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renewable resources. Renewable energy is considered to be the answer to future energy de‐
mand. Renewable energy is a type of energy that occurs in a natural manner and utilizes unlim‐
ited resources, which is the solution for reducing the dependence on fossil fuels and
diminishing greenhouse gas emission. It is the key for cleaner, greener, and sustainable energy.

The use of renewable energy systems, with its strong market growth and rapidly dropping
prices in recent years, is becoming an increasingly important contributor to the global ener‐
gy market. Despite the promising potential, wide-scale adoption of known technologies and
new alternatives are still essential to address growing world energy needs and compete ef‐
fectively with fossil fuels and thus diminish greenhouse carbon gas emissions.
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adoption of various grid and storage alternatives.
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Abstract

The world faces a progressive depletion of its energy resources, mainly fossil fuels
based on non-renewable resources. At the same time, the consumption of energy grows
at high rates, and the intensive use of fossil fuels has led to an increase in the generation
of gaseous pollutants released into the atmosphere, which has caused changes in the
global climate. The lignocellulosic bioethanol is considered as a promising alternative
for use as fuel ethanol. However, one of the main problems in producing ethanol is
toxic compounds generated during hydrolysis of lignocellulosic wastes; these com-
pounds cause a longer lag phase and irreversible cell damage to the microorganisms
used in the fermentation step. These conditions of fermentation affect the productivity
and the economic feasibility of the lignocellulosic ethanol production process. In this
context, many efforts had been carried out to improve the capacity of volumetric etha-
nol productivity of the yeast. The yeast Saccharomyces cerevisiae is commonly employed
in industrial ethanol production. However non-Saccharomyces yeast as Kluyveromyces
marxianus can produce alcohols at similar or higher levels than S. cerevisiae and on
inhibitory conditions.

Keywords: Kluyveromyces marxianus, Saccharomyces cerevisiae, ethanol, productivity, 
physiology
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1. Introduction

Petroleum-based fuels have been widely used by the human being in daily life and industry 
for hundreds of years; this has generated a depletion of fossil fuel reserves. In addition, the 
burning of fossil fuels has caused global climate changes (such as global warming). These 
concerns have led to the search and development of alternative fuels that are environmentally 
friendly, renewable, and sustainable. Biofuels such as bioethanol are considered an excellent 
alternative to mitigate these problems because the production of bioethanol uses renewable 
resources (such as lignocellulosic biomass) as a raw material; this reduces the dependence on 
fossil resources and produces cleaner combustion that contributes in a positive way to the 
environment. Lignocellulosic biomass, in the form of agro-industrial waste, has enormous 
potential as source energy, precisely as a precursor to bioethanol. The problem of agro-indus-
trial waste in the ethanol production, the potential advantages for the environment, the main 
stages of production of bioethanol, and a comparison of different microorganisms (yeasts) 
used for their possible production at the industrial level will be discussed in this chapter. In 
addition, other bioalcohols that are generated during the production of bioethanol that can be 
used as high value-added products will be shown.

2. Impact of agro-industrial waste in the ethanol production

The industry has become an essential part of human life; however, development activities 
produce much waste throughout the world. Large-scale production of agriculture has led 
to the release of huge quantities of residues. Industries in the agricultural sector generate 
a large number of residues (in the form of solids, liquids, and gases) throughout the year. 
Those residues can be used as animal feed, burned (causing an increase in air pollution), or 
deposited in landfills. The generation of these residues can result in several environmental 
problems and may cause contamination of air (generating CO2), contamination of surface 
water (groundwater seepage). Their elimination is a problem for the producing industries. 
Therefore, the recovery and re-utilization (recycling) of agro-industrial waste is of interest to 
industries. This large volume of residues, together with their slow degradation capacity, has 
stimulated research activities focused on the determination of the possible uses of this waste 
with a dual purpose. On the one hand, the elimination of an environmental problem (when 
the waste is discharged) causes the deterioration of the environment since it contains potential 
toxic compounds, and on the other, the search to produce other value-added products.

Agro-industrial wastes are generated from crop residues or animal feed and include materi-
als such as cereals (corn, rice, wheat, sorghum), bagasses (cane, agave), wheat straw, husk, 
leaves, seed, stem, and others. Millions of tons of agricultural waste are generated all over 
the world. Table 1 shows the generation of agro-industrial wastes according to the region 
across the world. Rice straw/husk, wheat straw/husk, and sugarcane bagasse are the biggest 
agro-industrial wastes produced. Brazil, China, India, and the United States account for 60% 
of the crop residues produced [3]. The agricultural production of maize dominates in the 
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United States and also in China (in less quantity); rice production is mainly found in China 
and India; cereal production such as wheat is dominant in Europe (outside), China, and India 
(as they are the major producers of wheat and rice in the world); sugar cane production takes 
place in Brazil (as major producer) and India. The large portion of agricultural residues gener-
ated every year showed that maize has a residue potential of more than 900 million tons of 
waste; wheat and rice have a residue potential of more than 600 and 400 million tons of waste, 
respectively. Sugar cane and soybean potentials are in a range of 450 and 350 million tons of 
waste, respectively [3]. Other studies have also reported that the global production of rice 
straw is 600–900 million tons per year [4].

The agro-industrial waste contains part of lignocellulosic material; this material is composed 
by cellulose, hemicellulose, and lignin along with smaller amounts of pectin, proteins, and 
ashes [5]. Cellulose is the main structural component of the cell wall of plants, and it is in 
an organized fibrous structure (crystalline), constituting 30–50% of the cell wall. This linear 
polymer is composed of D-glucose subunits linked together by β 1–4 glycosidic bonds form-
ing cellobiose molecules. These long chains (called elementary fibrils) are linked together 
by hydrogen bonds and Van der Waals forces that cause cellulose to pack into microfibrils. 
Hemicellulose and lignin cover the microfibrils forming a matrix. Hemicellulose is a het-
eropolysaccharide that covers the surface of cellulose fibers and contributes 10–40% of the 
biomass of the plant, has an irregular structure, and is chemically bound to the lignin in 
the cell wall. The main characteristic that differentiates hemicellulose from cellulose is that 

Residue Africa America Asia Europe Oceania Subtotal Reference

Crops/grains

Maize 63.58 445.34 245.75 85.10 0.53 840.3 [1]

Oats 0.20 5.08 0.98 11.95 19.62 37.83 [1]

Rice 34.49 55.49 948.30 6.49 0.31 1045.08 [1]

Rye 0.10 3.77 2.54 34.50 0.81 41.72 [1]

Sorghum 31.66 33.76 14.69 1.06 2.40 83.57 [1]

Sugar cane 22.42 241.15 156.15 0.00 8.39 428.11 [1]

Wheat 33.18 169.19 439.04 305.75 33.89 981.05 [1]

Wheat straw 5.34 62.64 145.20 132.59 8.57 354.34 [1]

Lignocellulosic biomass

Bagasse 11.73 87.62 74.88 0.01 6.49 180.73 [2]

Corn straw 0.00 140.86 33.90 28.61 0.24 203.61 [2]

Oat straw 0.00 3.04 0.27 6.83 0.47 10.61 [2]

Rice straw 20.9 37.2 667.6 3.9 1.7 731.3 [2]

Sorghum straw 0.00 0.00 9.67 0.35 0.32 10.34 [2]

Table 1. Quantities of potential agro-industrial waste (million tons) available for bioethanol production.
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hemicellulose has branches with short side chains that consist of different sugars. These 
monosaccharides include pentoses (xylose and arabinose), hexoses (glucose, mannose, and 
galactose), and uronic acids (4-O-methyl-glucuronic, d-glucuronic acid, and d-galacturonic 
acid) and are linked by β 1–4 glucosidic bonds and occasionally by β 1–3 bonds [6]. Lignin 
provides rigidity to the cell wall of plants and contributes 15–30% of the biomass of the plant. 
It is an aromatic polymer of three-dimensional structure quite complex, very branched, and 
amorphous. Three phenyl propionic alcohols exist as monomers of lignin: coniferyl alcohol, 
p-coumaryl alcohol, and sinapyl alcohol. Alkyl-aryl, alkyl-alkyl, and aryl-aryl ether linkages 
hold these phenolic monomers together.

The composition of these components can vary from one plant species to another. For example, 
wood has a higher amount of cellulose, while straw and wheat leaves increase the content of 
hemicellulose [7]. Besides, the relationships between the various components within a single 
plant vary with age, growth stage, and other culture conditions [6]. Practically, all biomass 
residues produced in agricultural and industrial activities, and even urban waste, have high 
concentrations of available lignocellulosic materials. Lignocellulosic materials represent the 
most abundant renewable resources on earth and therefore have been a great deal of interest in 
utilizing as energy resource. In the last decades, the bioconversion of lignocellulosic materials 
in products of commercial interest (biofuels, bioalcohols) has been searched. Agro-industrial 
wastes, which are byproducts of key industrial and economical activities, are attractive raw 
materials for the production of renewable fuels, like bioethanol. The great advantage of using 
these materials is that they are natural, biodegradable, and can often be extracted from waste 
or as byproducts of the agricultural or food industry. The advantage associated with these 
products is double, since the cost of the raw material becomes cheap and, also, an added 
value is given to the industrial waste or byproduct. The use of lignocellulosic biomass as a raw 
material for the production of biofuels (such as bioethanol) has been associated with a concept 
of biorefinery, which is key to the production of ethanol at an industrial level. However, the 
bioconversion of lignocellulosic wastes into useful products is an enormous environmental 
challenge.

3. Lignocellulosic ethanol

Currently, the world faces a progressive depletion of its energy resources, mainly fossil fuels 
based on non-renewable resources. At the same time, the consumption of energy grows at 
high rates and the intensive use of fossil fuels has increased the generation of gaseous pollut-
ants released into the atmosphere, which has caused changes in the global climate. Through 
the use of renewable energy resources, it is possible to find part of the solution to the energy 
requirements in a friendly way for the environment. The global potential of bioenergy is 
represented in energy crops and lignocellulosic waste [1, 8]. The conversion of these raw 
materials into biofuels is an option for the exploitation of alternative sources of energy and 
the reduction of polluting gases [9]. In addition, the use of biofuels has important economic 
and social effects.

Special Topics in Renewable Energy Systems4

Bioenergy companies focus on first-generation biofuels and involve the use of grains and raw 
materials directly related to human consumption (grains, sugarcane, etc.). The use of these 
raw materials implies that the processes to produce first-generation fuels are not sustainable 
and at the same time are considered not ethic (it comes from feedstocks directly related to 
human or animal feed). On the other hand, second-generation biofuels are those that use 
non-food raw materials such as waste from agro-industries (straw, bagasse, husks, effluents). 
The second-generation biofuels market is based on the basic principle that the majority will be 
produced from agro-industrial waste, which implies the creation of sustainable developments 
and clean and friendly companies with the environment. Governments envision the second-
generation biofuels market as an innovative way to reduce costs in the disposal of waste 
materials and improve the production of clean, renewable, and sustainable energies, which in 
the long term partially replace the use of fossil fuels such as petroleum.

Nowadays, bioethanol is the most attractive and important renewable fuel in terms of capac-
ity and market value [10, 11]. Globally, bioethanol production has increased considerably in 
recent years and has gained importance in many parts of the world. The largest producer 
of bioethanol is located in America, and Asia stands second while Europe follows the list 
(Figure 1). Several reports have indicated the world production capacity of bioethanol; in 
2012 and 2013, it was approximately 234 billion liters per year [12]. More than 128.5 billion 
liters of bioethanol were produced worldwide during 2014 [13], while for 2016, it increased 
to almost 144 billion liters [14]. Brazil and the United States are the main producers of first-
generation bioethanol (which represent around 60% of world production) (Figure 1) [2]. In 
the United States, ethanol production increased from 175 million gallons to 15,800 million gal-
lons in almost 20 years [12]. For 2017, the annual production of bioethanol was 27,050 million 
liters (the United States, Brazil, Europe, and China being the main contributors).

The production of second-generation bioethanol is shown in Table 2. The production of bio-
ethanol from agro-industrial waste has taken much interest about the first generation, due, 
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the main feedstock for the production are residues, in that way avoiding the use of extensions 
of cultivable land to bioethanol production. In addition, as mentioned earlier, a product of 
added value is obtained from residues which also help to avoid a problem of waste accumula-
tion. The selection of the agro-industrial feedstock is in function of the agricultural production 
and the interests of each country for transferring value to the produced wastes. Kim and 
Dale [2] indicated that area about 73.9 Tera grams (Tg) of dry wasted crops in the world 
could potentially produce 49.1 gigaliters (GL) per year of bioethanol. Also mentioned was 
that the lignocellulosic biomass could produce up to 442 GL per year of bioethanol and the 
total potential bioethanol production from crop residues and wasted crops is 491 GL per year 
(about 16 times higher than the world ethanol production in 2003).

Bioethanol presents some important differences about conventional fuels derived from petro-
leum. The main one is the high oxygen content, which constitutes about 35% by mass of 
ethanol. The characteristics of bioethanol allow a cleaner combustion (it emits low levels of 
non-combusted hydrocarbons, such as carbon monoxide (CO), oxides of nitrogen (NOx), and 
other reactive organic gases that pollute the air) [12, 15]. Also, it improves the performance of 

Residue Africa America Asia Europe Oceania Subtotal

Waste crop

Barley 0.12 0.045 0.83 1.35 0.13 2.47

Corn 2.17 4.29 6.82 1.09 0.01 14.38

Oat 0.02 0.044 0.04 0.30 0.001 0.405

Rice 0.71 1.61 14.4 0.02 0.02 16.76

Sorghum 1.55 0.21 0.37 0.003 0.0004 2.13

Sugar cane 0.23 0.55 0.82 — 0.0001 1.60

Wheat 0.55 0.78 6.78 2.70 0.54 11.35

Subtotal (1) 5.35 7.529 30.06 5.463 0.7015 49.103

Lignocellulosic biomass

Bagasse 3.33 24.87 21.3 0.0004 1.84 51.34

Barley straw — 3.2 0.61 13.7 0.60 18.11

Corn stover — 40.47 9.75 8.23 0.07 58.52

Oat straw — 0.799 0.07 1.79 0.12 2.77

Rice straw 5.86 10.41 186.8 1.10 0.47 204.64

Sorghum straw — 2.61 — 0.10 .09 2.8

Wheat straw 1.57 18.39 42.6 38.9 2.51 103.97

Subtotal (2)

Total (1 + 2) 16.11 108.278 291.19 69.2834 6.4015 491.2535

Table 2. Potential bioethanol production (gigaliters) from agro-industrial wastes by continent [1, 2].
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the engines, which contributes to reduced pollutant emissions (with low emission of CO2 to 
the atmosphere), even when mixed with gasoline [9, 16]. In this way, bioethanol (and biofu-
els) helps to reduce greenhouse gas (GHG) emissions and consequently mitigates the climate 
change. Also, the use of agro-industrial waste for the production of bioethanol helps to reduce 
their accumulation which is of great environmental concern. Farrell et al. [17] estimated (using 
the displacement method) a reduction of the 88% greenhouse gas emissions using lignocel-
lulosic ethanol (from switchgrass). Schmer et al. [18] reported that ethanol from switchgrass 
reduces GHG emissions by 94% compared to GHG emissions from gasoline. Various studies 
have reported a reduction of 63–118% in life-cycle GHG emissions using ethanol from ligno-
cellulosic feedstock in comparison to fossil fuel [9, 19–24].

The main steps that are involved in the production of bioethanol from lignocellulosic wastes 
are 1) pre-treatment, 2) hydrolysis and 3) fermentation (Figure 2). An adequate process of 
pre-treatment and hydrolysis can increase the concentrations of fermentable sugars, which 
potentially would help to obtain greater quantities of bioethanol.

3.1. Pre-treatment

The aim of the pre-treatment is to disintegrate the lignocellulosic complex to make it more 
accessible for the hydrolysis stage; in this way, it helps decrease the crystallinity of the cellu-
lose, increase the surface area of the biomass, remove the hemicellulose, and break the seal of 
the lignin. This process increases the porosity of the pretreated material and makes cellulose 
more accessible to enzymes so that the conversion of carbohydrates into fermentable sugars 
is achieved quickly and with higher yields. The pre-treatment methods can be divided into 
different categories: physical (grinding), chemical (alkaline, dilute acids, oxidizing agents, 
organic solvents), biological, or a combination of these.

3.2. Hydrolysis

After pre-treatment, cellulose and hemicellulose are released and converted to monomers 
which are known as saccharification (containing mainly glucose and pentose); the reaction 
can be catalyzed by diluted acids, concentrated acids, or enzymes (cellulases and hemicel-
lulases). Acid hydrolysis (both concentrated and diluted) occurs in two stages, to take advan-
tage of the differences between hemicellulose and cellulose. The first involves, essentially, the 
hydrolysis of the hemicellulose, conducted in accordance with the pre-treatment conditions 
discussed earlier. In the second stage, higher temperatures are applied, seeking to optimize 
the hydrolysis of the cellulose fraction [25]. The process with concentrated acid uses high 
temperatures and pressures, with reaction times of seconds to a few minutes, which facilitates 
the use of continuous processes. On the other hand, the processes with diluted acid develop 
under less severe conditions, but with typically long reaction times [26]. In the enzymatic 
process, hydrolysis is catalyzed by enzymes generically cellulases and requires at least three 
key enzymes, endoglucanases, exoglucanases, and β-glucosidases. Enzymatic hydrolysis is 
a prolonged process because the enzymes are hampered by the structural parameters of the 
substrate (hemicellulose/lignin) and the surface area. However, enzymatic hydrolysis has cer-
tain advantages over acid hydrolysis: the first is that by not using chemicals, it is an ecological 
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the engines, which contributes to reduced pollutant emissions (with low emission of CO2 to 
the atmosphere), even when mixed with gasoline [9, 16]. In this way, bioethanol (and biofu-
els) helps to reduce greenhouse gas (GHG) emissions and consequently mitigates the climate 
change. Also, the use of agro-industrial waste for the production of bioethanol helps to reduce 
their accumulation which is of great environmental concern. Farrell et al. [17] estimated (using 
the displacement method) a reduction of the 88% greenhouse gas emissions using lignocel-
lulosic ethanol (from switchgrass). Schmer et al. [18] reported that ethanol from switchgrass 
reduces GHG emissions by 94% compared to GHG emissions from gasoline. Various studies 
have reported a reduction of 63–118% in life-cycle GHG emissions using ethanol from ligno-
cellulosic feedstock in comparison to fossil fuel [9, 19–24].

The main steps that are involved in the production of bioethanol from lignocellulosic wastes 
are 1) pre-treatment, 2) hydrolysis and 3) fermentation (Figure 2). An adequate process of 
pre-treatment and hydrolysis can increase the concentrations of fermentable sugars, which 
potentially would help to obtain greater quantities of bioethanol.

3.1. Pre-treatment

The aim of the pre-treatment is to disintegrate the lignocellulosic complex to make it more 
accessible for the hydrolysis stage; in this way, it helps decrease the crystallinity of the cellu-
lose, increase the surface area of the biomass, remove the hemicellulose, and break the seal of 
the lignin. This process increases the porosity of the pretreated material and makes cellulose 
more accessible to enzymes so that the conversion of carbohydrates into fermentable sugars 
is achieved quickly and with higher yields. The pre-treatment methods can be divided into 
different categories: physical (grinding), chemical (alkaline, dilute acids, oxidizing agents, 
organic solvents), biological, or a combination of these.

