used cooking oil, and other fats would represent, altogether, the remaining 10% [25]. 
This high dominance of both feedstocks has driven the Brazilian government to create mecha-
nisms to incentivize the use of alternative raw materials [15, 26].

2.3. National Policy on Climate Change (PNMC)

Law No. 12187 was sanctioned on December 29, 2009, and amended by the Presidential 
Decree No. 7390 on December 9, 2010 [27]. Together, they establish principles, goals, instru-
ments, and guidelines of the National Policy on Climate Change (PNMC) and elucidate terms 
such as adaptation, mitigation, emissions and sources of emissions, greenhouse gases, and 
their eminent impacts [27].

Both law and decree also provide that any measures taken to reduce any type of emissions 
must have a national range, besides being focused on the prevention or minimization of dam-
ages caused directly by anthropogenic activities. On the other hand, these measures should 
also consider the different socioeconomic contexts of their application, as well as allocate to 
the population and economic sectors the burdens and charges resulting from such impacts.
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Furthermore, both policies also shed light on how to diminish natural and anthropogenic 
impacts, and how to promote the understanding about the consequences of existing and 
forthcoming climate change events [27].

One of PNMC’s guidelines is Brazil’s Nationally Determined Contributions (NDC) commit-
ted at the Paris Agreement.

2.4. Blending mandates on diesel: 6 and 7%

On September 24, 2014, the Federal government enacted Law No. 13033 [28], turning manda-
tory the blending of biodiesel into petroleum diesel in the following percentages: 6% (B6) 
beginning on July 1, 2014, and 7% (B7) starting on November 1 of the same year.

This policy also allows the voluntary addition of biodiesel to diesel in amounts greater than 
the mandatory percentage in public transport, rail, inland navigation, equipment, or vehicles 
for mineral extraction and electric power generation, tractors, and other automotive vehicles 
intended to pull or tow agricultural machinery or to carry out agricultural work [28].

2.5. Blending mandates on diesel: 8 and 10%

Law No. 13263, implemented on March 23, 2016, alters Law No. 13033 to establish new man-
datory blending percentages of biodiesel into mineral diesel, as follows: 8, 9, and 10 (B8, B9, 
B10) to commence on March 1 of 2017, 2018, and 2019, respectively [29]. But the latter policy 
upholds the prerogative of voluntary addition of the former.

Year B100 (m3) % Blend

2005 736 — B2

2006 69,002 9275 B2

2007 404,329 486 B2

2008 1,167,128 189 B2/B3

2009 1,608,448 38 B3/B4

2010 2,386,399 48 B5

2011 2,672,760 12 B5

2012 2,717,483 2 B5

2013 2,917,488 7 B5

2014 3,422,210 17 B5/B6/B7

2015 3,937,269 15 B7

2016 3,801,339 −3 B7

2017 4,291,294 13 B8

2018 5,590,000* 30 B10

*Expected demand [21].

Table 2. Annual biodiesel production and respective rounded percentages [25].
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This law also authorizes the increment of up to 15% (B15) of biodiesel to fossil diesel sold to 
end users, in any part of the country, after completion (up to 36 months of its enactment) of 
specific tests and experiments on engines that validate the use of the mixture [29]. The specific 
tests (50 or so) shall be conducted by more than 20 different companies, spread out through 
more than 15 locations nationwide [21].

With the anticipation of the B10 blend to March 2018, there should be a progressive increase 
in the biodiesel-to-diesel mix aiming to achieve the B15 in 2025 in order to meet the country’s 
NDC, committed at the Paris Agreement [21].

3. The most recent public policy on biofuels: RenovaBio

3.1. What is RenovaBio?

The National Policy on Biofuels or Política Nacional de Biocombustíveis (RenovaBio) is an 
integral part of the national energy policy to consolidate the production and use of bio-
fuels in Brazil. This program, converted into Law No. 13576 by the Federal government 
on December 26, 2017 [30], aims to radically expand the production and use of biodiesel, 
biomethane, and ethanol, among other biofuels, and increase energy security throughout 
the country and, therefore, create more jobs and income, promote a greater social insertion 
of family farmers, and help Brazil meet its GHG emission reduction targets, committed at 
the COP21 [30].

Besides helping the biodiesel market, RenovaBio will also boost the ethanol industry and 
Brazil’s foreign trade balance by diminishing the country’s reliance on imported corn ethanol 
from the United States.

With a nationwide scope, this program also outlines rules for marketing biofuels in the coun-
try under the flag of environmental sustainability, and fosters credibility and predictability of 
national fuel supply. By doing so, RenovaBio will not just help the environment, but it will lay 
the market conditions for domestic and foreign private investments [31, 32].

This fresh and innovative regulatory framework is supported by two main pillars: the encour-
agement of energy efficiency throughout the production and use of biofuels and the recogni-
tion of biofuels capacity to remove carbon from the environment [33], or mitigate its impacts.

When formulating the basic tenets of RenovaBio, policy-makers and researchers took into 
account successful international models of initiatives that were enacted for the areas of biofu-
els and renewable energy, such as the Low Carbon Fuel Standard (LCFS), the Renewable Fuel 
Standard (RFS), and the Renewable Energy Directive (RED) [34, 35].

Both LCFS and RFS laws, implemented in the United States in 2005 and 2007, respectively, are 
primarily aimed at reducing carbon intensity in the transport sector [36, 37], while the RED 
directive, sanctioned in the Europe Union, in 2009, demand that each EU country expressively 
increase their share of renewable energy to the energy mix in a way that the overall EU share 
be 20% by the year 2020 [38].
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3.2. RenovaBio and Brazil’s commitments to mitigate carbon dioxide emissions

Biofuels have aroused the interest of the Brazilian government in the light of its mitigating 
potential against the harm caused by petroleum-derived fuels, mainly in the transport sector 
[22]. Therefore, by enacting RenovaBio, the Brazilian government has overtly shown to the 
international scientific community its desire to comply with the Paris Agreement, in which 
the country presented its voluntary goals for 2030 under the NDC.

To achieve these goals, Brazil will adopt actions to reduce GHG projected emissions and 
increase the share of renewable energy and biofuels into the country’s energy matrix [39], as 
aforementioned.

Furthermore, there is a possibility of voluntary use of biodiesel in mineral diesel to be greater 
than the mandatory blend in specific cases, such as: 20% in captive fleets or road users ser-
viced by supply point; 30% in rail transport; 30% in agricultural and industrial use; 100% in 
experimental use, specific or in other applications [21].

Decree No. 9308, sanctioned on March 15, 2018, addresses the annual compulsory targets to 
reduce domestic emissions of GHGs and assigns to the National Energy Policy Council (CNPE) 
the definition of these goals, which are based on recommendations of the Interministerial 
Committee on Climate Change (CIM) [40].

The breaking down of the national mandatory targets—provided by CNPE—into an indi-
vidual goal that must be assigned to each biofuel distributor is responsibility of ANP. The dis-
tributors that do not comply with their individual goals will be subject to a fine proportional 
to the noncompliance goal, which may not exceed 5% of their annual revenue, registered in 
the previous two years [40].

This decree has also established a RenovaBio Committee to provide technical support to 
CNPE in the process of defining—until June 2018—the annual national reduction targets and 
it is consisted of agents from seven Ministries, among them Mines and Energy, Environment, 
and Agriculture. Representatives of other federal, state, and municipal agencies, as well as 
public and private sector entities from the biofuels market, in addition to technicians and 
specialists from the sector, whose assistance will be considered provision of unpaid public 
services, may also be part of this committee as guests [40].

One of the new facets of RenovaBio, missing in previous biofuels policies, is the creation of 
two important market mechanisms: Certificado de Produção Eficiente de Biocombustíveis (CPEB), 
or Certificate of Efficient Production of Biofuels, and Créditos de Descarbonização (CBios), or 
Decarbonization Credits.

3.2.1. Certificate of Efficient Production of Biofuels (CPEB)

Chapter 2 of the RenovaBio policy defines the CPEB as a document issued exclusively by 
inspection companies as a result of the biofuel certification process. These companies must 
be highly qualified as such (ISO-standard) and be approved by the government in order to 
inspect the biofuel companies—either producers or importers [30].
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After the inspection and certification are over, ANP will audit the whole process in order to 
approve or disapprove the issuance of the certificate. In case of approval, the list of certified 
producers and/or importers is published in the official government gazette so they can take 
advantage of their certification status when marketing their biofuels.

In case of disapproval, ANP then assesses the whole process to see if there was incomplete-
ness or any sort of fraud. If the latter is the case, then ANP establishes an administrative 
process to revoke the accreditation of the inspection company. If the former is the problem, 
then ANP sends the whole paperwork to the inspection company redo the process again [41], 
as shown in Figure 1.

Article 28 of the RenovaBio law states that a bonus of up to 20% will be applied on the value of 
the energy and environmental efficiency grade of the producer or importer of biofuel whose 
CPEB proves a negative emission of GHGs in its life cycle in relation to its substitute of fossil 
origin.

It is up to the RenovaBio Committee, among other responsibilities, to monitor the market, 
supply, and development of the production of biofuels, particularly the installed capacity 
of companies that hold the certificate that deems their production efficient and environmen-
tally friendly. Government Order No. 103 of March 22, 2018, has set the green light for this 
Committee to start its activities immediately [42].