3.2. Hydrolysis

After pre-treatment, cellulose and hemicellulose are released and converted to monomers 
which are known as saccharification (containing mainly glucose and pentose); the reaction 
can be catalyzed by diluted acids, concentrated acids, or enzymes (cellulases and hemicel-
lulases). Acid hydrolysis (both concentrated and diluted) occurs in two stages, to take advan-
tage of the differences between hemicellulose and cellulose. The first involves, essentially, the 
hydrolysis of the hemicellulose, conducted in accordance with the pre-treatment conditions 
discussed earlier. In the second stage, higher temperatures are applied, seeking to optimize 
the hydrolysis of the cellulose fraction [25]. The process with concentrated acid uses high 
temperatures and pressures, with reaction times of seconds to a few minutes, which facilitates 
the use of continuous processes. On the other hand, the processes with diluted acid develop 
under less severe conditions, but with typically long reaction times [26]. In the enzymatic 
process, hydrolysis is catalyzed by enzymes generically cellulases and requires at least three 
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a prolonged process because the enzymes are hampered by the structural parameters of the 
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Figure 2. Schematic diagram of bioethanol production from lignocellulosic biomass. 1: Composition of lignocellulosic 
biomass; 2: Effects of pre-treatment on lignocellulosic biomass and main/representative inhibitory compounds generated 
during the process. Pre-treatment is required to separate the cellulose, hemicellulose and lignin fractions; 3: Hydrolysis of 
pre-treated lignocellulosic material. Hydrolysis helps to convert polymeric carbohydrates (cellulose and hemicellulose) 
into fermentable sugars; 4: Fermentation process. The fermentation process by microorganisms converts the soluble 
sugars released during hydrolysis into ethanol and byproducts.
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alternative, a second is that they are carried out under moderate environmental conditions 
of temperature and pH, which reduces their cost in comparison with acid hydrolysis; they 
also avoid corrosion problems, and additionally, toxic byproducts (inhibitors) are not formed.

3.3. Fermentation

After hydrolysis, the product of the sugars is fermented to ethanol by microorganisms. The 
microorganisms can be either bacteria or yeast that can use one or more of the sugars present 
in the lignocellulosic material pretreated and hydrolyzed.

The typical configuration used for the fermentation of lignocellulosic hydrolysates involves a 
sequential process in which hydrolysis (cellulose/hemicellulose) and fermentation are carried 
out in different units. This configuration is known as separate hydrolysis and fermentation 
(SHF). SHF has the advantage that each step can be carried out under optimal conditions of 
hydrolysis (45–50°C) and fermentation (30–35°C). SHF has the disadvantage that enzymes 
(cellulases/β-glucosidases) are inhibited by the glucose released during hydrolysis; therefore, 
to obtain optimum yields, it requires a lower charge of solids and the addition of a higher 
load of enzymes. In addition, due to the fact that the process is carried out in different steps, 
it has the disadvantage that increases its cost, which compromises its economic viability. An 
alternative to this process is the known simultaneous saccharification and fermentation (SSF), 
where hydrolysis and fermentation are carried out in a single unit. SSF considerably reduces 
cellulase inhibition problems (which improves yields and production bioethanol). Also, dur-
ing the SSF method, the risk of contamination can be reduced (due to the ethanol generated), 
and the use of a single unit reduces the costs of the process. However, it has the disadvantage 
that each stage cannot be optimized (limiting and restricting the process). A variant of SSF 
is simultaneous saccharification and co-fermentation (SSCF) and non-isothermal simultane-
ous saccharification and fermentation (NSSF). SSCF consists of the enzymatic hydrolysis and 
co-fermentation of pentoses and hexoses in a single unit; the co-fermenting microorganisms 
need to be compatible regarding operating pH and temperature. In NSSF, hydrolysis and 
fermentation occur simultaneously in two different units at their optimum temperature; the 
hydrolysis reaction liquid passes to the fermenter. An alternative is consolidated bioprocess-
ing (CBP), also known as direct microbial conversion (DMC). In this method, all the biologi-
cal transformations involved in the production of bioethanol (enzyme production (cellulase), 
biomass hydrolysis (saccharification), fermentation of hexoses, and fermentation of pentoses) 
occur in a single unit with one or more microorganisms. This method is attractive because it 
reduces the number of units, the cost of the products, and simplifies its operation.

Currently, the tendency of these methods focuses on carrying out the processes simultane-
ously in a smaller number of steps. The microorganisms are fundamental pieces in the pro-
duction of lignocellulosic bioethanol. Microorganisms capable of fermenting both sugars with 
high yield are required. One of the main problems in the production of bioethanol from lig-
nocellulosic hydrolysates is that not all microorganisms can assimilate and ferment pentoses 
to ethanol; the microorganisms conventionally used in the fermentation of bioethanol present 
this inconvenient. As mentioned earlier, hemicellulose can represent a large part of the ligno-
cellulosic material, which can lead to a large number of available pentoses for fermentation. 
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For this reason, the development and search for microorganisms capable of efficiently fer-
menting pentose to ethanol have led to a great research effort. Genetic engineering has been 
used to add pentose metabolic pathways in yeast and other microorganisms to effectively 
utilize the sugars present in lignocellulosic hydrolysates. In addition, several types of research 
have sought to improve the performance of microorganisms that already can ferment both 
sugars. Although success has been achieved in this regard, the fermentation of mixtures of the 
sugars of the lignocellulosic biomass has not yet reached a commercially viable level.

4. Fermentative behavior of Saccharomyces cerevisiae and 
Kluyveromyces marxianus in the bioethanol production

S. cerevisiae is the main microorganism employed in ethanol production due to its high etha-
nol productivity, high ethanol tolerance, and the ability to ferment a wide range of sugars. 
However, there are some adverse effects in yeast fermentation which inhibit ethanol produc-
tion such as high temperature, inhibitory compounds from the hydrolysis of lignocellulosic 
residues (furans, aldehydes, and organic acids), high concentrations of carbon and ethanol 
source, and the ability to ferment pentose sugars. Different types of yeast strains have been 
used in the fermentation process for ethanol production (Table 3) including hybrid, recom-
binant, and wild-type yeasts. The production of bioethanol depends on several factors, such 
as the concentration of sugars, pH, temperature, the concentration of inhibitor compounds, 
fermentation time, cell growth rate, agitation, and inoculum size [40].

K. marxianus, a non-conventional thermotolerant yeast, is potentially useful for the production 
of ethanol and other products because they can assimilate diverse sugars including xylose, 
arabinose, sucrose, raffinose, and inulin in addition to several hexoses [41]. In addition, K. 
marxianus has a faster growth and ethanol production at higher temperatures [42]. Flores et al. 
[43] reported several strains of K. marxianus capable of producing ethanol from Agave tequilana 
fructans (ATF) at high temperatures, which evidence the high potential of K. marxianus for the 
simultaneous saccharification and fermentation for bioethanol production. Other investiga-
tions have also reported that K. marxianus shows a better behavior to produce ethanol under 
inhibitory conditions (furans) compared to a commercial strain of S. cerevisiae due to the best 
response and resistance to inhibitors (Table 4) [27].

The presence of inhibitors is another problem faced by yeast during the fermentation of lig-
nocellulosic hydrolysates. The presence of inhibitory compounds originated in pre-treatment, 
and hydrolysis processes of lignocellulosic biomass can strongly inhibit the fermentation 
stage and generate irreversible cellular damage (which negatively affect yeast metabolism). 
Furan aldehydes such as 2-furaldehyde (furfural) and 5-hydroxymethylfurfural (HMF) are 
products of degradation of pentoses and hexoses released from hemicellulose and cellulose, 
respectively. Acetic, formic, and levulinic acids are the most common acids present in ligno-
cellulosic hydrolysates. Acetic acid is formed by deacetylation of hemicelluloses, while formic 
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and levulinic acids are products of HMF breakdown/degradation. In addition, formic acid can 
be formed from furfural under acidic conditions at elevated temperatures. A wide range of 
phenolic compounds is generated due to the decomposition of lignin and also by the degrada-
tion of carbohydrates during acid hydrolysis. Furans are considered the most representative 

Yeast strain Type of strain Waste/medium Sugar 
concentration 
(g L−1)

Ethanol 
concentration 
(g L−1)

Qp Reference

S. cerevisiae ERD Commercial Mineral medium 40 18.2 1.51 [27]

S. cerevisiae Laboratory Sugarcane bagasse 30 13.1 0.18 [28]

S. cerevisiae AR5 Laboratory Sugarcane bagasse 18.5 2.2 0.09 [29]

S. cerevisiae ERD Laboratory Sugarcane bagasse 18.5 4.8 0.17 [29]

S. cerevisiae AR5 Laboratory Wheat straw 14.5 2.4 0.21 [29]

S. cerevisiae ERD Laboratory Wheat straw 14.5 2.2 0.20 [29]

S. cerevisiae RL-11 Laboratory Spend coffee 
grounds

195.0 11.7 0.49 [30]

S. cerevisiae MTCC 
173

Laboratory Sorghum stover 200.0 68.0 0.94 [31]

S. cerevisiae KL17 Wild-type Galactose and 
glucose

500.0 96.9 3.46 [32]

S. cerevisiae 
CHY1011

Wild-type Cassava starch 195.0 89.9 1.35 [33]

S. cerevisiae RPRT90 Mutated Ipomea carnea 72.1 29.0 1.03 [34]

K. marxianus K213 Laboratory Water hyacinth 23.3 7.34 0.31 [35]

K. marxianus 
CECT10875

Laboratory Wheat straw — 36.2 0.50 [36]

K. marxianus SLP1 Laboratory Sugarcane bagasse 18.5 9.0 0.29 [29]

K. marxianus OFF1 Laboratory Sugarcane bagasse 18.5 5.1 0.20 [29]

K. marxianus SLP1 Laboratory Wheat straw 14.5 3.1 0.25 [29]

K. marxianus OFF1 Laboratory Wheat straw 14.5 2.3 0.20 [29]

K. marxianus 
UMIP2234.94

Wild type Glucose 20.0 5.7 0.23 [37]

K. marxianus 10,875 Laboratory Wheat straw — 11.1 0.20 [38]

K. marxianus 
DBKKUY-103

Laboratory Sorghum juice 194 85.16 1.42 [39]

Qp, volumetric ethanol productivity (g ethanol produced L−1 h−1).

Table 3. Bioethanol production from different carbon sources.
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and inhibitory toxic compounds of the fermentative capacities of yeasts. Furfural significantly 
reduces cell proliferation, ethanol production, inhibits several enzymes that are essential to 
central metabolism, including dehydrogenases, or by damaging and blocking the synthesis 
of DNA, RNA, proteins, carbohydrate metabolism, and changes in the cell wall. On the other 
hand, HMF damages membranes and nucleic acids, generates oxidative stress, and reduces 
NADH/NADPH and inhibition enzymes [44, 45].

Furfural and HMF have been studied mostly in S. cerevisiae showing decreases in ethanol 
yield. These compounds affect the physiology of the yeast and often result in a decreased 
viability, a lower metabolite yield, and a diminished productivity during biofuels genera-
tion [45]. K. marxianus has also been considered as a host for bioethanol production from 
lignocellulosic biomass hydrolysates [29]. It has been reported that inhibitors from the ligno-
cellulosic material are related to the levels of reactive oxygen species (ROS). A typical 2-Cys 
peroxiredoxin from K. marxianus Y179 (KmTPX1) was identified, and its over expression was 
achieved in S. cerevisiae 280. Strain TPX1 with overexpressed KmTPX1 gene showed enhanced 
tolerance to oxidative stresses [46]. Considerable decreases in cell growth and ethanol yields 
have been observed at high concentrations of furans in K. marxianus (Table 5) (Sandoval et al., 
unpublished data).

Stress condition Lag 
phase

μ Rs Yx/s qs Qs Yp/s qp Qp

ERD

Control 0 0.14 3.83 0.059 2.47 1.55 0.49 1.21 0.30

HMF (7 g L−1) 0 0.07 1.74 0.043 1.67 1.62 0.45 0.75 0.29

Furfural (3 g L−1) 6 0.08 1.87 0.047 1.76 1.65 0.46 0.82 0.30

HMF (3.5 g L−1) + furfural (1.5 g L−1) 6 0.12 1.52 0.045 2.78 1.65 0.46 1.29 0.30

HMF (7 g L−1) + furfural (3 g L−1) — — — — — — — — —

SLP1

Control 0 0.16 3.20 0.053 3.03 1.66 0.40 1.22 0.26

HMF (7 g L−1) 12 0.10 1.32 0.049 2.11 1.59 0.43 0.91 0.27

Furfural (3 g L−1) 6 0.07 1.75 0.048 1.60 1.55 0.48 0.78 0.30

HMF (3.5 g L−1) + furfural (1.5 g L−1) 6 0.06 1.25 0.046 3.46 1.48 0.49 1.73 0.29

HMF (7 g L−1) + furfural (3 g L−1) — — — — — — — — —

Lag phase (h); μ, specific growth rate (h−1); Rs, substrate consumption rate (g L−1 h−1); Yx/s, biomass substrate yield (g dry 
cell weight g substrate utilized−1); qs, specific substrate consumption rate (g substrate consumed g dry cell weight−1 h−1); 
Qs, volumetric substrate uptake rate (g substrate consumed L−1 h−1); Yp/s, ethanol yield on substrate (g ethanol produced 
g substrate utilized−1); qp, specific ethanol productivity (g ethanol produced g dry cell weight−1 h−1); Qp, volumetric 
ethanol productivity (g ethanol produced L−1 h−1).

Table 4. Physiological parameters of Saccharomyces cerevisiae ethanol red (ERD) and Kluyveromyces marxianus SLP1 
under different inhibitor conditions in mineral medium (at 100 rpm, 30°C, pH 4.5) (taken from [27]).
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5. Higher alcohols and aromatic compounds production from 
S. cerevisiae and K. marxianus

In addition to the production of bioethanol, other byproducts (such as fusel oil) can be gener-
ated during the metabolic processes of the yeast in fermentation. Fusel oil is a mixture of 
higher alcohols (from amino acid metabolism) mainly composed by isoamyl alcohol, isobu-
tanol, propanol, butanol, and other aromatic compounds, such as esters and acetates. Higher 
alcohols can be used as fuel or energy source (when burned) [47]. Esters can also be obtained 
from higher alcohols of fuel oil, which are used as solvents, flavoring agents, medicinal, and 
plasticizers [48]. Isoamyl esters (such as isoamyl acetate) are aromatic compounds that are 
widely used in the food and beverage industry (because they have important compounds of 
flavor and fragrance) [49]. Other aromatic compounds produced by yeasts, such as acetates, 
also show commercial applications and have been used as components in flavorings (ethyl 
acetate, isobutyl acetate, amyl acetates, and isoamyl acetate) and additives for perfume (iso-
propyl acetates, acetates of octyl, and methyl acetates). Ethyl acetate is one of the most impor-
tant esters and can be used as a chemical solvent, resins, adhesives, and paints [50].

Furfural (g/L) Kinetic parameters

Yp/s Yp/x Qp

Control 0.42 ± 0.012 0.67 ± 0.006 0.17 ± 0.013

0.5 0.29 ± 0.022 0.63 ± 0.012 0.11 ± 0.063

1 0.24 ± 0.013 0.23 ± 0.030 0.10 ± 0.001

2 NG NG NG

3 NG NG NG

4 NG NG NG

HMF (g/L) Yp/s Yp/x Qp

Control 0.42 ± 0.019 0.22 ± 0.026 0.17 ± 0.016

1 0.18 ± 0.023 0.12 ± 0.048 0.05 ± 0.005

2 0.18 ± 0.035 0.01 ± 0.023 0.05 ± 0.002

4 0.17 ± 0.027 0.09 ± 0.003 0.04 ± 0.013

6 0.15 ± 0.008 0.09 ± 0.004 0.04 ± 0.006

8 0.12 ± 0.003 0.08 ± 0.012 0.04 ± 0.012

10 0.10 ± 0.013 0.06 ± 0.011 0.04 ± 0.007

Mineral medium (glucose 20 g L−1), 30°C, pH 4.5 and 100 rpm. Yp/s, ethanol yield on substrate (g ethanol produced g 
substrate utilized−1); Yp/x, ethanol yield on biomass (g ethanol produced g dry cell weigh−1); Qp, volumetric ethanol 
productivity (g ethanol produced L−1 h−1); NG, no growth detected.

Table 5. Kinetic parameters of fermentation by Kluyveromyces marxianus SLP1.
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Many of the studies link the formation of various aromatic compounds such as fusel alco-
hols and fusel acids to the degradation of branched-chain and aromatic amino acids, via the 
Ehrlich pathway [51, 52]. The synthesis of higher alcohols synthesized in the yeast catabolism 
was proposed by Ehrlich 1907; from this finding, the Ehrlich pathway has been used as a 
basis for the modification of routes and enzymes involved in the formation of higher alcohols. 
Ehrlich pathway proceeds in three steps: first, the amino acid is transaminated to create an 
α-keto acid; next, this α-keto acid is decarboxylated to an aldehyde; and finally, the aldehyde 
is reduced to an alcohol or oxidized to a fusel acid, depending on the redox status of the 
cells. In addition to their synthesis via the Ehrlich pathway, α-keto acids are intermediates in 
the biosynthesis of certain amino acids and therefore constitute a link between anabolic and 
catabolic processes. Depending on metabolic fluxes, unbalanced amino acid synthesis can 
also contribute to the synthesis of aromatic molecules [53].

K. marxianus is considered a yeast with high potential for the generation of compounds of 
industrial value from lignocellulosic waste; in addition to consuming different sugars from 
waste, it can convert the available sugars into molecules of industrial interest such as higher 
alcohols and aromatic molecules, mainly acetate esters. Table 6 shows the production of etha-
nol and other metabolites at industrial level of some strains of yeast [43, 54]. Other studies at 
laboratory level have reported that S. cerevisiae and K. marxianus can produce volatile com-
pounds, even in the presence of furans (Table 7) [27].

Usually, in Mexico, the strains of K. marxianus are isolated from environments with extreme 
conditions (such as fermentation process of mezcal or tequila); this allows the yeast to develop 
specific mechanisms to survive in those hostile environments. Therefore, some strains of K. 
marxianus could be a good candidate to be used at an industrial level to produce lignocel-
lulosic ethanol.

Strain Ethanol Higher alcohols Esters Aldehydes Methanol

S. cerevisiae (AR5)* 48.0 26.612 1.742 1.027 31.07

K. marxianus (GRO6)* 54.5 33.769 2.023 0.868 27.907

K. marxianus (DU3)+ 47.5 84.68 84.9 25.8 3.8

K. marxianus (SLP1)+ 44.9 62.08 112.7 27.3 3.6

K. marxianus (OFF1)+ 49.7 101.61 120.7 25.6 4.3

K. marxianus (DH)+ 46.0 67.71 101.9 23.7 3.8

K. marxianus (DZ5)+ 47.1 81.53 105.3 12.6 3.7

K. marxianus (DA5)+ 49.9 75.2 106.3 33.3 3.8

K. marxianus (DL)+ 45.9 75.4 118 17.7 4.1

*Hydrolysis and separate fermentation (SHF).
+Simultaneous saccharification and fermentation (SSF).

Table 6. Generation of ethanol (g L−1), higher alcohols (mg L−1), esters (mg L−1), aldehydes (mg L−1), and methanol (mg L−1) 
at the end of fermentation.
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6. Conclusion

The use of bioethanol as fuel has helped to reduce the consumption of fossil fuels and the problems 
of pollution worldwide; also, the use of lignocellulosic waste for the production of second-gen-
eration bioethanol benefits the environment. However, to produce bioethanol, one of the critical 
points in the process is fermentation, due to the lack of robust microorganisms that can efficiently 
convert lignocellulosic hydrolysate sugars to ethanol. In the last years, the yeast K. marxianus has 
been widely tested in diverse biotechnological applications, including the production of bioetha-
nol and has shown that it can match the bioethanol yields of commercial S. cerevisiae strains, and 
in many cases, it can be superior. The capacities of K. marxianus to be thermotolerant have a high 
growth rate, consume different carbon sources, and be resistant to toxic compounds, allowing it 
to have higher yields and ethanol production than S. cerevisiae; therefore is considered that this 
yeast has a good potential for lignocellulosic bioethanol production at the industrial level.
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Compound (mg L−1) Strain

AR5 ERD MC4 SLP1 OFF1

Aldehydes

Acetaldehyde 31.42 20.47 30.05 33.59 25.30

Esters

Ethyl acetate 1.21 1.32 1.24 4.11 4.29

Isoamyl acetate 0.00 0.00 0.00 0.00 0.00

Ethyl lactate 0.65 1.22 1.17 0.59 0.61

Ethyl hexanoate 6.41 7.34 6.77 6.93 8.19

Ethyl octanoate 1.03 0.90 0.89 1.00 1.01

Alcohols

Ethanol 4910 5120 5300 5270 4340

1-propanol 5.92 5.57 5.54 6.89 6.63

Isobutanol 4.51 5.03 3.58 20.48 16.87

Butanol 5.04 3.32 3.76 1.78 1.43

Amyl alcohol 21.63 19.88 22.06 47.78 41.74

2-phenyl-ethanol 0.34 0.33 0.38 0.32 0.34

Table 7. Ethanol and volatile compounds produced by strains S. cerevisiae and K. marxianus in defined medium with 
glucose (20 g L−1) as the sole carbon source (100 rpm, pH 4.5, 30°C) (taken from [27]).
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Many of the studies link the formation of various aromatic compounds such as fusel alco-
hols and fusel acids to the degradation of branched-chain and aromatic amino acids, via the 
Ehrlich pathway [51, 52]. The synthesis of higher alcohols synthesized in the yeast catabolism 
was proposed by Ehrlich 1907; from this finding, the Ehrlich pathway has been used as a 
basis for the modification of routes and enzymes involved in the formation of higher alcohols. 
Ehrlich pathway proceeds in three steps: first, the amino acid is transaminated to create an 
α-keto acid; next, this α-keto acid is decarboxylated to an aldehyde; and finally, the aldehyde 
is reduced to an alcohol or oxidized to a fusel acid, depending on the redox status of the 
cells. In addition to their synthesis via the Ehrlich pathway, α-keto acids are intermediates in 
the biosynthesis of certain amino acids and therefore constitute a link between anabolic and 
catabolic processes. Depending on metabolic fluxes, unbalanced amino acid synthesis can 
also contribute to the synthesis of aromatic molecules [53].

K. marxianus is considered a yeast with high potential for the generation of compounds of 
industrial value from lignocellulosic waste; in addition to consuming different sugars from 
waste, it can convert the available sugars into molecules of industrial interest such as higher 
alcohols and aromatic molecules, mainly acetate esters. Table 6 shows the production of etha-
nol and other metabolites at industrial level of some strains of yeast [43, 54]. Other studies at 
laboratory level have reported that S. cerevisiae and K. marxianus can produce volatile com-
pounds, even in the presence of furans (Table 7) [27].

Usually, in Mexico, the strains of K. marxianus are isolated from environments with extreme 
conditions (such as fermentation process of mezcal or tequila); this allows the yeast to develop 
specific mechanisms to survive in those hostile environments. Therefore, some strains of K. 
marxianus could be a good candidate to be used at an industrial level to produce lignocel-
lulosic ethanol.

Strain Ethanol Higher alcohols Esters Aldehydes Methanol

S. cerevisiae (AR5)* 48.0 26.612 1.742 1.027 31.07

K. marxianus (GRO6)* 54.5 33.769 2.023 0.868 27.907

K. marxianus (DU3)+ 47.5 84.68 84.9 25.8 3.8

K. marxianus (SLP1)+ 44.9 62.08 112.7 27.3 3.6

K. marxianus (OFF1)+ 49.7 101.61 120.7 25.6 4.3

K. marxianus (DH)+ 46.0 67.71 101.9 23.7 3.8

K. marxianus (DZ5)+ 47.1 81.53 105.3 12.6 3.7

K. marxianus (DA5)+ 49.9 75.2 106.3 33.3 3.8

K. marxianus (DL)+ 45.9 75.4 118 17.7 4.1

*Hydrolysis and separate fermentation (SHF).
+Simultaneous saccharification and fermentation (SSF).

Table 6. Generation of ethanol (g L−1), higher alcohols (mg L−1), esters (mg L−1), aldehydes (mg L−1), and methanol (mg L−1) 
at the end of fermentation.
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6. Conclusion

The use of bioethanol as fuel has helped to reduce the consumption of fossil fuels and the problems 
of pollution worldwide; also, the use of lignocellulosic waste for the production of second-gen-
eration bioethanol benefits the environment. However, to produce bioethanol, one of the critical 
points in the process is fermentation, due to the lack of robust microorganisms that can efficiently 
convert lignocellulosic hydrolysate sugars to ethanol. In the last years, the yeast K. marxianus has 
been widely tested in diverse biotechnological applications, including the production of bioetha-
nol and has shown that it can match the bioethanol yields of commercial S. cerevisiae strains, and 
in many cases, it can be superior. The capacities of K. marxianus to be thermotolerant have a high 
growth rate, consume different carbon sources, and be resistant to toxic compounds, allowing it 
to have higher yields and ethanol production than S. cerevisiae; therefore is considered that this 
yeast has a good potential for lignocellulosic bioethanol production at the industrial level.
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Compound (mg L−1) Strain

AR5 ERD MC4 SLP1 OFF1

Aldehydes

Acetaldehyde 31.42 20.47 30.05 33.59 25.30

Esters

Ethyl acetate 1.21 1.32 1.24 4.11 4.29

Isoamyl acetate 0.00 0.00 0.00 0.00 0.00

Ethyl lactate 0.65 1.22 1.17 0.59 0.61

Ethyl hexanoate 6.41 7.34 6.77 6.93 8.19

Ethyl octanoate 1.03 0.90 0.89 1.00 1.01

Alcohols

Ethanol 4910 5120 5300 5270 4340

1-propanol 5.92 5.57 5.54 6.89 6.63

Isobutanol 4.51 5.03 3.58 20.48 16.87

Butanol 5.04 3.32 3.76 1.78 1.43

Amyl alcohol 21.63 19.88 22.06 47.78 41.74

2-phenyl-ethanol 0.34 0.33 0.38 0.32 0.34

Table 7. Ethanol and volatile compounds produced by strains S. cerevisiae and K. marxianus in defined medium with 
glucose (20 g L−1) as the sole carbon source (100 rpm, pH 4.5, 30°C) (taken from [27]).
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Abstract

Due to the present renewable fuels demand increase, reduction of second-generation bio-
ethanol production cost is pursued, since it is considered the most promising biofuel, but 
not yet economically viable. A proposed solution is its production through a simultaneous 
saccharification and fermentation process (SSF); however, it is necessary to apply tempera-
tures above 40°C, which reduce the viability of traditional ethanologenic yeasts. As conse-
quence, the use of thermotolerant ethanologenic yeast has been suggested, among which 
the yeast Kluyveromyces marxianus stands out. This chapter addresses the production of 
second-generation bioethanol through the SSF process, emphasizing the potential of K. 
marxianus to transform lignocellulosic biomass as agave bagasse. As result, it is proposed 
to direct the second-generation bioethanol production to the SSF process employing ther-
motolerant yeasts, to increase process productivity, and addressing the economic barriers.

Keywords: bioethanol, simultaneous saccharification and fermentation (SSF), 
thermotolerant yeasts, Kluyveromyces marxianus, agave bagasse

1. Introduction

The consumption of fossil fuels derived from petroleum is one of the main sources of pollu-
tion of the environment, in addition to its expensive and decreasing production, whereas its 
demand is increasing [1]. This is why countries around the world have directed their policies 
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toward the biofuels usage, which are sustainable, biodegradable, with high combustion effi-
ciency, and their development generates manufacturing and investment jobs, promoting the 
de agricultural sector development, as well reducing greenhouse gases [2, 3]. This way, the 
use of biofuels such as bioethanol is pursued to reduce dependence on fossil fuels and con-
tribute to meet the future demands of energy in the world, and at the same time meeting the 
carbon dioxide emissions reduction goals specified in the Kyoto Protocol [4]. Therefore, it is 
expected that by 2050 biofuels contribute 30% of the world’s fuel demand [5].

Economically viable bioethanol production still has to date challenges to overcome. This chapter 
addresses the lignocellulosic biomass utilization for second-generation bioethanol production 
through a simultaneous saccharification and fermentation process, utilizing thermotolerant 
yeasts such as K. marxianus.

2. Bioethanol

Bioethanol is one of the most used biofuels with a worldwide production of around 27 billion 
gallons per year [2, 6]. This biofuel, defined as ethanol produced from biomass has character-
istics such as low combustion temperature, high octane number, and lower evaporation loss 
compared to gasoline [7, 8]. Disadvantages of bioethanol compared to gasoline are its lower 
energy density and vapor pressure, as well as water miscibility and corrosive capacity [9].

Bioethanol can be mixed with gasoline in 10% (E10), 20% (E20), and 22% (E22) proportions, 
without the need to make mechanical modifications in combustion vehicles [9]. There are 
even current designs by some manufacturers that allow vehicles to use up to 85% ethanol [10] 
and in Brazil more than 20% of cars can use 100% ethanol as fuel [2]. The main purpose of bio-
ethanol, when mixed with gasoline is as an oxygenating agent. Mixed with gasoline, ethanol 
provides advantages such as increased gas volume change, better combustion, and reduced 
carbon dioxide emission [11]. It has also been shown that bioethanol can significantly reduce 
SO2 emissions when mixed with 95% gasoline. This is because the fuel added with bioethanol 
increases its oxygen content, causing a better oxidation of hydrocarbons and decreasing the 
emission of greenhouse gases [4].

The main bioethanol producing countries are currently the United States and Brazil, generat-
ing up to 70% of world production [12]. However, the bioethanol industry has expanded 
to other countries such as China, Argentina, and the European Union due to this product 
increased demand [13]. In the case of the United States, there has been a dramatic increase in 
bioethanol production from 175 million gallons in 1980 to 14,810 million gallons in 2015 [14].

2.1. First- and second-generation bioethanol

Bioethanol is currently obtained in commercial quantities mainly from the fermentation of 
simple sugars using food inputs such as corn, sugar cane, and sorghum as raw material. The 
bioethanol obtained from this class of substrates is called first generation bioethanol [15]. The 
viability of the production of first-generation biofuels is questionable, due to their associated 
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conflicts, such as ethical aspects and their high-cost since the raw materials are linked to the 
food market, which affects the final price of the product [16].

Given the problems of first-generation fuels, an alternative would be second-generation fuels, 
where fermentable sugars are derived from lignocellulosic biomass, which are present in 
agro-industrial wastes. By using industrial wastes as a raw material, pollution is reduced by 
the elimination of these potentially polluting wastes, as well the materials being of low-cost 
and its handling and conservation is efficient and economical [17]. Biofuel production such as 
second-generation bioethanol is considered one of the most promising strategies to replace non-
renewable fossil fuels because it does not interfere with the materials available for human or 
animal consumption, at the same time as collaborating with sustainable development [18, 19].

As a disadvantage, a technological investment is necessary for the treatment of lignocellulosic 
biomass, and currently, its production is not economically sustainable [20, 21].

Currently, second-generation bioethanol is produced mainly in pilot plants and most com-
mercial plants have been built in the last decade in Denmark, Finland, Spain and Italy, and 
the United States [22] and due to the challenges that its commercialization still represents the 
design and optimization of different processes for second-generation bioethanol production 
has been promoted to reduce production costs.

3. Process configuration for second-generation bioethanol 
production

There are different process configurations for bioethanol production, but all of them include 
the steps of raw material pretreatment to achieve biomass components solubilization and sep-
aration (cellulose, hemicellulose, and lignin); lignocellulosic material hydrolysis to degrade 
its components and obtain simple sugars; and the fermentation of the substrate to transform 
the sugars into bioethanol. Reported processes vary mainly in the number of stages and biore-
actors needed, which present different pH conditions, oxygenation, sugar concentration, and 
temperature. Figure 1 shows the main process configurations and their stages, while Table 1 
lists the main characteristics of each one of these configurations [23].

The CBP proposes cellulase enzyme production by microorganisms integrated into the 
fermentation, reducing the enzyme cost in the bioethanol production. However, currently, 
this process is in its early stages of development since a limited number of microorgan-
isms capable of generating economically viable enzymes are reported. Furthermore, there 
is no microorganism or microorganism consortium that generates cost-effective bioethanol 
through CBP at the industry level [29]. In consideration to this situation, the development of 
genetically modified microorganisms able to produce these enzymes with an economically 
viable concentration and activity is one of the most promising options. Within the genetically 
modified microorganisms, yeasts have been one of the most used. Hasunuma and Kondo [30] 
presented a review of the development of yeast cells for second-generation bioethanol pro-
duction through CBP. Within their study, they conclude that the combination of cell surface 
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engineering and metabolome are an efficient proposal for the development of CBP yeasts 
strains. Favaro et al., Mattam et al., Liao et al., and Van et al. [31–34] review the possibilities 
of recombinant yeasts generation for second-generation bioethanol production through CBP.

In the rest of the mentioned processes in Figure 1, the cellulases are added beforehand SHF or 
during the fermentation process SSF. These enzymes can be purchased commercially through 
different companies responsible for selecting enzymes with the best characteristics to perform 
these processes. The current commercial cellulases are produced mainly by fungi, bacteria, 
and yeasts, although they can also be produced by plants and ruminants [35].

Figure 1. Processes for second-generation bioethanol production. Each box refers to a bioreactor. The pretreatment 
consists of a chemical hydrolysis. Sequential hydrolysis and fermentation (SHF); sequential hydrolysis and cofermentation 
(SHCF); simultaneous saccharification-fermentation (SSF); SSCF: Simultaneous saccharification-cofermentation (SSCF); 
consolidated bioprocess (CBP).
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3.1. Sequential hydrolysis and fermentation (SHF)

This process is carried out in two stages, where hydrolysis and fermentation operate in dif-
ferent procedures. First, the enzymatic cocktail is used to hydrolyze the pretreated lignocel-
lulosic biomass to obtain sugar monomers. The resulting hydrolyzate is subsequently used 
as a substrate for the fermentation process of sugars to ethanol [36]. The cellulose hydrolysis 
process through cellulases is the most feasible method for the liberation of sugars since in 
optimum conditions yields greater than 90% can be obtained. Chandel et al. [37] reviewed the 
techniques developed in molecular biology and cellulase engineering, as well as the applica-
tion of cellulases for cellulose hydrolysis.

The main disadvantage of the SHF process is that both stages operate in their respective opti-
mal conditions, thus more processing time is necessary. In addition, the hydrolytic enzymes 
employed can suffer from product inhibition. These characteristics impact on the productiv-
ity of the process [25]. The enzyme cost contributes significantly to the second-generation 
bioethanol final price, which is why more research is needed in order to reduce saccharifica-
tion costs through the use of cellulases [36, 37]. In order to make second-generation bioetha-
nol production affordable, cellulase cost must be decreased, and one solution is to increase 
its activity, which can be achieved through SSF processes at optimum temperatures of the 
enzymes employed [38].

Table 1. Main characteristics of the second-generation bioethanol production processes accompanied by an example of 
its implementation in the literature [23–28].

Second-Generation Bioethanol Production through a Simultaneous Saccharification…
http://dx.doi.org/10.5772/intechopen.78052

25



engineering and metabolome are an efficient proposal for the development of CBP yeasts 
strains. Favaro et al., Mattam et al., Liao et al., and Van et al. [31–34] review the possibilities 
of recombinant yeasts generation for second-generation bioethanol production through CBP.

In the rest of the mentioned processes in Figure 1, the cellulases are added beforehand SHF or 
during the fermentation process SSF. These enzymes can be purchased commercially through 
different companies responsible for selecting enzymes with the best characteristics to perform 
these processes. The current commercial cellulases are produced mainly by fungi, bacteria, 
and yeasts, although they can also be produced by plants and ruminants [35].

Figure 1. Processes for second-generation bioethanol production. Each box refers to a bioreactor. The pretreatment 
consists of a chemical hydrolysis. Sequential hydrolysis and fermentation (SHF); sequential hydrolysis and cofermentation 
(SHCF); simultaneous saccharification-fermentation (SSF); SSCF: Simultaneous saccharification-cofermentation (SSCF); 
consolidated bioprocess (CBP).

Special Topics in Renewable Energy Systems24

3.1. Sequential hydrolysis and fermentation (SHF)

This process is carried out in two stages, where hydrolysis and fermentation operate in dif-
ferent procedures. First, the enzymatic cocktail is used to hydrolyze the pretreated lignocel-
lulosic biomass to obtain sugar monomers. The resulting hydrolyzate is subsequently used 
as a substrate for the fermentation process of sugars to ethanol [36]. The cellulose hydrolysis 
process through cellulases is the most feasible method for the liberation of sugars since in 
optimum conditions yields greater than 90% can be obtained. Chandel et al. [37] reviewed the 
techniques developed in molecular biology and cellulase engineering, as well as the applica-
tion of cellulases for cellulose hydrolysis.

The main disadvantage of the SHF process is that both stages operate in their respective opti-
mal conditions, thus more processing time is necessary. In addition, the hydrolytic enzymes 
employed can suffer from product inhibition. These characteristics impact on the productiv-
ity of the process [25]. The enzyme cost contributes significantly to the second-generation 
bioethanol final price, which is why more research is needed in order to reduce saccharifica-
tion costs through the use of cellulases [36, 37]. In order to make second-generation bioetha-
nol production affordable, cellulase cost must be decreased, and one solution is to increase 
its activity, which can be achieved through SSF processes at optimum temperatures of the 
enzymes employed [38].