3.2.2. Decarbonization Credits (CBios)

Chapter 2 of the RenovaBio law states that Decarbonization Credits are instruments registered 
in the form of scripture for the purpose of attesting the individual target of fuel distributors 
whose proof of achievement shall be based on the amount of credits held by the fuel distribu-
tor on the date defined by the policy [30].

Figure 1. CPEB issuance process flowchart. Source: Adapted from [41].

Biofuels - Challenges and opportunities168

The values of the annual mandatory targets were established in units of CBios, with each CBio 
corresponding to 1 ton CO2eq, whose calculations consider the difference between the GHG 
emissions in the life cycle of a biofuel and the emissions in the life cycle of its fossil substitute [40].

These calculations will consider energy efficiency in MJ/ton or cbm and environmental impact 
in gCO2e/ton or cbm [33] and will be carried out by RenovaCalc, which is a tool that accounts 
for the carbon intensity of a biofuel in gCO2eq/MJ [43].

Besides carrying out analyses and studies for the definition of compulsory goals, plus the 
evaluation and suggestion of preventive measures to adapt them, other responsibilities of 
the RenovaBio Committee are the monitoring of supply, demand, and price of CBios issued 
and traded in the stock exchange from the commercialization of biofuels. Figure 2 shows the 
links of CBios with the biofuel producers and distributors and how they interplay with the 
government agencies and certifying companies.

4. Current and future production, consumption, and capacity

4.1. Production, consumption, and installed capacity before RenovaBio

Historically, Brazil has adopted soybean and beef tallow as the main feedstocks for the fulfill-
ment of biodiesel demand in the country. As previously mentioned, soybean alone accounts 
for three-fourths of the domestic production, mostly done in the Mid-West and in the South, 
regions that house the vast majority of Brazil’s biodiesel plants, whose owners are also major 
soy producers and agribusiness companies, well established in both areas for a long time and, 
therefore, are better prepared to take advantage of the big soy market that was developed 
throughout the country [3].

Figure 2. CBios flowchart. Source: Adapted from [41].
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4. Current and future production, consumption, and capacity

4.1. Production, consumption, and installed capacity before RenovaBio

Historically, Brazil has adopted soybean and beef tallow as the main feedstocks for the fulfill-
ment of biodiesel demand in the country. As previously mentioned, soybean alone accounts 
for three-fourths of the domestic production, mostly done in the Mid-West and in the South, 
regions that house the vast majority of Brazil’s biodiesel plants, whose owners are also major 
soy producers and agribusiness companies, well established in both areas for a long time and, 
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Figure 2. CBios flowchart. Source: Adapted from [41].
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Since the inception of the PNPB program, in 2005, biodiesel production has leap-frogged from 
736 thousand to 4.3 billion liters in just 12 years (Figure 3). Such a growth turned Brazil into 
the second biodiesel producer in the world, trailing only the United States, as the number one 
producer with approximately 5.5 billion liters, in 2016 [44].

In footstep with the production growth, the installed capacity also jumped from zero to 
approximately 8 billion liters in about the same period (Figure 3). If on one hand, this growth 
leads to an idle capacity rate that is close to 50%; on the other hand, it makes biodiesel pro-
ducers optimists to comfortably meet the production forecasts for at least 5 years after the 
enactment of the new biofuel policy.

4.2. Production, consumption, and installed capacity after RenovaBio (forecast)

The expected biodiesel production growth to 18 billion liters in 2030 suggests a major boost 
of the installed capacity to around 22 billion liters. In order to meet that forecast, it will be 

Status Accomplished Forecasted Unit (million)

Year 2016 2020 2025 2030

Soybean

Processed 40.7 55.1 77.3 107.2 t/year

Installed capacity 65.0 68.8 96.6 134.0 t/year

Number of plants 117 120 139 165 —

Biodiesel

Production 3.8 6.4 11.4 18.0 m3/year

Installed capacity 7.3 8.0 14.3 22.5 m3/year

Number of plants 50 51 76 109 —

Source: Adapted from [45].

Table 3. Future scenario for soybean processing units and biodiesel refining.

Figure 3. Biodiesel annual production (B100) and accumulated installed capacity. Source: Adapted from [25].
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necessary not just to expand the capacity of current plants but also a twofold increase in the 
number of biodiesel plants in operation now (Table 3).

That kind of growth will require an investment volume of R$ 21.7 billion [45], equivalent to 
approximately US$ 7 billion, from the government and the private sector, which will rep-
resent a major boost on the local economy where the current biodiesel plants are already 
installed, as well as where the new ones should be built.

Such expansion in the production and use of biodiesel should represent some positive exter-
nalities like the creation of new jobs along the entire biodiesel chain, and the reduction of 
CO2 emissions in the atmosphere as a replacement for part of the petroleum diesel Brazil still 
needs to import, which should represent an economy of US$ 1 billion per year for an equiva-
lent amount of nearly 1.2 billion liters of diesel not imported [3].

5. What still needs to be done in spite of RenovaBio

The complexity of this policy requires the government to pay special attention to questions 
on how the process steps will be supervised and how to allocate the individual targets of the 
biofuel distributors which, in turn, can acquire the decarbonization certificates whose prices 
still need to be defined, as well as the costs for the certification of production [46].

The technology mostly used to produce biodiesel in Brazil is the transesterification, which 
is inefficient. Besides, the process uses methanol, which is from a fossil source, instead of 
ethanol, which is cleaner, renewable, and produced locally from sugarcane. And the country 
still imports a good chunk of the alcohol that is used to produce biodiesel, therefore affecting 
the trade balance negatively.

Furthermore, there needs to be greater incentives for the diversification of the mix of raw 
materials used in the production of biodiesel, since soybeans and beef tallow together rep-
resent about 90% of the total and they present environmental problems due to the use of 
pesticides and herbicides [47], as well as GHG from land use and land use change [48].

Perhaps alternative sources, such as palm—whose yield per hectare is approximately six 
times greater than that of soybeans [22]—may be an option. However, this feedstock still 
needs investments in R&D so that its production increases in such a way that the amount 
of available oil would be enough not only to meet its main market—culinary—but also the 
production of biodiesel.

Although at this moment in time palm does not have enough scale to meet the market demand 
for biodiesel, Embrapa’s research with this oilseed has had positive results in adapting it to 
other environments that are different from the traditional ones in the legal Amazon, where 
most of palm is harvested [21].

Thus, it is hoped that palm oil will have a much larger penetration in the mix of raw mate-
rials for the production of biodiesel and, therefore, provide a greater competitiveness of 
the sector and increase the income of family farmers, especially those from the north and 
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northeast. But that will depend as well on the success of policies such as Propalma—Programa 
de Produção Sustentável da Palma de Óleo no Brasil, or the Brazilian Program of Sustainable Palm 
Oil Production [21].

On the overseas front, the European Union has recently strengthened its position to disfavor-
ing traditional biofuels, such as ethanol from sugarcane and corn, and biodiesel from oilseeds. 
The maximum demand for these biofuels in energy demand is forecasted to decrease from 7% 
in 2020 to 3.8% in 2030. This proposal has received harsh criticisms from various sectors of the 
industry [21], as well as from the scientific community.

At a moment in which the demand for food and bioenergy will continue to grow for the 
next years as a result of populational growth, increased world income, and the evolution 
of energy policies toward cleaner and more sustainable sources [21], the European Union 
position, along with the United States decision to withdraw from the Paris Agreement, raises 
concerns regarding the immediate growth of biofuels worldwide. On the other hand, Brazil 
has now a great opportunity to set the stage to confirm its world leadership in the field of 
biofuels [33].

6. Conclusion

Over the last years, we have noticed that a clear global movement is underway to reduce the 
use of fossil fuels in order to decrease the GHG emission in the atmosphere and, therefore, 
limit the rise of the temperature of our planet to 2°C, preferably to 1.5. One of the ways to 
achieve this reduction is by replacing fossil fuels used in motor vehicles with renewable ones 
such as biodiesel.

The enactment of the latest and most innovative domestic biofuels policy to date, RenovaBio, 
establishes a legal framework for its production and use in the country by promoting energy 
efficiency and competitiveness of the sector through meritocracy.

By allowing greater market predictability for the entire biofuels chain, RenovaBio poises to 
take this industry in Brazil to new heights by creating more jobs and boosting the economy 
with major investments from the government and private sectors.

However, there are some problems that may undermine the whole program if not addressed 
accordingly. For example, at the time of the creation of the Social Fuel Stamp, the focus was 
put on the social side of the program, neglecting the technical aspects that deemed that initia-
tive a failure, as in the case of castor and palm feedstocks.

Another major problem lies in the technology used to produce biodiesel in Brazil: the trans-
esterification, which is inefficient. Also, the process uses methanol—which besides from being 
a fossil source, the country still imports a good chunk of it—instead of ethanol, which is 
cleaner, renewable, and produced from the local sugarcane.

Furthermore, the main raw materials used to produce biodiesel in Brazil (soy and beef tal-
low) present some environmental problems that are already known by the government and 
industry experts, largely due to the use of pesticides and herbicides, in addition to GHG from 
land use and land use change.
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