Table 1. Main characteristics of the second-generation bioethanol production processes accompanied by an example of 
its implementation in the literature [23–28].
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3.2. Simultaneous saccharification-fermentation (SSF)

The main characteristic of the SSF process is that the stages of enzymatic hydrolysis and fer-
mentation are carried out simultaneously. This reduces the energy investment, and therefore, 
the operating costs, in addition to optimizing the process by reducing the time needed for 
each of them. These stages favor a greater enzymatic activity of the cellulases eliminating 
product inhibition since the sugars are metabolized by the yeasts simultaneously as they are 
released in the hydrolysis. In general, through the SSF process, higher ethanol yields have 
been obtained compared to SHF, with increases from 13 to 30% [39]. The main disadvantage 
of the SSF process is the cellulase activity optimal temperature (45–60°C), which is higher than 
that required for the yeast growth and fermentation (30–35°C) [40, 41]. Besides, fermentation 
is an exothermic process, so as the fermentation progresses the temperature increases [42]. 
Therefore, the temperature is one of the main factors that must be considered when establish-
ing a SSF system.

3.3. Effect of temperature in SSF process

Fermentation at high temperatures presents advantages such as bioreactor cooling costs 
reduction and ethanol extraction promotion, reducing its toxic effects on yeasts. Moreover, it 
is possible to do this process in warm climate countries [43]. In a study conducted by Abdel-
Banat et al., an increase of 5°C in the fermentation process, a reduction of enzyme cost up to 
50% was observed. However, high temperatures generate yeast growth inhibition, decrease 
in the cell cycle, increase in fluidity and reduction of the plasma membrane permeability, 
intracellular pH reduction, breakage of cytoskeleton filaments and microtubules, proteins 
synthesis repression, mutation frequency increment, and inefficient damaged DNA repair. 
All the above effects reduce the yeast viability and decrease the bioethanol production yield. 
Therefore, the use of thermotolerant yeasts in the SSF process for second-generation bioetha-
nol production is proposed as a promising option [23].

4. Yeasts in SSF processes

Although traditionally S. cerevisiae yeasts have been the most used in fermentation processes, 
the production of second-generation bioethanol confronts these microorganisms to condi-
tions not found in traditional fermentation processes [44, 45].

In a SSF process, the selected yeast must be a thermotolerant strain. Thermotolerant yeasts 
are those that have an optimal growth at temperatures equal to or greater than 40°C [46]. 
During the last years, potential industrial applications of thermotolerant yeasts have been 
developing, such as prebiotic and probiotic agents, biomass, and recombinant protein pro-
duction, as well as bioethanol production [47]. Bioethanol production through SSF process 
using thermotolerant yeasts generates a reduction in investment costs, such as the industrial 
equipment needed, lower contamination degree, and decreased process time [17].

The most known non-Saccharomyces yeast species used in SSF processes are K. marxianus, although 
there are also reports of other species such as K. fragilis, H. polymorpha, and P. pastoris [47].
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4.1. Kluyveromyces marxianus

K. marxianus strains are phenotypically very diverse due to the great variety of habitats in 
which they have been isolated, resulting in a great metabolic diversity [48].

In general, they are considered GRAS (Generally recognized as safe), they are the eukaryotic 
cells that have presented the highest growth rate [49], they have an efficient ethanol produc-
tion capacity up to 45°C, with thermotolerance up to 52°C, besides the genomes of some 
strains have been described [50–56]. Recently, studies have been carried out on the optimiza-
tion of the metabolic engineering pathways in these yeasts [57], and genetic engineering has 
been used to obtain strains capable of producing heterologous proteins or metabolites such 
as lactate and xylitol [58, 59].

One necessary characteristic in sustainable bioethanol production is the fermentation of dif-
ferent sugars [60], innate in most of K. marxianus yeasts. These yeasts can ferment xylose, 
xylitol, cellobiose, lactose, and arabinose, both in liquid and solid medium, considered a great 
advantage compared with S. cerevisiae [61].

Whereas strains of S. cerevisiae have been obtained by genetic engineering with pentose metab-
olism [62], these strains still present different problems that must be solved [63], besides that 
they are not thermotolerant. Nitiyon et al. [64] reported that the yeast K. marxianus BUNL-21 
presents a xylose to ethanol efficient conversion capacity, as well as thermotolerance. López-
Alvarez et al. [65] obtained higher ethanol yields with K. marxianus UMPe-1 yeast compared 
with S. cerevisiae Pan-1. Lyubomirov et al. [66] and Kuloyo et al. [67] compared the ethanol 
production at temperatures of 35 and 40°C by the strains K. marxianus UOFS Y-2791 and 
S. cerevisiae UOFS Y-0528, concluding K. marxianus presents potential as an alternative to  
S. cerevisiae for the bioethanol production, as well as other metabolites such as 2-phenyl ethanol.

Due to the aforementioned characteristics, K. marxianus have been considered as one of the 
yeast with the highest potential for the second-generation bioethanol production, and a viable 
alternative compared with S. cerevisiae [68, 30].

4.2. K. marxianus in the bioethanol production through SSF

As a thermotolerant yeast and due to its ability to use various sugars as a carbon source, 
K. marxianus yeasts have been used widely for second-generation bioethanol production 
through SSF and SSCF processes (Table 2).

Kádár et al. [80] compared the yield in the second-generation bioethanol production by K. 
marxianus and S. cerevisiae yeasts, in an SSF process at 40°C. Having found no significant dif-
ferences in the ethanol production with respect to SHF processes, it is suggested to carry out 
the fermentation processes with K. marxianus thermotolerant yeasts at temperatures above 
40°C. Tomás-Pejó et al. [79] performed SSF processes with a K. marxianus thermotolerant yeast 
CECT 10,875 at 50°C. By using a feed back process they increased ethanol production by 20%. 
Hyun-Woo et al. [75] carried out an SSF process with a temperature change from 45 to 35°C at 
24 h of the process using the thermotolerant yeast K. marxianus CHY 1612. This change gener-
ated an increase of 12 g/L of ethanol, compared to a SSF process carried out at a constant tem-
perature of 45°C. Yu-Sheng et al. [73] studied the bioethanol production using a K. marxianus 
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thermotolerant yeast, through the SSF process in a rotating reactor, which allowed a constant 
exchange of biomass that was in contact with the yeast, concluding that through this process 
bioethanol production has commercial potential. Wu et al. [84] implemented a SSF process 
with a high solid load of taro waste using K. marxianus, reaching 94% of theoretical yields in 
20 h of fermentation, which was reflected in high process productivity (Wu et al. [84]).

With the previous reports, we observed that modifications to the SSF process using K. marxianus 
thermotolerant yeasts can increase ethanol production to economically viable levels.

5. Substrate selection for second-generation bioethanol production 
through SSF: agave bagasse case

Lignocellulosic biomass is a source of renewable energy, available in most of the world. 
However, its treatment is one of the main factors that increase the cost of second-generation 
bioethanol production. The biomass selection for this process is directly correlated with its 
availability in the production area, characteristics that depend on geographical variables [85]. 
In Mexico, agave bagasse is one of the most generated lignocellulosic materials, since it is an 
agro-industrial waste resulting from tequila and mezcal production. The blue agave (Agave 
tequilana) used for tequila production is cultivated mainly in the western region of Mexico. In 
general, the process of tequila production considers the use of blue agave plant cores, which 
are cooked in ovens or systems such as the diffuser. Afterward, they are pressed for their 
juice extraction, and the fructans present in the juice are then hydrolyzed to monosaccharides. 
The residue of this process is agave bagasse. It is estimated that 859,000 tons of agave are 

Table 2. Second-generation bioethanol production using K. marxianus thermotolerant yeasts in SSF processes [26, 50, 
68–84].
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processed per year to produce tequila, and approximately 343,600 tons of agave bagasse are 
generated. Agave bagasse can be used as livestock food, construction material, and for recy-
cled paper elaboration [86], as well as a substrate for edible fungi growth [87]. However, most 
of it is incinerated, which generates large amounts of ash that can contaminate rivers, bodies 
of water and damage flora and fauna [88]. Table 3 shows that agave bagasse has a higher cel-
lulose proportion, compared to main lignocellulosic biomass used for bioethanol production.

Hernández-Salas et al. [90] obtained a sugar yield of 12–58% by hydrolysis of agave bagasse 
using an alkaline-enzymatic treatment, while under the same conditions with sugarcane 
bagasse the yield was lower, with values of 11–20% [90]. Therefore, according to its production 
and composition, agave bagasse can be considered a promising source of fermentable sugars for 
bioethanol production. Table 4 shows studies for bioethanol production using agave bagasse.

Caspeta et al. [92] released 91% of agave bagasse sugars during saccharification and produced 
64 g/L of ethanol after 9 h of fermentation with S. cerevisiae SuperStart yeast, this being the 
highest yield obtained with agave bagasse.

Table 3. The lignocellulosic composition of agroindustrial wastes used in second-generation bioethanol production [89].

Table 4. Bioethanol production from agave bagasse [90–94].
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Rios González et al. [94] managed to implement a process of autohydrolysis pretreatment 
which allowed preserving the glycan content in agave bagasse, achieving a high digest-
ibility in the hydrolysis process for its subsequent fermentation to ethanol with a strain of  
S. cerevisiae.

Through a simulation program analysis, Barrera et al. [95] carried out the technical and economic 
evaluation of bioethanol production, considering sugarcane bagasse, and agave bagasse as ligno-
cellulosic biomass substrates. The results showed a lower production cost using agave bagasse 
(1.34 USD/gallon), compared to sugarcane bagasse (1.46 USD/gallon), suggesting that this result 
is due to the lower processing cost required for agave bagasse and its low lignin content [95].

Agave bagasse, besides being a good source of sugars for bioethanol production, is consid-
ered one of the best agro-industrial residues generated in the Mexico region, to be used in 
solid state fermentation processes [3], as well as for succinic acid production [96].

It is worth highlighting the scarce reports of bioethanol production from agave bagasse using 
non-Saccharomyces strains, as well as there are only reported SHF processes with this material, 
which represents a study opportunity to use this substrate in more efficient processes such as SSF.

6. Conclusion

Dependence on fossil fuels has led to a high degree of pollution on the planet, as well as low 
availability and an increase in its price, which forces the pursuit of new sources of energy. The use 
of second-generation bioethanol is a promising option to face this problem. However, currently, 
its production is not affordable, which has prevented its commercialization. Although metabolic 
engineering in conjunction with bioprocess optimization is recommended techniques for bioetha-
nol cost-effective production, these are still in development, which contrasts with the widely used 
and perfected yeast selection techniques. These approaches can be used to find thermotolerant 
yeasts such as K. marxianus for their application in the second-generation bioethanol production 
through SSF processes to overcome the economic challenges in the production of this biofuel.
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Abstract

One of the major goals of sustainable energy systems is to provide clean, affordable, 
accessible energy with benign environmental impact. Development of reliable energy 
systems without toxic byproducts to preserve the environment while powering the 
future is urgently needed. This need has led to the design and implementation of power 
generating systems using photovoltaics (PV) and energy storage devices. Currently, 
there is an excess increase in the fossil fuels cost due to increase in consumption of electric 
grid energy and its inability to meet up with the demand. Optimizing the generation, 
storage and use of electric power by using renewables (PV) and storage devices will 
enhance efficient, effective and reliable power consumption. This chapter proposes an 
efficient approach for the integration of renewable energy systems (PV) and energy stor-
age devices as well as their safety and tradeoffs in the environment.

Keywords: renewable energy, energy storage, safety, integration and grid

1. Introduction

A major goal of sustainable energy system using renewable energy is to provide clean, afford-
able, accessible energy with efficient energy storage with depleting the earth resources. There 
is a need to develop reliable energy systems that do not depend on fossil fuel to preserve the 
environment while powering the present and the future. This has led to the development of 
power generating systems utilizing renewables (photovoltaics and wind) [1]. There has being 
rapid increase in the power generation from PV over there the years [2]. Due to the rapid 
increase in PV generation, energy storage is serves as a storage medium for excess generation 
which can use when needed. Energy storage systems also serve as a means of increasing 

© 2018 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.



[89] Mussatto SI, Dragone G, Guimarães PMR, Silva JPA, Carneiro LM, Roberto IC. Techno 
logical trends, global market, and challenges of bio-ethanol production. Biotechnology 
Advances. 2010;28:817-830

[90] Hernández-Salas JM, Villa-Ramírez MS, Veloz-Rendón JS, Rivera-Hernández KN, 
González-César RA, Plascencia-Espinosa MA. Comparative hydrolysis and fermenta-
tion of sugarcane and agave bagasse. Bioresource Technology. 2009;100:1238-1245

[91] Saucedo-Luna J, Castro-Montoya A, Martinez-Pacheco M, Sosa-Aguirre C, Campos-
Garcia J. Efficient chemical and enzymatic saccharification of the lignocellulosic resi-
due from Agave tequilana bagasse to produce ethanol by Pichia caribbica. Journal of 
Industrial Microbiology & Biotechnology. 2011;38:725-732

[92] Caspeta L, Caro-Bermúdez MA, Ponce-Noyola T, Martinez A. Enzymatic hydrolysis 
at high-solids loadings for the conversion of agave bagasse to fuel ethanol. Applied 
Energy. 2014;113:277-286

[93] Montiel C, Hernández-Meléndez O, Vivaldo-Lima E, Hernández-Luna M, Bárzana 
E. Enhanced bioethanol production from blue Agave bagasse in a combined extrusion-
Saccharification process. Bioenergy Research. 2016;9(4):1005-1014

[94] Rios-González LJ, Morales-Martínez TK, Rodríguez-Flores MF, Rodríguez-De la Garza 
JA, Castillo-Quiroz D, Castro-Montoya AJ, Martinez A. Autohydrolysis pretreatment  
assessment in ethanol production from agave bagasse. Bioresource Technology. 2017;242: 
184-190

[95] Barrera I, Amezcua-Allierib MA, Estupiñan L, Martínez T, Aburto J. Technical and eco-
nomical evaluation of bioethanol production from lignocellulosic residues in Mexico: 
Case of sugarcane and blue agave bagasses. Chemical Engineering Research and Design. 
2016;107:91-101

[96] Corona-González RI, Varela-Almanza KM, Arriola-Guevara E, Martínez-Gómez AJ, 
Pelayo-Ortiz C, Toriz G. Bagasse hydrolyzates from Agave tequilana as substrates for 
succinic acid production by Actinobacillus succinogenes in batch and repeated batch 
reactor. Bioresource Technology. 2016;205:15-23

Special Topics in Renewable Energy Systems38

Chapter 3

Renewable Energy Integration with Energy Storage
Systems and Safety

Omonayo Bolufawi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78351

Provisional chapter

DOI: 10.5772/intechopen.78351

© 2016 The Author(s). Licensee InTech. 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. 

Renewable Energy Integration with Energy Storage 
Systems and Safety

Omonayo Bolufawi

Additional information is available at the end of the chapter

Abstract

One of the major goals of sustainable energy systems is to provide clean, affordable, 
accessible energy with benign environmental impact. Development of reliable energy 
systems without toxic byproducts to preserve the environment while powering the 
future is urgently needed. This need has led to the design and implementation of power 
generating systems using photovoltaics (PV) and energy storage devices. Currently, 
there is an excess increase in the fossil fuels cost due to increase in consumption of electric 
grid energy and its inability to meet up with the demand. Optimizing the generation, 
storage and use of electric power by using renewables (PV) and storage devices will 
enhance efficient, effective and reliable power consumption. This chapter proposes an 
efficient approach for the integration of renewable energy systems (PV) and energy stor-
age devices as well as their safety and tradeoffs in the environment.

Keywords: renewable energy, energy storage, safety, integration and grid

1. Introduction

A major goal of sustainable energy system using renewable energy is to provide clean, afford-
able, accessible energy with efficient energy storage with depleting the earth resources. There 
is a need to develop reliable energy systems that do not depend on fossil fuel to preserve the 
environment while powering the present and the future. This has led to the development of 
power generating systems utilizing renewables (photovoltaics and wind) [1]. There has being 
rapid increase in the power generation from PV over there the years [2]. Due to the rapid 
increase in PV generation, energy storage is serves as a storage medium for excess generation 
which can use when needed. Energy storage systems also serve as a means of increasing 

© 2018 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.



the power utilization and consumption rate. Implementing battery storage is limited due to 
relatively high cost. In some grid connected systems, Plug in Hybrid Electric Vehicles (PHEV) 
is use as storage which can function as double use systems [1, 3–8]. Future smart and micro 
grids could benefit from the double use functionality of electric vehicles as part of the energy 
network to provide vehicle-to-grid services (V2G) as described in [1]. Research shows that 
the average car is parked 15 hours a day and can provide storage and or grid services 60% 
of the time [1]. The idea of integration renewable energy (photovoltaics) with energy storage 
devices for a double use is illustrated.

2. Systems, integration and load layout

The system block diagram shown in Figure 1 consist of renewable energy source (RES), power 
and energy management system (PEMS), grid, energy storage devices (ESD), residential load. 
The system is design to integrate RES and ESD using the PEMS.

2.1. Renewable energy source (RES)

The renewable energy source in the design above is solar photovoltaics (PV) use for power 
generation. Solar cells also called PV convert sunlight directly to electricity. The power gener-
ated from solar highly depend on the amount of sun light. Maximum generation is usually 
achieved during peaks of day light, if sufficient enough, excess generation is stored in energy 
storage devices such as lithium ion batteries for later use during off peak hours usually in the 
early morning and late in the evening to mid-night. Considering a renewable source rated 
at 3 kW, roof mounted system with the area of the solar cells approximately 20 m2 with an 
efficiency of 15%. The power from the PV system is determined using a linear model based on 
the irradiance level. The equation representing the simplified model is given in [4]:

  P  V  output (t)    = GHI (t)  × S × P  V  η    (1)

Figure 1. Detailed diagram of the integration module.
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where GHI(t) is the global horizontal irradiation in W/m2, S is the total area for the PV mod-
ules in m2 and PVη is the efficiency of the PV modules.

The PV generator is connected to the system via a DC to AC inverter with maximum power 
point tracking and constant efficiency. The change in efficiency of the inverter depending 
on the input and required output are not considered. The generation of electricity for PV is 
also temperature sensitive and that is also not considered in this project. This however does 
not significantly hamper the system and this simplification has been applied successfully in 
previous works including [4, 9].

The PV system was implemented and simulated using the System Advisor Model (SAM) 
developed and distributed by the National Renewable Energy Lab (NREL) [9]. A detailed 
residential PV model was developed. The PV generator size was chosen to cover our peak 
load requirement of 2.5 kW while being reasonably priced and having a footprint that can 
easily fit on the rooftop of an average-sized house. The SAM simulation, using the GHI 
data for the south side of Tallahassee, provided the expected power production from the 
PV generator for the period of a year. This is shown in Figure 2 along with the expected AC 
production.

2.2. The power and energy management system (PEMS)

The PEMS in the system design serve as control for energy flow and conversion from RES, 
grid and energy storage. It contains the power electronics required to interface the power sys-
tems and the load. The PV generator is connected to the AC bus via an inverter and the energy 
storage device is connected the AC bus via a bi-directional controller as shown if Figure 1. Net 

Figure 2. PV production over the period of 1 year based on SAM simulation [9].
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where GHI(t) is the global horizontal irradiation in W/m2, S is the total area for the PV mod-
ules in m2 and PVη is the efficiency of the PV modules.

The PV generator is connected to the system via a DC to AC inverter with maximum power 
point tracking and constant efficiency. The change in efficiency of the inverter depending 
on the input and required output are not considered. The generation of electricity for PV is 
also temperature sensitive and that is also not considered in this project. This however does 
not significantly hamper the system and this simplification has been applied successfully in 
previous works including [4, 9].

The PV system was implemented and simulated using the System Advisor Model (SAM) 
developed and distributed by the National Renewable Energy Lab (NREL) [9]. A detailed 
residential PV model was developed. The PV generator size was chosen to cover our peak 
load requirement of 2.5 kW while being reasonably priced and having a footprint that can 
easily fit on the rooftop of an average-sized house. The SAM simulation, using the GHI 
data for the south side of Tallahassee, provided the expected power production from the 
PV generator for the period of a year. This is shown in Figure 2 along with the expected AC 
production.

2.2. The power and energy management system (PEMS)

The PEMS in the system design serve as control for energy flow and conversion from RES, 
grid and energy storage. It contains the power electronics required to interface the power sys-
tems and the load. The PV generator is connected to the AC bus via an inverter and the energy 
storage device is connected the AC bus via a bi-directional controller as shown if Figure 1. Net 

Figure 2. PV production over the period of 1 year based on SAM simulation [9].
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metering is in effect to account for excess flow of power to the grid and the meter is smart to 
monitor the power usage of different components. Two DC-DC boost converters and a single 
inverter is use in the power and energy management system. This is due to the differences in 
the output of the PV and the storage device voltage. This PV array converter also function as 
maximum power point tracking (MPPT). The power flow in the circuit is been monitored and 
controlled by the operation mode control logic which is embedded in the PEMS.

2.3. Energy storage devices (ESD)

Energy storage devices plays a vital role in the transition to clean, efficient and reliable 
power source for energy sustainability. In this chapter, lithium ion battery (LIB) is used as 
the ESD. LIBs are highly in demand for portable electrical/electronic devices and commercial 
application. It is currently gaining traction as backup power source for residential. This fol-
lows the lunch of Tesla power wall which consist of lithium ion batteries.

2.4. System load

A typical residential house load is illustrated in Figure 3.

3. RES integration with ESD

The integration of renewable energy source and energy storage devices is growing immensely 
to reduce overdependence on grid power generation. In this section, various mode of inte-
gration principles and operation will be discussed. These modes of operations account for 
different conditions that can affects the RES, ESD and Grid during a 24 hours’ period which 
observes the morning, afternoon, evening and night times.

Figure 3. Residential load for system analysis with hourly resolution.
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3.1. Operation mode of grid-supported PV

This mode of operation topology is showed in Figure 4. The figure describes the cases when 
the PV is generating but not sufficient to power the residential load. The grid is used to sup-
plement the required power for the residential load. The ESD used due to cases of low state of 
charge or off-peak grid price. During this period of off peak grid pricing, the ESD also can be 
charge and not discharge because of the losses due to the round-trip efficiency from the AC 
bus to the battery and back to the AC bus in Figure 1.

3.2. Operation mode of grid and energy storage system-supported PV

The mode of operation describes cases when the PV generation is below the residential load 
requirement and need to supplement with both power from the energy storage and the grid 
before meeting the load required. Figure 5 illustrates this mode of operation.

3.3. Operation mode of energy storage system-supported PV

This mode describes when the PV power is not sufficient to power the load and the ESD is 
available. In this scenario, the load is power by the PV and the ESD. This mainly happens 
during on-peak grid pricing times when the ESD is charged during off-peak grid pricing 
times (Figure 6).

Figure 4. Grid and PV supplying the residential load.

Figure 5. The grid, ESD and PV supplying the residential load.
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application. It is currently gaining traction as backup power source for residential. This fol-
lows the lunch of Tesla power wall which consist of lithium ion batteries.
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A typical residential house load is illustrated in Figure 3.

3. RES integration with ESD

The integration of renewable energy source and energy storage devices is growing immensely 
to reduce overdependence on grid power generation. In this section, various mode of inte-
gration principles and operation will be discussed. These modes of operations account for 
different conditions that can affects the RES, ESD and Grid during a 24 hours’ period which 
observes the morning, afternoon, evening and night times.
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3.1. Operation mode of grid-supported PV

This mode of operation topology is showed in Figure 4. The figure describes the cases when 
the PV is generating but not sufficient to power the residential load. The grid is used to sup-
plement the required power for the residential load. The ESD used due to cases of low state of 
charge or off-peak grid price. During this period of off peak grid pricing, the ESD also can be 
charge and not discharge because of the losses due to the round-trip efficiency from the AC 
bus to the battery and back to the AC bus in Figure 1.

3.2. Operation mode of grid and energy storage system-supported PV

The mode of operation describes cases when the PV generation is below the residential load 
requirement and need to supplement with both power from the energy storage and the grid 
before meeting the load required. Figure 5 illustrates this mode of operation.

3.3. Operation mode of energy storage system-supported PV

This mode describes when the PV power is not sufficient to power the load and the ESD is 
available. In this scenario, the load is power by the PV and the ESD. This mainly happens 
during on-peak grid pricing times when the ESD is charged during off-peak grid pricing 
times (Figure 6).

Figure 4. Grid and PV supplying the residential load.

Figure 5. The grid, ESD and PV supplying the residential load.
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Figure 7. The PV supplying the residential load, grid and charging the ESD.

Figure 8. The grid supplying the residential and charging the ESD.

3.4. Operation mode of PV in peak hours

Figure 7 shows mode 4, this mode of operation generally occurs during the peak hours of PV 
generation. In this scenario, the PV powers the load, charges the ESD and supplies power to 
the grid for credit. The process of supplying power back to grid is called net metering.

3.5. Operation mode of grid

This mode of operation describes cases when the PV is not generating any power. The power 
needed by the load is supplied from the grid. The grid also charges the ESD when the state of 

Figure 6. The PV and ESD supplying the residential load.
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charge is less than the thresh hold (maximum charge). Charging is usually done on off-peak 
grid hours to save cost (Figure 8).

4. Safety issues relating with the integration of RES and ESD

To effectively have a safe and reliable sustainable energy systems. Safety is highly imperative in 
the integration of the RES and ESD. Energy storage devices (ESD) such as lithium ion battery a 
high-performance storage device is used but has a drawback in its safety based on their material 
and chemical composition. Lithium ion batteries are the enabling technology for storage solu-
tions in many applications. A typical Li-ion cell consists; positive electrode, negative electrode, 
electrolyte, and separator. Like all electrochemical batteries, the chemical energy is converted 
into electrical energy. According to the second law of thermodynamics, any conversion between 
two forms of energy occurs with an energy loss. This energy loss increases the temperature of 
the cell, which, negatively, affects the battery life, and possibly exceeds safety limits. The safety 
issues related to Li-ion batteries are caused by abuse conditions which are basically divide 
into electrical, mechanical and environmental, can result in abrupt behavior of the batteries. 
The electrical abuse conditions include, short circuiting and overcharge with an over-charging 
current rate and charging time. The mechanical abuse conditions include crush test, nail pen-
etration test and external heating. These off-nominal operating conditions can lead to critical 
failure of lithium ion batteries. Safety of lithium ion battery has been the technical obstacle for 
high power demand applications in RES and ESD integration, hybrid electric vehicles (HEV) 
and electric vehicles (EV). These abuse conditions can initiate thermal runaway in LIB wherein 
chain exothermic reaction can cause the battery to attain temperature of over >500°C. The major 
response of the cells to the abuse conditions is usually increased in temperature due to decom-
position of the electrolyte, melting of separator which in turn leads to exothermic reaction. Most 
of these responses eventually leads to thermal runaway before resulting into explosion or fire. 
The safety of LIB directly related to the type of material chemistry and their thermal stability.

The unforeseen battery failure potential has created public awareness for battery safety, par-
ticularly because of very large product recalls involving battery failures. Typical battery failure 
response can be energetic and non-energetic. Both energetic and non-energetic failures of Li-ion 
batteries often occur for due to poor cell design (electrochemical or mechanical), cell manufactur-
ing flaws, external abuse of cells (thermal, mechanical, or electrical), poor battery pack design or 
manufacture, poor protection electronics design or manufacture [10]. Thus, Li-ion battery reli-
ability and safety are generally considered a function of the design and manufacturing process. 
Standard performance regulation has been designed to test cell and battery pack designs to pass 
compliance with Underwriter Laboratories (UL), United Nations (UN) organizations standards. 
Failures that occur in the field are seldom related to cell design; rather, they are predominantly the 
result of manufacturing defects or subtle abuse scenarios that result in the development of latent 
cell internal faults. The failure modes can be classified into Energetic and Non-energetic failures.

• Energetic failure: This type of failures often leads to thermal runaway. Thermal runaway 
refers to excessive heating of a cell due to exothermic chemical reaction, this is a major 
occurrence with batteries when abused [10]. During this failure, the energy stored in the 
cell is rapidly removed. The rate of thermal runaway is proportional to the amount of 
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Figure 7. The PV supplying the residential load, grid and charging the ESD.

Figure 8. The grid supplying the residential and charging the ESD.

3.4. Operation mode of PV in peak hours

Figure 7 shows mode 4, this mode of operation generally occurs during the peak hours of PV 
generation. In this scenario, the PV powers the load, charges the ESD and supplies power to 
the grid for credit. The process of supplying power back to grid is called net metering.

3.5. Operation mode of grid

This mode of operation describes cases when the PV is not generating any power. The power 
needed by the load is supplied from the grid. The grid also charges the ESD when the state of 

Figure 6. The PV and ESD supplying the residential load.
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charge is less than the thresh hold (maximum charge). Charging is usually done on off-peak 
grid hours to save cost (Figure 8).

4. Safety issues relating with the integration of RES and ESD

To effectively have a safe and reliable sustainable energy systems. Safety is highly imperative in 
the integration of the RES and ESD. Energy storage devices (ESD) such as lithium ion battery a 
high-performance storage device is used but has a drawback in its safety based on their material 
and chemical composition. Lithium ion batteries are the enabling technology for storage solu-
tions in many applications. A typical Li-ion cell consists; positive electrode, negative electrode, 
electrolyte, and separator. Like all electrochemical batteries, the chemical energy is converted 
into electrical energy. According to the second law of thermodynamics, any conversion between 
two forms of energy occurs with an energy loss. This energy loss increases the temperature of 
the cell, which, negatively, affects the battery life, and possibly exceeds safety limits. The safety 
issues related to Li-ion batteries are caused by abuse conditions which are basically divide 
into electrical, mechanical and environmental, can result in abrupt behavior of the batteries. 
The electrical abuse conditions include, short circuiting and overcharge with an over-charging 
current rate and charging time. The mechanical abuse conditions include crush test, nail pen-
etration test and external heating. These off-nominal operating conditions can lead to critical 
failure of lithium ion batteries. Safety of lithium ion battery has been the technical obstacle for 
high power demand applications in RES and ESD integration, hybrid electric vehicles (HEV) 
and electric vehicles (EV). These abuse conditions can initiate thermal runaway in LIB wherein 
chain exothermic reaction can cause the battery to attain temperature of over >500°C. The major 
response of the cells to the abuse conditions is usually increased in temperature due to decom-
position of the electrolyte, melting of separator which in turn leads to exothermic reaction. Most 
of these responses eventually leads to thermal runaway before resulting into explosion or fire. 
The safety of LIB directly related to the type of material chemistry and their thermal stability.

The unforeseen battery failure potential has created public awareness for battery safety, par-
ticularly because of very large product recalls involving battery failures. Typical battery failure 
response can be energetic and non-energetic. Both energetic and non-energetic failures of Li-ion 
batteries often occur for due to poor cell design (electrochemical or mechanical), cell manufactur-
ing flaws, external abuse of cells (thermal, mechanical, or electrical), poor battery pack design or 
manufacture, poor protection electronics design or manufacture [10]. Thus, Li-ion battery reli-
ability and safety are generally considered a function of the design and manufacturing process. 
Standard performance regulation has been designed to test cell and battery pack designs to pass 
compliance with Underwriter Laboratories (UL), United Nations (UN) organizations standards. 
Failures that occur in the field are seldom related to cell design; rather, they are predominantly the 
result of manufacturing defects or subtle abuse scenarios that result in the development of latent 
cell internal faults. The failure modes can be classified into Energetic and Non-energetic failures.

• Energetic failure: This type of failures often leads to thermal runaway. Thermal runaway 
refers to excessive heating of a cell due to exothermic chemical reaction, this is a major 
occurrence with batteries when abused [10]. During this failure, the energy stored in the 
cell is rapidly removed. The rate of thermal runaway is proportional to the amount of 
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energy stored. The thermal runaway reactions level is also related to the cell content such 
as electrolyte and electrode material chemistry [11].

• Non-Energetic failure: This type of failure mode which is usually considered benign result 
to loss of capacity, internal impedance increase. The ideal lithium ion battery failure mode 
is slow capacity fading and internal impedance increase caused by normal aging of the cells 
within the battery [11].

4.1. Temperature hazard of a lithium ion battery

Temperature is a major hazard response of lithium ion battery when subject to an abuse condition. 
Most lithium ion batteries should operate in temperature range of −10 to 50°C. During low tem-
perature, reactions rate is slower according to Arrhenius law, which also reduce the transfer rate 
of ions and electron and causes reduction in the capacity. Lithium ion batteries at high tempera-
ture, are more vulnerable to high risk of failure than at lower temperature. Major failure response 
resulting in destruction of batteries are due to relatively high temperature. This could be because 
of electrolyte decomposition, melting of separator which in turns leads to thermal runaway after 
exothermal reactions before eventually resulting into explosion and/or fire. Thermal runaway is 
an adverse condition that is caused by a battery charging or other process that produces more 
internal heat than it can dissipate which refers to a situation where an increase in temperature 
changes the condition of the battery that further increases the temperature, often lead to explosion 
and/or fire. The type of abuse condition and the cell chemistry as well as the design affect the cell 
reaction. The onset temperature of the thermal runaway depends on the chemistry of the battery. 
This reaction is sustained by battery’s oxygen content which varies by different cathode materials. 
The occurrence of a cell thermal runaway event depend on factors including; the state of charge 
of a cell (volume of electrical energy stored in the form of chemical potential energy), the ambient 
temperature, the cell electrochemical design (cell chemistry), and the mechanical design of the 
cell (cell size, electrolyte volume, etc.) [12]. The most severe thermal runaway reaction will be 
achieved when the cell is at 100% SOC, or subject to an abuse conditions such as overcharge, short 
circuiting, crushing etc. The following occurs when a cell undergoes thermal runaway;

• Cell internal temperature increases.

• Cell internal pressure increases

• Cell undergoes venting

• Cell content may be ejected.

The general root cause of energetic battery failure is; electrical abuse, mechanical abuse, poor 
electrochemical design and thermal abuse. Each of these failure modes have an impact on the 
environment.

4.2. Thermal characterization of Li-ion battery

The lithium ion battery relatively has large volume with a small surface area which makes 
the extraction of heat from the battery very important. There is an increase in the battery 
temperature if the heat generated is not removed which can lead to thermal runaway. Abuse 
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by overcharge adds energy to the battery due to the input of electric power while in short 
circuit test no energy is added to the cell [13]. This could also affect the amount of energy 
delivered by the battery. To get optimum performance and effectively maximize the battery, 
it is imperative to operate the battery within the specify temperature range by the battery’s 
manufacturer [15]. For instance, the preferred operating temperature for most lithium ion 
battery is −20 to 50°C. The second law of thermodynamics limits the rate of energy conversion 
during charging and discharging, leading to a non-ideal process with energy loss in the form 
of heat [14]. Bernadi et al. [14] classic work, estimates the heat generated from batteries using a 
mathematical model. According to their study, the heat is generated due to four main reasons; 
the irreversible resistive heating, the reversible entropic heat, the heat change of chemical 
side reactions, and heat of mixing due to the generation and relaxation of concentration gra-
dients. The irreversible resistive (ohmic loss) occurs during both charge and discharge when 
the battery current flows through an internal resistance. The irreversible resistive heat occurs 
following the deviation of the battery potential from its equilibrium potential due to internal 
resistances. Therefore, the differences between the terminal voltage and the open circuit volt-
age is converted into heat [15].

The reversible entropic heat is the heat absorbed by the battery itself through a temper-
ature change. Heat generated from the battery can also be determined experimentally 
by methods such as temperature measurements, thermal imaging, and calorimeter. A 
Calorimeter is a device that measures the amount of heat released and/or absorbed during 
a process. Differential Scanning Calorimetry (DSC) provides method of determining ther-
mal stability by an induced heat and the subsequent heat generated by different materials 
is measured.

5. Conclusion

This chapter discussed safe integration of renewable energy with energy storage devices 
which is needed to have a reliable and efficient sustainable energy systems. Proper imple-
mentation of the different modes of operation which considers the working state of RES, ESD 
and grid will immensely reduce the over dependence on grid especially during on peak grid 
pricing. The ever increasing environmental problem will reduce drastically when renewable 
source of power is used with adequate storage capacity for energy sustainability. Improving 
the energy storage device capacity is necessary but also poses safety risk as well because the 
higher the capacity of energy storage device, the higher the safety risk associated with it. 
Therefore, there is need to effectively balance these tradeoffs in order to have both safe and 
high performing systems.
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energy stored. The thermal runaway reactions level is also related to the cell content such 
as electrolyte and electrode material chemistry [11].

• Non-Energetic failure: This type of failure mode which is usually considered benign result 
to loss of capacity, internal impedance increase. The ideal lithium ion battery failure mode 
is slow capacity fading and internal impedance increase caused by normal aging of the cells 
within the battery [11].
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perature, reactions rate is slower according to Arrhenius law, which also reduce the transfer rate 
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ture, are more vulnerable to high risk of failure than at lower temperature. Major failure response 
resulting in destruction of batteries are due to relatively high temperature. This could be because 
of electrolyte decomposition, melting of separator which in turns leads to thermal runaway after 
exothermal reactions before eventually resulting into explosion and/or fire. Thermal runaway is 
an adverse condition that is caused by a battery charging or other process that produces more 
internal heat than it can dissipate which refers to a situation where an increase in temperature 
changes the condition of the battery that further increases the temperature, often lead to explosion 
and/or fire. The type of abuse condition and the cell chemistry as well as the design affect the cell 
reaction. The onset temperature of the thermal runaway depends on the chemistry of the battery. 
This reaction is sustained by battery’s oxygen content which varies by different cathode materials. 
The occurrence of a cell thermal runaway event depend on factors including; the state of charge 
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cell (cell size, electrolyte volume, etc.) [12]. The most severe thermal runaway reaction will be 
achieved when the cell is at 100% SOC, or subject to an abuse conditions such as overcharge, short 
circuiting, crushing etc. The following occurs when a cell undergoes thermal runaway;
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by overcharge adds energy to the battery due to the input of electric power while in short 
circuit test no energy is added to the cell [13]. This could also affect the amount of energy 
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Abstract

Hybrid energy systems are becoming attractive to supply electricity to rural areas in 
all aspects like reliability, sustainability, and environmental concerns, and advances in 
renewable energy technology; especially for communities living far in areas where grid 
extension is difficult so generation of renewable energy resources like solar and wind 
energy to provide reliable power supply with improved system efficiency and signifi-
cant cost reduction is best way. Besides this, the demand for renewable energy source 
in large urban cities is increasing, and their integration to the existing conventional grid 
has become more fascinating challenges. So the future requires stable and reliable inte-
gration of renewable distributed generators to the grid, and the local loads are close to 
distributed generators. Most existing power plants have centralized control system and 
remote power generation site while most renewable power generations are distributed 
and connected to lower or medium voltage networks near the customer. When the power 
demand increases, power failure and energy shortage also increase so the renewable 
energy can be used to provide constant and sustainable power. The chapter will provide 
a complete overview of microgrid system with its complete operation and control.

Keywords: distributed generation (DG), microgrid, grid integration and control, 
renewable energy

1. Introduction

The conventional power network comprises large generating stations with extra high voltage 
links, which connect transmission substations with distribution system for delivering power 
to end users. Therefore, the basic concept in traditional power system is the central controlling 
with unidirectional energy flow for transmitting power to load centers.
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Renewable sources of energy are becoming the most important sources for supplying elec-
trical energy straight to the customer without traditional distribution system, especially for 
communities living far in areas where grid extension is difficult so generation of green sources 
such as photovoltaic (PV) and wind power for providing reliable energy with improved sys-
tem efficiency and significant cost reduction is best way. Therefore, renewable energy sources 
are the most sustainable remedies for producing energy and heat. The main advantages of 
renewable energy sources are the instant availability, less dependence on fossils fuels, low 
cost variation, and no transportation cost with higher economic efficiency [1].

Microgrid is among the new technology that has attracted a great attention; recently, the 
dependency on the centralized power system is changing; and replaced by smaller and more 
distributed generation (DG) located closer to load to meet their requirements effectively and 
heat. That is, everyone is a producer and consumer of energy at the same time; by doing so, 
they became energy independent from the overcharging utility companies. Microgrids are 
not a replacement for traditional utility infrastructure. From the utility viewpoint, the trans-
mission and distribution cost is lowered; reduction in line losses, network congestion, and 
load shedding; improvement in power quality and reliability; and reduction in infrastructure 
investment needs.

Microgrid consists of group of multiple distributed sources with interconnected demands. 
It is operated either in stand-alone mode or grid connected mode [2, 3]. Microgrid can be 
defined as a system or a subsystem, which incorporates single, or multiple sources, controlled 
demands, energy storage systems, security and supervision system. These elements and sub-
systems make microgrid operational in utility integrated or isolated mode. Here, the main 
function of the utility grid is to maintain system frequency and bus voltage by supplying 
deficient power instantly [4]. Microgrid consists of bidirectional connections that means it 
can transmit and receive power from utility grid. Wherever any fault occurred on utility 
grid, microgrid switched to stand-alone mode [5]. Even though, emerging power electronic 
(PE) technologies and digital control systems make possible to build advanced microgrids 
capable to operate independently from the grid and integrating multiple distributed energy 
resources. There are a lot of challenges in integration, control, and operation of microgrid to 
whole distribution system. Microgrid is not designed to handle the large power being fed by 
the utility distribution feeders. Further, the characteristic of large microgrid components pos-
sesses big challenges. The issues related to the integration of microgrid raise the challenges 
to operation and control of main utility grid. Therefore, this chapter deals with the various 
microgrid integration issues faced by the main utility in the practical power system.

2. Microgrid power system

Microgrid system is a configuration of single or multiple renewable energy sources with even 
nonconventional sources as main energy generation source, so that the capacity shortage 
of power from one source will substitute by other available sources to provide sustainable 
power. Additionally, it incorporates energy storage and power electronics circuitry [6]. Some 
of the components produce direct current (DC) power and other alternating current (AC) 
power directly with no use of converter.
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2.1. Microgrid power systems configurations

Microgrid is configured based on the following technical topologies to couple the available renew-
able sources and to meet the required load. Here, voltage and the load demand are the determinant 
factors. According to [6, 7], any power system configurations are grouped in the following forms.

2.1.1. AC/DC-coupled microgrid systems

Different configurations are described in [8, 9] for the microgrid, which contains wind tur-
bine, PV system, a diesel generator, and a battery storage system. Generally, for microgrid 
technological configurations, three established classes are there and are discussed below.

2.1.1.1. Microgrid systems: AC coupled

In this configuration, various renewable sources and the energy storage system are linked at 
the AC bus with the demands. For this type of configuration, two subcategories are available.

2.1.1.1.1. Centralized AC-coupled microgrid

All the elements are linked to the AC bus. AC power producing elements are connected to 
AC line in direct manner or with the help of AC/AC converter, for getting even component 
coupling topology. For controlling the energy flow to the battery and from the battery to the 
load, the master inverter required. Furthermore, DC electricity can be provided from battery 
if needed. Figure 1 depicts centralized AC-coupled hybrid system configuration.

Figure 1. AC-coupled centralized microgrids [10].
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2.1.1.1.2. Decentralized AC-coupled microgrid

In this type of architecture, all the technologies are not connected to any of the bus, rather 
they individually connect to the load directly as shown in Figure 2. The energy sources may 
not be situated in one location or close to one another and they can connect to the load from 
anywhere the renewable resources are available. The merit of such configuration is that the 
power-generating components can install from the location where renewable resource is 
available. But it has a disadvantage due to the difficulty of power control of the system. Thus, 
comparing the two configurations, the centralized system is better due to its controllability 
than the distributed system [6].

2.1.1.2. Microgrid system: DC coupled

In the direct current (DC) combination, all the energy sources are linked to the DC bus prior 
to connect the AC bus as illustrated in Figure 3. All AC power sources are converted to DC 
and then linked to the AC demand by using converter. The merit of DC-coupled topology is 
that the demand is met with no cutoffs. Despite the advantage of this, it has disadvantages of 
low conversion efficiency and no power control of diesel generator. Wind turbine and diesel 
generator produce AC voltage and need AC/DC converter to supply appropriate load to the 

Figure 2. Decentralized AC-coupled microgrids [10].
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DC bus. Charge controller is also employed to protect the deep discharge and over charge of 
the battery. If required, AC load can be supplied using inverter.

2.1.1.3. Microgrid system: mixed coupled

There is a possibility to join AC- and DC-coupled microgrid systems. This type is called 
mixed-coupled microgrid system [8, 9]. In this kind of topology, some renewable are linked 
with battery storage at DC bus, while others are linked with DC at AC bus. Figure 4 presents 
such configuration.

2.1.2. Series/parallel microgrid power system

Microgrid systems are also categorized on the basis of type of supply provided to the demands 
from renewables and diesel generators [6, 11]. Series and parallel hybrid microgrid are the 
two configurations and their detail discussions are given as follows.

2.1.2.1. Series microgrid power system

In this configuration, all the generated DC power supplied to the battery. Therefore, the 
energy produced by the PV, wind, and diesel generator is utilized for charging battery stor-
age. Hence, charge controller is equipped with each component, other than diesel generator. 
Diesel generator is equipped with a rectifier. Afterward, inverter converts the DC power into 
standard AC power and feed to the AC demands. Overcharging of the battery storage by 
PV/wind is prevented by charge controllers. Similarly, deep discharging of the battery bank 
is also prevented by the charge controller. This topology is also called centralized DC bus 

Figure 3. DC-coupled microgrids [10].
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DC bus. Charge controller is also employed to protect the deep discharge and over charge of 
the battery. If required, AC load can be supplied using inverter.
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Figure 3. DC-coupled microgrids [10].
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configuration, because all the sources are linked to DC bus and load is fed through a single 
point. Figure 3 presents series microgrid power system.

2.1.2.2. Parallel microgrid power system

In this type of configuration, a part of supply demand is directly fed by the renewable sources 
and diesel generator directly. This configuration further classified into two subconfigurations: 
DC coupled and AC coupled, which are already discussed in this chapter in previous section.

3. Microgrid structure

It is a distribution network which is supplied through low and medium voltage distribution 
lines. Various self-sufficient and independent distributed energy sources, i.e., PV, wind, fuel 
cell, microhydro, etc., and storage devices such as battery storage, flywheel storage, etc., along 
with demands, are incorporated and grouped inside microgrid structure. Figure 5 presents a 
typical overview of microgrid structure. Different distributed energy sources are integrated in 
microgrids by its corresponding bus bars equipped with power electronics converter. Point of 
common coupling (PCC) is the point where microgrid is connected to the upstream network.

Figure 4. Mixed microgrids [10].
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There are two modes in which microgrid operates. The first one is the grid connected mode 
and another one is the stand-alone mode or islanded mode. In grid interfaced mode of opera-
tion, PCC is closed and microgrid is linked with utility grid. Whenever there is any distur-
bance in utility grid or microgrid, PCC is opened and a microgrid is disconnected to the main 
grid, then the microgrid is operated in stand-alone mode [11].

There are two types of microgrids available. They are AC microgrid and DC microgrid, which 
are depending on distributed sources and demands connected. DC grid has the advantage of 
easier control. Further, it does not require DC-AC or AC-DC converters; therefore, it provides 
lower cost and better efficiency. On the other hand, AC grid has the advantage of full utiliza-
tion of available AC grid technologies but it requires synchronization and stability from the 
reactive power point of view [12]. Figure 6 presents the massive DGs in the power system.

DGs provide sufficient generation to supply all, or mostly loads connected, which is linked to 
the microgrid. While many renewable energy systems (RES) are large scale and are connected 
directly to the transmission system, there are small-scale and interconnected distributed 
energy resources located near consumption points within low-voltage electric distribution to 
achieve efficient and economical requisites. DG should be provided at strategic points in the 
microgrid system. These strategic points may be load centers. So that, these sources provide 
voltage and capacity support, reduce line losses, and improve stability [14].

The renewable energy production is further classified into dispatchable and nondispatchable 
production. Dispatchable production is able to change their power production upon demand 
and by the request of grid operators. They are microhydro and megahydropower, ocean/
marine current power and wave power, geothermal and ocean thermal energy conversion, 
biofuel biomass, etc. [15]. Nondispatchable renewable energy-based generators are wind 

Figure 5. Microgrid power system [10].
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configuration, because all the sources are linked to DC bus and load is fed through a single 
point. Figure 3 presents series microgrid power system.

2.1.2.2. Parallel microgrid power system

In this type of configuration, a part of supply demand is directly fed by the renewable sources 
and diesel generator directly. This configuration further classified into two subconfigurations: 
DC coupled and AC coupled, which are already discussed in this chapter in previous section.

3. Microgrid structure

It is a distribution network which is supplied through low and medium voltage distribution 
lines. Various self-sufficient and independent distributed energy sources, i.e., PV, wind, fuel 
cell, microhydro, etc., and storage devices such as battery storage, flywheel storage, etc., along 
with demands, are incorporated and grouped inside microgrid structure. Figure 5 presents a 
typical overview of microgrid structure. Different distributed energy sources are integrated in 
microgrids by its corresponding bus bars equipped with power electronics converter. Point of 
common coupling (PCC) is the point where microgrid is connected to the upstream network.

Figure 4. Mixed microgrids [10].

Special Topics in Renewable Energy Systems56
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energy and photo voltaic, because wind turbine output depends on the wind speed and solar 
power available by the radiant light and heat of the sun [16].

3.1. Basic microgrid architectures

The assumed simple structure of microgrid network will be radial with several distribution 
feeders from different substations and a collection of loads and energy sources as illustrated 
in Figure 7. The radial power line arrangement is connected to the main utility grid at the 
point of common coupling (PCC) through a separation device, usually a static switch; having 
circuit breaker and a power flow controller for each feeder line [17]. The limited capacity 

Figure 7. Basic microgrid architecture with an MGCC [17].

Figure 6. Massive DGs in the electrical network [13].
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of distribution generators has resulted in the development of several microgrids, which are 
interconnected to each other and operate with or without the main grid.

The overall architecture of a microgrid consists of an LV network on the consumer load side 
(both critical and noncritical loads), both noncontrollable and controllable power generators, 
energy storage units, and a hierarchical energy management. Controlling and monitoring each 
DG and loads and also managing energy system require communication infrastructure to sup-
port the control scheme so that the microgrid central control (MGCC), the center for the hierar-
chical control system, followed sequential low control level, like local controllers (LCs) of loads 
and DGs which exchange information with the MGCC for managing the whole MG operation 
by providing set-points to LCs. The common relevant data in exchange include mainly infor-
mation about MG switch orders that are sent by the MGCC to LC and the sensed voltage/cur-
rent information to MGCC from each local capture; power and frequency reference setting for 
each source and the state charge and discharge of the energy storage, and the protection device 
conditions the system in the case of fault happening to isolate the abnormal zone of the system.

3.2. Integration of microgrid to the main grid

Most of the small-scale DG sources in the load side are integrated at medium or low voltage 
network as low penetration fashion where they are connected as passive systems and they 
are not involving grid voltage controlling, frequency controlling, and stability activities. Still 
in the case of high penetration, the interfaces can be modified to work as active generators so 
that DER can participate in the frequency, voltage, and system stability control activities of the 
grid. Power electronic is used to interfaces between the grid and the renewable power source of 
microgrid so that there are not any negative influences in reliability, stability, and power qual-
ity of the supply after the interconnection DERs to the grid. Numerous components and con-
straints are involved in the integration of DER to the utility grid [18]. The integration of varying 
intermittent renewable sources like solar and wind energy conversion systems to the grid can 
provide a technical relief in the form of reduced losses, reduced network flows, and voltage 
drops. However, there are also several undesirable impacts due to high penetration of these 
variable DERs which include voltage swell, voltage fluctuations, reverse power flow, changes 
in power factor, injection of unwanted harmonics, frequency regulation issues, fault currents, 
and grounding issues and unintentional islanding [18]. Advanced protection system should be 
included in the DG units to disconnect the units in case of fault or unfavorable grid conditions.

Grid integration of distributed renewable sources are classified depending on the resource 
availability, load demand, and existing electrical power system, into three categories namely 
low penetration with existing grid, high penetration with existing grid, and high penetration 
with future smart-microgrid configuration.

3.2.1. Low penetration with existing grid

In low penetrated networks, the distributed generator units are not involving in frequency 
control activities and voltage control activities of the PCC point. Grid operator is responsible 
for managing the overall system stability, and DG operators can send the maximum available 
power to main grid and local loads without major consideration of grid constraints.
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energy and photo voltaic, because wind turbine output depends on the wind speed and solar 
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point of common coupling (PCC) through a separation device, usually a static switch; having 
circuit breaker and a power flow controller for each feeder line [17]. The limited capacity 

Figure 7. Basic microgrid architecture with an MGCC [17].

Figure 6. Massive DGs in the electrical network [13].
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of distribution generators has resulted in the development of several microgrids, which are 
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Grid integration of distributed renewable sources are classified depending on the resource 
availability, load demand, and existing electrical power system, into three categories namely 
low penetration with existing grid, high penetration with existing grid, and high penetration 
with future smart-microgrid configuration.

3.2.1. Low penetration with existing grid

In low penetrated networks, the distributed generator units are not involving in frequency 
control activities and voltage control activities of the PCC point. Grid operator is responsible 
for managing the overall system stability, and DG operators can send the maximum available 
power to main grid and local loads without major consideration of grid constraints.
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The DG operators have to deliver the power based by grid synchronization via PLL systems 
with correct phase sequence. Whenever grid frequency exceeds the allowable limit, the invert-
ers are required to disconnect from the grid. And it operates in power factor (PF) correction 
mode, where PF keeps closer to unity. Most of PV units and wind generators can inject the 
maximum available active power into the grid; most existing voltage source converter (VSC) 
is operating in power factor correction mode (zero reactive power).

The network operators face real problem to when DG sources are connected to low-voltage 
lines since microgrids have dispersed generation units; sizes of the DGs are very small and low 
inertia characteristic, especially frequency deviations. The amount of DG units connecting to 
particular distribution network is limited by the voltage control margins of that distribution 
network; to overcome these challenges, static synchronous compensator (STATCOM), voltage 
source converter (VSC), automatic tap control transformers, and special control mechanism 
are used by operators to control the network voltage.

3.2.2. High penetration with existing grid

When growing the renewable energy source, penetration causes complication in the system 
constraints due to the intermittency of RES; that the percentage of the renewable power 
injected into the existing grid is relatively high as compared to the power assigned to the 
conventional power plant. Therefore, in such type of situation, intermittent power sources 
cannot work as passive generators, but they have to actively participate in grid frequency and 
voltage control activities. In addition to grid synchronization with phase sequence matching 
and protection system, controls and inverters should be more intelligent.

The grid operator cannot transfer the energy to or from main grid in the case of islanded 
power systems with a significant penetration of RES power, so the isolated system has to deal 
with intermittency issue. Since the amount of power delivered considerably effects the grid 
stability, phase-balanced operations and proper VSC inverter connection strategies have to be 
implemented in the system. Voltage control loop can be included in VSC inverters to provide 
the required reactive power to the grid, in this way VSC will intelligently response to the grid 
conditions. On the other hand, inverters have to operate within defined power factor range, 
not unit power factor so that VSC will have the capability to control the grid voltage at the 
PCC point.

3.2.3. High penetration with smart grid concepts

The combination of different renewable energy generation resources (such as microhydro-
power, photovoltaic arrays, geothermal, wind-turbine generators) in a microgrid can be inte-
grating to the grid and increase the penetration of renewable energies to change the whole 
system into a smart grid with advanced technologies. Upcoming smart grid networks will 
provide a real-time, multidirectional flow of energy and information. Smart intelligent equip-
ment with modern digital controls are used in entire electricity grid from central control office 
to end customer levels [18].

However, maintaining the stability and reliability of the network becomes a problem when 
the contribution from DGs is maximizing, then solution may be using smart grid concepts 
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such as microgrids, large-scale energy storage with advanced energy management systems, 
smart homes with demand response management, etc. This will help in better communication 
and coordination between all the participants in the electricity business such as power plant 
operators, network operators, end consumers, and government.

3.3. Microgrid control

Generally, the control system must place at different level of the system and a consistent 
communication between several control units is required since there is a continuous change of 
power production in the DGs and the load demand in fluctuation with time. MG central con-
troller (MGCC) installed at the medium-/low-voltage substation, which has a supervisory task 
of centrally control and managing the MG, integrates with the main grid. The MGCC includes 
several key functions, such as economically managing functions and control functionalities, is 
the head of the hierarchical control systems, and communicates between network operators.

The MG is intended to operate in the following two different operating conditions: the nor-
mal interconnected mode with a distribution network and the emergency mode in islanding 
operation via a central switch, which must also implement the synchronization between both 
power systems.

The typical single-line structure of a microgrid control system is described in Figure 8. It is 
clear that a direct connection of the microgrid LV line to DGRs (PV, wind generator, microtur-
bine) and to the electrical grid network is not possible so power electronic interfaces (DC/AC 
or AC/DC/AC) are required due to the characteristics of the energy produced. Inverter control 
and circuit protection is thus an important concern in MG operation.

Figure 8. The microgrid control architecture [19].
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The DG operators have to deliver the power based by grid synchronization via PLL systems 
with correct phase sequence. Whenever grid frequency exceeds the allowable limit, the invert-
ers are required to disconnect from the grid. And it operates in power factor (PF) correction 
mode, where PF keeps closer to unity. Most of PV units and wind generators can inject the 
maximum available active power into the grid; most existing voltage source converter (VSC) 
is operating in power factor correction mode (zero reactive power).

The network operators face real problem to when DG sources are connected to low-voltage 
lines since microgrids have dispersed generation units; sizes of the DGs are very small and low 
inertia characteristic, especially frequency deviations. The amount of DG units connecting to 
particular distribution network is limited by the voltage control margins of that distribution 
network; to overcome these challenges, static synchronous compensator (STATCOM), voltage 
source converter (VSC), automatic tap control transformers, and special control mechanism 
are used by operators to control the network voltage.

3.2.2. High penetration with existing grid

When growing the renewable energy source, penetration causes complication in the system 
constraints due to the intermittency of RES; that the percentage of the renewable power 
injected into the existing grid is relatively high as compared to the power assigned to the 
conventional power plant. Therefore, in such type of situation, intermittent power sources 
cannot work as passive generators, but they have to actively participate in grid frequency and 
voltage control activities. In addition to grid synchronization with phase sequence matching 
and protection system, controls and inverters should be more intelligent.

The grid operator cannot transfer the energy to or from main grid in the case of islanded 
power systems with a significant penetration of RES power, so the isolated system has to deal 
with intermittency issue. Since the amount of power delivered considerably effects the grid 
stability, phase-balanced operations and proper VSC inverter connection strategies have to be 
implemented in the system. Voltage control loop can be included in VSC inverters to provide 
the required reactive power to the grid, in this way VSC will intelligently response to the grid 
conditions. On the other hand, inverters have to operate within defined power factor range, 
not unit power factor so that VSC will have the capability to control the grid voltage at the 
PCC point.

3.2.3. High penetration with smart grid concepts

The combination of different renewable energy generation resources (such as microhydro-
power, photovoltaic arrays, geothermal, wind-turbine generators) in a microgrid can be inte-
grating to the grid and increase the penetration of renewable energies to change the whole 
system into a smart grid with advanced technologies. Upcoming smart grid networks will 
provide a real-time, multidirectional flow of energy and information. Smart intelligent equip-
ment with modern digital controls are used in entire electricity grid from central control office 
to end customer levels [18].

However, maintaining the stability and reliability of the network becomes a problem when 
the contribution from DGs is maximizing, then solution may be using smart grid concepts 
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such as microgrids, large-scale energy storage with advanced energy management systems, 
smart homes with demand response management, etc. This will help in better communication 
and coordination between all the participants in the electricity business such as power plant 
operators, network operators, end consumers, and government.

3.3. Microgrid control

Generally, the control system must place at different level of the system and a consistent 
communication between several control units is required since there is a continuous change of 
power production in the DGs and the load demand in fluctuation with time. MG central con-
troller (MGCC) installed at the medium-/low-voltage substation, which has a supervisory task 
of centrally control and managing the MG, integrates with the main grid. The MGCC includes 
several key functions, such as economically managing functions and control functionalities, is 
the head of the hierarchical control systems, and communicates between network operators.

The MG is intended to operate in the following two different operating conditions: the nor-
mal interconnected mode with a distribution network and the emergency mode in islanding 
operation via a central switch, which must also implement the synchronization between both 
power systems.

The typical single-line structure of a microgrid control system is described in Figure 8. It is 
clear that a direct connection of the microgrid LV line to DGRs (PV, wind generator, microtur-
bine) and to the electrical grid network is not possible so power electronic interfaces (DC/AC 
or AC/DC/AC) are required due to the characteristics of the energy produced. Inverter control 
and circuit protection is thus an important concern in MG operation.

Figure 8. The microgrid control architecture [19].
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In the microgrid control system, there are main parts including: microsource controllers (MCs) 
on the consumer production side and load controllers (LCs) on the consumer demand side; 
microgrid system central controller (MGCC) on the middle of the main grid; and microgrid 
structures and distribution management system (DMS) in the grid network side.

The different DG sources and energy storage devices are connected to the low feeder lines 
through the micro source controllers (MCs). MC has a function of controlling the power flow 
and bus voltage profile of the microsources according to the load changes or any other dis-
turbances. These feeders are also supplied with several sectionalizing circuit breakers (SCBs) 
which help in isolating a part of the microgrid as needed in case trouble. Power electronics 
interfaces and inverters (AC/DC, AC/AC, DC/AC) are important mean for controlling and 
monitoring the loads using load controllers (LCs).

The overall operation and management in both the modes (isolated and grid-tied) is con-
trolled and coordinated with the help of microsource controllers (MCs) at the local level and 
microgrid system central controller (MGCC) at the global level; there is a point of common 
coupling (PCC) through the circuit breakers (CBs) between the microgrid and the medium 
voltage-level utility grid. The MGCC is responsible for the overall control of microgrid 
operation and protection; like maintaining specified bus voltages and frequency of the entire 
microgrid; energy optimization for the microgrid. On the utility side, there is a distribution 
management systems (DMS) having several feeders including several microgrids; function 
for distribution area management and control.

So there are two parts in control tasks: first one is microgrid-side controller (MC and LC) to 
take the maximum power from the input source, and the protection of input-side converter 
must be considered. Second part is that grid-side controller (MGCC & DMS) which is having 
the following main tasks: (a) input active power control derived for network; (b) control of the 
reactive power transferred between network and microgrid; (c) DC link voltage control; (d) 
synchronization of network; and (e) assurance of power quality injected to the network [20].

3.4. Microgrid protection systems

The protection systems of a microgrid are very challenging since there is bidirectional flow of 
power in the system; in case of bulk power system, power flow is unidirectional. But with DG 
sources, the grid power flow become bidirectional; from both utility substation to microgrid 
energy storage and load or from local DG sources to the main grid or other microgrid, so 
there is a consistent reverse flow of current from maximum energy production to high energy 
consumption.

As a result, the old protection coordination schemes for the safety and stability in grid oper-
ations are no longer functional due to the different ways of the current flow for different 
operations; so innovative protection order is necessary for protecting the grid based on data 
collecting and information sharing to ensure proper operation in a microgrid.

The conventional overcurrent elecromechanical relay cannot sense the fault in the system 
since the fault current is limited and change direction depending upon the location of the 
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fault. Sophisticated automatic protection system operation is essential for safe grid operation 
[20, 21]. Protection strategies can be based on communication, time grading, and other smart 
technologies like using microprocessors.

Differential relays offer perfect for transmission lines. They have many features over distance 
relays. These relays have better sensitivity.

A fast digital communication network is used to command the circuit breakers and protection 
relays from central control unit (MGCC). The digital current differential relays and wide area 
protection (WAP) are reliable and selective for the protection of microgrids when used with 
optical Ethernet-based communication, and wireless communications are also possible [21, 22].

The integration of distributed energy resources (DERs) into microgrid and/or into existing 
distribution systems faces a considerable challenge to existing power system protection. 
When the disturbance occurs in the utility grid system as well as in the microgrid protection 
system, microgrid must respond based on the location of the fault. First, when the disturbance 
happens in the utility grid, the protection has to trip the circuit to disconnect the microgrid 
from the main grid as quickly as possible by a fast semiconductor switch called static switch 
(SS). The other case is when the fault occurs within the microgrid, the protection system iso-
lates the smallest possible zone of the distribution line to eliminate the fault [20].

If any events in the main grid appear, an islanded operating mode can be implemented 
because the electrical system is organized in the form of an MG with an MGCC. The MG 
islanding process may result from an intentional disconnection from the MV grid (due to 
maintenance needs) or from a forced disconnection (due to a fault in the MV network such 
as voltage dips). The disconnection is performed by a static bypass switch opening itself as a 
controllable load or source.

Protection system is one of the major challenges for microgrid which must react to both main grid 
and microgrid faults. The protection system should cut off the microgrid from the main grid as 
rapidly as necessary to protect the microgrid loads for the first case, and for the second case, the 
protection system should isolate the smallest part of the microgrid when clears the fault [23, 24].

4. Conclusion

The integration of microgrids with RES in the current utility grids is the first step toward 
the transition from the conventional power system to smart grid system. The main barrier 
to expand this technology is lack of readiness to change our dependence on the coal and 
oil-driven economy and life style, but the technology has been advancing, the Internet of 
things makes our societies to decide on different life choice. Most of the existing power system 
overall cost is also becoming expensive in the near future; RES technological improvement; 
advancement in energy storage systems can help the new microgrid system based on DG to 
become economically viable to consumer. More penetration of RESs is expected in microgrid 
systems as they are almost pollution-free and thus environment friendly.
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In the microgrid control system, there are main parts including: microsource controllers (MCs) 
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structures and distribution management system (DMS) in the grid network side.

The different DG sources and energy storage devices are connected to the low feeder lines 
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and bus voltage profile of the microsources according to the load changes or any other dis-
turbances. These feeders are also supplied with several sectionalizing circuit breakers (SCBs) 
which help in isolating a part of the microgrid as needed in case trouble. Power electronics 
interfaces and inverters (AC/DC, AC/AC, DC/AC) are important mean for controlling and 
monitoring the loads using load controllers (LCs).

The overall operation and management in both the modes (isolated and grid-tied) is con-
trolled and coordinated with the help of microsource controllers (MCs) at the local level and 
microgrid system central controller (MGCC) at the global level; there is a point of common 
coupling (PCC) through the circuit breakers (CBs) between the microgrid and the medium 
voltage-level utility grid. The MGCC is responsible for the overall control of microgrid 
operation and protection; like maintaining specified bus voltages and frequency of the entire 
microgrid; energy optimization for the microgrid. On the utility side, there is a distribution 
management systems (DMS) having several feeders including several microgrids; function 
for distribution area management and control.

So there are two parts in control tasks: first one is microgrid-side controller (MC and LC) to 
take the maximum power from the input source, and the protection of input-side converter 
must be considered. Second part is that grid-side controller (MGCC & DMS) which is having 
the following main tasks: (a) input active power control derived for network; (b) control of the 
reactive power transferred between network and microgrid; (c) DC link voltage control; (d) 
synchronization of network; and (e) assurance of power quality injected to the network [20].

3.4. Microgrid protection systems

The protection systems of a microgrid are very challenging since there is bidirectional flow of 
power in the system; in case of bulk power system, power flow is unidirectional. But with DG 
sources, the grid power flow become bidirectional; from both utility substation to microgrid 
energy storage and load or from local DG sources to the main grid or other microgrid, so 
there is a consistent reverse flow of current from maximum energy production to high energy 
consumption.

As a result, the old protection coordination schemes for the safety and stability in grid oper-
ations are no longer functional due to the different ways of the current flow for different 
operations; so innovative protection order is necessary for protecting the grid based on data 
collecting and information sharing to ensure proper operation in a microgrid.

The conventional overcurrent elecromechanical relay cannot sense the fault in the system 
since the fault current is limited and change direction depending upon the location of the 
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fault. Sophisticated automatic protection system operation is essential for safe grid operation 
[20, 21]. Protection strategies can be based on communication, time grading, and other smart 
technologies like using microprocessors.

Differential relays offer perfect for transmission lines. They have many features over distance 
relays. These relays have better sensitivity.

A fast digital communication network is used to command the circuit breakers and protection 
relays from central control unit (MGCC). The digital current differential relays and wide area 
protection (WAP) are reliable and selective for the protection of microgrids when used with 
optical Ethernet-based communication, and wireless communications are also possible [21, 22].

The integration of distributed energy resources (DERs) into microgrid and/or into existing 
distribution systems faces a considerable challenge to existing power system protection. 
When the disturbance occurs in the utility grid system as well as in the microgrid protection 
system, microgrid must respond based on the location of the fault. First, when the disturbance 
happens in the utility grid, the protection has to trip the circuit to disconnect the microgrid 
from the main grid as quickly as possible by a fast semiconductor switch called static switch 
(SS). The other case is when the fault occurs within the microgrid, the protection system iso-
lates the smallest possible zone of the distribution line to eliminate the fault [20].

If any events in the main grid appear, an islanded operating mode can be implemented 
because the electrical system is organized in the form of an MG with an MGCC. The MG 
islanding process may result from an intentional disconnection from the MV grid (due to 
maintenance needs) or from a forced disconnection (due to a fault in the MV network such 
as voltage dips). The disconnection is performed by a static bypass switch opening itself as a 
controllable load or source.

Protection system is one of the major challenges for microgrid which must react to both main grid 
and microgrid faults. The protection system should cut off the microgrid from the main grid as 
rapidly as necessary to protect the microgrid loads for the first case, and for the second case, the 
protection system should isolate the smallest part of the microgrid when clears the fault [23, 24].

4. Conclusion

The integration of microgrids with RES in the current utility grids is the first step toward 
the transition from the conventional power system to smart grid system. The main barrier 
to expand this technology is lack of readiness to change our dependence on the coal and 
oil-driven economy and life style, but the technology has been advancing, the Internet of 
things makes our societies to decide on different life choice. Most of the existing power system 
overall cost is also becoming expensive in the near future; RES technological improvement; 
advancement in energy storage systems can help the new microgrid system based on DG to 
become economically viable to consumer. More penetration of RESs is expected in microgrid 
systems as they are almost pollution-free and thus environment friendly.

Microgrid Integration
http://dx.doi.org/10.5772/intechopen.78634

63



Microgrid is well known in North America and Europe and used in those developed coun-
tries; however, there will be positive progress in less developing country to build their elec-
tricity and power infrastructure in a futuristic microgrid and smart grid model, one know that 
there is big financial obstacle and skill gap in those country but if there is the willingness from 
the government to transform their development plan into small-scale microgrid in power and 
heat demand.

In this chapter, the overall structural components of hybrid power system and the major chal-
lenges in the integration of microgrids like control and protection microgrids are presented. 
A significant research and development is required to transform and implement a microgrid 
system.
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Abstract

This chapter present one possible evolution is the parallel topology on the high-voltage 
bus for the renewable energy system. The system is not connected to a chain of photo-
voltaic (PV) modules and the different sources renewable. This evolution retains all the 
advantages of this system, while increasing the level of discretization of the Maximum 
Power Point Tracker (MPPT). So it is no longer a chain of PV modules that works at its 
MPPT but each PV module. In addition, this greater discretization allows a finer control 
and monitoring of operation and a faster detection of defects. The main interest of paral-
lel step-up voltage systems, in this case, lies in the fact that the use of relatively high DC 
voltages is possible in these architectures distributed.

Keywords: renewable energy systems, photovoltaic system, DC-DC step-up converter, 
distributed generator, power line communication

1. Introduction

In a constant effort to improve systems, numerous studies have used to find the best configu-
ration to make photovoltaic systems more performing in terms of robustness and reliability. 
It now appears that systems distributed intelligence associated with distributed converters, 
constitute one of the most promising solutions [1–3]. Also our study will focus on the facili-
ties of small powers that have good potential in terms of evolution. For those whom it con-
cerns the higher power installations, the problems arise in another way. In fact, maintenance 
and production follow-up are provided by specialized teams, which is not always the case 
for small installations. We have also mentioned the possibility of opting for DC bus in the 
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modularity of power generation. It is therefore more simply to consider transpose to small 
installations the modularity that is required in large power plants photovoltaic production.

One possible evolution is the parallel topology on the high-voltage bus shown in Figure 1. 
The system is no longer connected to a chain of PV modules but directly to the output of the 
PV module. This evolution retains all the advantages of this system, while increasing the level 
of discretization of the maximum power point tracking (MPPT). So it is no longer a chain of 
PV modules that works at its MPPT but each PV module. In addition, this larger discretization 
allows finer control of operation and faster fault detection.

The main advantage of parallel systems to step-up in the case that concerns us here is the fact 
that the use of relatively high DC voltages is possible in these distributed architectures, as also 
mentioned in their theses Estibal [2], Cabal [4], and Vighetti [5, 6]. The distributed structure 
is very advantageous both from the point of view of optimization and robustness to defects. 
It is also a modular application that allows for the multiplication and diversification of tech-
nologies, for example the combination of several types of photovoltaic sensors different with 
different renewable sources such as wind, hydraulic, compressed air, biomass.

Figure 1 shows a possible configurational aspect. This is a DC voltage bus that can reach 
1 kV. All panel-converter elements are connected in parallel “dubbing” on this bus. The 

Figure 1. Diagram of a parallel structure on a continuous high-voltage bus.
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phenomena of susceptibility to electromagnetic impulses (IEM) of lightning strikes on the 
DC bus are minimized by the use of twisted or very close cables, presenting only very small 
surfaces exposed to magnetic fields. Note the need for proper monitoring to avoid islanding. 
The downstream inverter does not manage the control of the overall MPP, as each panel is 
managed locally optimally. The case where several inverters are connected in parallel, for a 
question of power, does not change the question of control. The use of a high voltage makes it 
possible to envisage a reduction in the section of the cables, which constitutes a material gain 
in copper (or aluminum if necessary). The high voltage principle can be applied for voltages up 
to more than 1 kV. Some studies plan to push the limits to 8 kV [7], especially for the transport 
of energy produced by wind turbines. Raising the tension of a panel has many advantages. 
Without wishing to list them all, and at the risk of quoting the announcements of manufactur-
ers present in this niche, we will retain some of the most remarkable aspects, namely:

• The constant output voltage of the converters makes it possible to directly attack an inverter.

• The resistances of the connectors are less critical at low currents.

• Contact quality problems are minimized by the use of high voltage. It is possible to use 
smaller cable sections as voltage is increased, resulting in a saving of copper (or aluminum).

• It is possible to use a DC voltage at the output of the converter.

• DC-DC risers are remotely controllable and are compatible with power line communica-
tion (PLC).

• The converters can locally provide the MPPT, which eliminates this feature of the inverter.

On the other hand a certain number of problems are inherent to the high tensions:

• Continuous high voltages present significant risks in terms of fire, which imposes a suit-
able security device.

• The insulation must be neat.

• A single inverter is inefficient when the powers to be converted are low.

This system using a high-voltage DC bus will allow, with appropriate adaptation, the sup-
ply of energy from several sources such as photovoltaic, wind, etc. to the output inverter. 
Although this technique was described many years ago, the generation of high DC voltages 
with good efficiency is not easy especially for DC-DC inverters with an output voltage greater 
than 10 times the voltage input.

1.1. Serial converter connection

The galvanic isolation of the output allows several DC-DC converters to be connected in series 
by simply connecting the positive output of one converter to the negative input of the other 
(Figure 2). In this way, non-standard voltage rails can be generated, however, the output cur-
rent of the high voltage converter should not be exceeded. If the required output voltage 
of a converter is greater than the nominal voltage of the next converter, the outputs of both 
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DC bus are minimized by the use of twisted or very close cables, presenting only very small 
surfaces exposed to magnetic fields. Note the need for proper monitoring to avoid islanding. 
The downstream inverter does not manage the control of the overall MPP, as each panel is 
managed locally optimally. The case where several inverters are connected in parallel, for a 
question of power, does not change the question of control. The use of a high voltage makes it 
possible to envisage a reduction in the section of the cables, which constitutes a material gain 
in copper (or aluminum if necessary). The high voltage principle can be applied for voltages up 
to more than 1 kV. Some studies plan to push the limits to 8 kV [7], especially for the transport 
of energy produced by wind turbines. Raising the tension of a panel has many advantages. 
Without wishing to list them all, and at the risk of quoting the announcements of manufactur-
ers present in this niche, we will retain some of the most remarkable aspects, namely:

• The constant output voltage of the converters makes it possible to directly attack an inverter.

• The resistances of the connectors are less critical at low currents.

• Contact quality problems are minimized by the use of high voltage. It is possible to use 
smaller cable sections as voltage is increased, resulting in a saving of copper (or aluminum).

• It is possible to use a DC voltage at the output of the converter.

• DC-DC risers are remotely controllable and are compatible with power line communica-
tion (PLC).

• The converters can locally provide the MPPT, which eliminates this feature of the inverter.

On the other hand a certain number of problems are inherent to the high tensions:

• Continuous high voltages present significant risks in terms of fire, which imposes a suit-
able security device.

• The insulation must be neat.

• A single inverter is inefficient when the powers to be converted are low.

This system using a high-voltage DC bus will allow, with appropriate adaptation, the sup-
ply of energy from several sources such as photovoltaic, wind, etc. to the output inverter. 
Although this technique was described many years ago, the generation of high DC voltages 
with good efficiency is not easy especially for DC-DC inverters with an output voltage greater 
than 10 times the voltage input.

1.1. Serial converter connection

The galvanic isolation of the output allows several DC-DC converters to be connected in series 
by simply connecting the positive output of one converter to the negative input of the other 
(Figure 2). In this way, non-standard voltage rails can be generated, however, the output cur-
rent of the high voltage converter should not be exceeded. If the required output voltage 
of a converter is greater than the nominal voltage of the next converter, the outputs of both 
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converters can be connected in series in order to reach the desired output voltage. It is recom-
mended that two converters of the same model be used for this application. The high isolation 
of the converter outputs allows multiple converters to be connected in series by simply con-
necting the positive output of one converter to the negative terminal of the other as shown in 
Figure 2 [8, 9]. For this series mounting, the designer must also ensure that the total output 
voltage does not exceed the output breakdown voltage of the output for each converter.

When the converters are connected in series, additional external filtering is strongly recom-
mended because the converter switching circuits are not synchronized. It is possible that there 
is a phase summation of the ripple voltages of the two converters resulting in relatively high 
beat frequencies.

1.2. Connecting converters in parallel

In power augmentation applications, DC-DC converters are often connected in parallel 
(Figure 3) to form a more robust power distribution system and produce higher currents. This 
distribution mode is commonly used for applications requiring high currents. The voltages 
can also be very low, for example in the case of a microprocessor supply. Compared with a 
single high-power converter, paralleling allows, by a homogeneous distribution of power, to 
reduce the stress endured by semiconductors and thus to improve reliability, robustness and 
service life conversion stage. This structure also provides a degree of freedom, in terms of 
flexibility and modularity, compared to a conventional converter.

The energy transfer converters cannot have exactly the same electrical characteristics, because 
of a dispersion of characteristics on the electronic components constituting them and a slight 
difference of connections. In operation, this causes a natural imbalance on the distribution of 
currents between each converter. Thus, the probability that one or more converters operate 
with an excess of current compared to others is great. This phenomenon results in significant 
thermal stress in the most stressed semiconductors, so the robustness, reliability and service 

Figure 2. Serial connection of converters: (a) serial inputs and outputs, (b) parallel inputs and serial outputs.
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life of the system are reduced, canceling the initial advantages of the structure. In order to 
remedy this problem and to guarantee a homogeneous distribution of the current and there-
fore of the power, current regulation is indispensable in these parallel structures [10].

1.3. Cascading converter connection

Theoretically, the voltage gains of an inductively accumulating DC-DC converter tend to 
infinity for a unit duty cycle. In reality, this gain is limited by the series resistances of the 
components (inductances and capacitors) [11, 12]. This gain cannot, or difficulty, exceed 5 for 
a high duty cycle. The specifications impose a voltage gain of around 25. A simple DC-DC 
boost converter cannot achieve this gain. To obtain this voltage gain, it is necessary to use a 
cascading arrangement (Figure 4).

After introducing renewable energy resources for conversion into electricity, we have exam-
ined in this chapter the parallel structures of high voltage DC voltage booster converters for 
the optimization of energy transfer management renewable sources by power line communi-
cation (PLC). The different structures were presented considering the possibility of improving 
the efficiency of the system. This system has the advantage of communication between smart 
converters in the energy transfer process. The study of the modalities of this communication 
is the subject of this chapter.

Figure 3. Connecting converters in parallel.

Figure 4. Connection of converters in cascade.
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2. Distributed architecture for energy management and supervision 
of the HVDC bus by PLC

Investing and exploiting electricity distribution networks generated from renewable energy 
sources such as solar, wind, ocean waves, biomass … is a technological development to 
improve efficiency and stability. of all switching systems and power supply. With this afford-
able power distribution architecture, Smart Grid integration is a new option to optimize the 
output of each power source. This approach requires the addition in the system of intra and 
inter-communication tools with a central controller. A technical solution is power line com-
munication (PLC) using the existing power line infrastructure for communication purposes. 
This new management capability improves performance and stability throughout the energy 
transfer process. In recent years, new energy supply concepts have been introduced. One of 
them newly introduced in renewable energy systems are smart grid concepts [13–15]. In addi-
tion, nowadays power-engineering field is facing huge challenges since the growing interest 
in intermittent renewable energies impose a whole new paradigm of operation. The use of 
these resources must be properly implemented to ensure safe, effective, autonomous and 
sustainable operations. At the same time, distributed energy sources are connected to each 
other to form a smart grid to provide adequate and reliable energy. Distance determination 
is made to provide energy for electricity used. Many of the energy sources in this proposal 
are of a continuous type and can be transformed before performing DC-AC transformations. 
With strong incentives for green energy, availability and advances in storage technology, the 
power generation in this smart grid proposal applies not only to distribution networks with 
coal or gas and burning, but also an incentive for anyone who wants to produce their own 
electricity. Data transmission is also required in the proposed Smart Grid concept based on 
the high voltage DC distribution system HVDC from renewable sources. The data transmis-
sion is necessary for the necessary functionalities and applications that will be integrated 
in the system, for example for the monitoring of the parallel DC-DC converter with power 
failure management and protection. For this reason, PLC is a possible alternative.

A possible answer to these challenges may be the solution proposed in Figure 1. In this figure 
presented in the above section, a power system consisting of various sources such as solar cells 
with different technologies, wind turbines and the system or any other dc power source inter-
connected by a high-voltage direct current DC storage bus compressed air energy (CAES); A 
regional power plant is composed of many small generators for internal lines, and a low cost 
overall structure [16, 17]. This structure shows the power on the HVDC line emitted from 
high-performance DC-DC converters. In the AC distribution network, a large DC-AC con-
verter communicates between the HVDC and the AC network. Therefore, the HVDC system 
is designed to replace the traditional medium-voltage (MV) branch of the overhead line and 
distribute low-voltage AC by the HVDC distribution system. In this distribution network, the 
MPPT should be integrated in each DC-DC converter. In addition, these MPPTs optimize per-
formance from each source, and the overall performance of the MPPT increases with respect 
to the central structure. In industry, the distribution and production systems of DC and HVDC 
are widely used and developed to replace AC power to DC. Moreover, there is an advantage 
of DC voltages for smart grids that do not need to be synchronized for decentralization.
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In AC systems combined with intermediate HVDC lines, the quality of alternating current 
decreases at the output of the transmitter. This can be improved by reducing the number of 
branches of the MV grid and reducing the length of the line. Overhead lines can be replaced by 
underground low voltage cables. This has directly led to a decrease in the amount of defects 
generally occurring in MV networks. As a result, the quality and reliability of the distribution 
grid is improved and economic losses due to increased power quality are reduced. The HVDC 
bus with the configuration of the communication system is proposed when communication 
is made with the PLC. Therefore, the structure and configuration of the HVDC grid is related 
to a specific physical geographic area. This will bring restrictions to the controller, such as the 
reliability of the communication chain, the PLC loop is inserted. In addition, the inverters in 
the bus generate harmonics and interference on the transmission channel. All of these, along 
with some of the features that are implemented in the content grid to determine the boundary 
conditions and minimum requirements for PLCs. Thus, we can summarize that the main objec-
tives of the development of distribution systems and continue for smart grids are the profit-
ability and reliability of electricity distribution. Ubiquitous communication plays a key role in 
smart grids and HVDC concept presents a new approach for smart grid implementation [18].

The parallel modular structure topology shown in Figure 5. This structure is no longer con-
nected to a chain of PV modules but directly to the output of the PV module. This evolution 
retains all the advantages of the “row” structure, while increasing the level of discretization 
of the MPPT. So it is no longer a chain of PV modules that works at its MPPT but each PV 
module. A productivity gain is therefore to be expected with respect to the “row” structure. In 
addition, this larger discretization enables finer monitoring and faster fault detection.

With medium and larger systems, it may indeed be advantageous to carry out MPPT initially 
by a DC-DC converter for each PV chain. Their outputs are connected to a DC bus, from 
which the synchronous inversion gate is made by a central inverter. If the nominal voltage of 
this DC bus is standardized, there is the possibility of integrating other generator sets (such 
as modular hydraulic systems or small wind turbines) as well. Figure 6 illustrates the general 
concept of such a system.

Figure 5. The main diagram circuit of a photovoltaic plane operating according to the mentioned method.
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which the synchronous inversion gate is made by a central inverter. If the nominal voltage of 
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As shown in Figure 6, there are normally several DC-DC converters connected to the DC bus 
on the side of the generator, while the grid side of a central inverter goes on to power on the 
grid of electricity. The inverter should take exactly the amount of power from the DC bus that 
is fully supplied to the side of the generator.

Different operating states occur when the system starts up or when more power is available 
on the side of the inverter generator is capable of processing. How are these operating condi-
tions managed? The requirements of stability, forgivingness, independent manufacturer com-
patibility and simple system design, can hardly be met by a digital bus system and a central 
control unit. The different operating conditions are rather to be detected by each component 
involved in an autonomous way. The necessary information will be extracted from the evalu-
ation of the voltage level of the actual DC bus. Figure 6 shows the operation of the ranges 
defined for this purpose.

The main hard point of this structure is the great ratio of elevation between the output volt-
age of the PV module types, different generators and the voltage required for the injection 
on the distribution HVDC bus. Indeed, for a non-isolated DC-DC converter the higher the 
elevation ratio the greater the losses. When this ratio is too important (>8 in general), it is 
necessary to use isolated structures or cascades of converters. In this case, the necessary 
elevation ratio is close to 10, which limits the efficiency of the DC-DC converter and penal-
izes this topology.

Figure 6. The general concept of a distributed electric power generation system.
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One of the main advantages of the HVDC system is the rapid controllability of the transmit-
ted power. The power control in the HVDC system is based on current or voltage control, 
while minimizing losses in the DC line, it is important to maintain a constant voltage and 
establish the desired current on the DC line. The line from the rectifier to the inverter in order 
to obtain the desired power flowing in the DC line by varying the voltage at the converters. 
This method is important for voltage regulation in HVDC system to meet the examination of 
the optimal use of insulation and as we have noticed that the voltage drop in the DC line is 
reduced compared to AC the line due to the lack of reactive voltage drop.

Monitoring the transmission of energy with MPPT from separate renewable sources reliable, 
safer, more efficient and save. However, the installed consumers, the peak electricity demand 
would be so great that beyond the 3 kW power of an electrical system. The practical limit for 
the renewable energy transmission system is high that its output voltage to the inverter is 
generally low, beyond which the diameter of the wire becomes too large and cumbersome to 
handle. For a 60 V system, 50 amps implies power consumption almost 3 kW, it is obvious that 
a higher source voltage is needed to meet future demand on 3 kW. Without exceeding the limit 
of 50 amperes, 400 V is used. 400 V has been internationally agreed upon the maximum volt-
age that can be used safely in a conventional vehicle system without additional protection and 
also a 400 V system is capable of providing up to 19 kW without exceeding the current limit 
of 50 A of the wires. The general structure of a 400VDC power system is shown in Figure 7.

We present simple hardware of distributed architecture based on technical and performance 
requirements, proposed PLC architecture for HVDC currents. Commercial LC techniques 
and characteristic signaling methods are used. HVDC network links are recommended and 
evaluated by meeting the requirements set for that application. The distance between the 
mesh elements is evaluated by theoretical analysis and the actual data transfer test. Based on 
the DC-DC optimizer incorporates interface transformations, a PLC-based network architec-
ture for HVDC line systems to meet all of these requirements. Note that a self-test step can 
also be added to the optimizer, but only the new PLC enhancements described in this section, 
the power conversion features, with their MPPT algorithms.

Figure 7. Offer PLC system on the HVDC bus.
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PLC systems are installed in HVDC lines using clean inter-wafer circuits, used for insulation and 
impedance between the DC-DC converter and the power grid. It is possible to view PLC systems 
as an additional part of each converter, without modifying its basic structure. Nevertheless, 
the two main steps are driven by a common microcontroller peripheral interface (PIC) control-
ler assuming both the controller’s master–slave tracking and control functions. This system is 
required for communication in small and medium power systems, such as remote reading, fire/
fire alarm control and shutdown. The system is designed with a digital modulator [19] to reduce 
the workload of the main controller of the DC-DC-PLC converter. These are two independent 
steps and a single control output reduces the cost of the entire system significantly.

3. PLC system design on the HVDC bus

Renewable system manufacturers’ energy products increasingly differentiate their products 
by providing more sophisticated and inventive features such as safety, stability, control, 
comfort, convenience and performance. However, the use of these applications requires high 
volume data exchange and a reliable data communication network to enable efficient and 
efficient control over electronic devices. On the other hand, conventional infrastructure sys-
tems and distributed decentralized power generation systems transmit on high voltage lines, 
the PLC system does not affect the quality of energy transmission of the system. In addition, 
the nodes of the PLC slaves will be integrated in the DC-DC converter corresponding to each 
generator. Therefore, the design of the PLC system on the high voltage line is the simple, 
economical and reliable signal transmission.

In order to simplify and standardize the electrical system of the renewable energy generators 
on the HVDC bus, a number of communication standards and protocols have been proposed. 
Most communication systems on the HVDC bus are modified based on existing commercial 
communication technologies to meet the HVDC bus automation requirements such as high 
stability and error correction capability. In general, almost all networks for the HVDC bus are 
digital networks because of its high stability in terms of noise protection and error correction 
capability. From distributed architecture to decentralized renewable energy sources on high-
voltage direct current transmission lines, we proposed to use Modbus protocol to implement 
the PLC system that we are designing. The Modbus protocol will be benthic in the next section.

3.1. Proposed DC power bus communication system

The basic idea of a power line communication system on the HVDC bus is to establish data 
communication on the DC line without installing additional wires. The simplified circuit of a 
PLC line carrier network is shown in Figure 8.

Figure 8 demonstrates a simplified conventional circuit of injection of a sinusoidal wave 
or rectangle carrier signal to a DC power line with separation. Node 1 and the slave node 
and the master node are both in-line carrier communication transceivers which consist of a 
power amplifier for signal transmission on the HVDC bus. In this figure, Vconver is the volt-
age of the DC-DC converter, Rconver is the output resistance of the DC-DC converter, Vhvdc is 
the voltage of the DC high voltage line, Vline is the inverter input voltage, Rline is the input 
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resistance of the inverter, the signals on the line are the sine or rectangle to be injected into 
the power supply line and is amplified by a power amplifier. The transceiver output stage 
consists of an amplifier and a PLC interface signal circuit. DC carrier communication is a 
communication technology that makes use of the internal resistance of the power source and 
the parasitic components of the power cables and loads. The internal resistance of the power 
source is a designation factor of the performance of the communication from the power 
source is usually the component connected to the power line to the lowest impedance, the 
bulk of the power of the emitted signal would be dissipated to the power source. When node 
1 is about to transmit a signal to the master node through the DC power line, the transited 
signal would first be amplified by the amplifier. The amplifier is usually a power amplifier 
to provide the signal power is appropriate because of the low impedance characteristic of 
the DC power line.

The transmitted signal moves through the cables of the DC line and is attenuated along the 
cables, a large percentage of the signal power is fresh at the impedance and parasitic compo-
nents of the power line. By current the power line, the transmitted signal is attenuated and is 

Figure 8. The general configuration of the renewable energy generator of transmission by DC-DC converters on the 
HVDC bus communication system with communication nodes.
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resistance of the inverter, the signals on the line are the sine or rectangle to be injected into 
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1 is about to transmit a signal to the master node through the DC power line, the transited 
signal would first be amplified by the amplifier. The amplifier is usually a power amplifier 
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Figure 8. The general configuration of the renewable energy generator of transmission by DC-DC converters on the 
HVDC bus communication system with communication nodes.
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sometimes distorted depending on the conditions of cable length and load of the power sys-
tem. Upon reception, the detector reconstructs the deformed signal and filters the noise. The 
signal transmitted by the PLC slave node (1 − n) via the DC power line is then regenerated. 
Figure 9 shows the simplified master–slave circuit PLC for using an amplifier to transmit the 
carrier signal to an HVDC bus.

3.2. Simple line current (PLC) on the HVDC bus

The basic operating principle of the proposed bearer transmitter was discussed. To facilitate 
“real” communication of dc line carrier data, other than the carrier signal transmitter, the 
system should consist of a dc line, at least one signal transmitter and a receiver signal, which 
is a simplex communication system. The simplified system design of DC simplex carrier com-
munication using the proposed in line carrier transmitter is illustrated in Figure 10.

The function of the circuit shown in Figure 9 is to transmit a data stream from the transmitter 
side to the receiver side, which is a very simple communication system that the data flows 
only in one direction, starting from the transmitter to the receiver. On the data stream is sent to 
the transmitter, it is coded, amplitude modulated and finally transmitted to the power supply 
network using the proposed carrier transmitter. Traveling through the power wire, the carrier 
signal is decoupled via a decoupling circuit at the receiver and demodulated in the original 
data stream. A simplex data transmission is then complete. The rate of the data system is set 
using 1 kbps ASK (amplitude shift keying) modulation [20]. ASK’s help in the system is due 
to its simple modulation and demodulation processes. We have proposed a simple PLC, that 
the sender and the receiver are the same interface circuit so that other than the resistance and 

Figure 9. The carrier signal transmission circuit to an HVDC bus using an amplifier: (a) simplified PLC slave circuit; (b) 
simplified CPL master circuit.
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parasitic components of HVDC bus cables are not influencing that can be neglected. The resis-
tors R1, R2 and Rcharge are three purely resistive loads connected to the HVDC bus.

To facilitate communication on the HVDC bus, the internal resistance of the DC power source 
(in this case the DC-DC converter) must exist from the converter is normally the component 
that carries the lowest impedance connected to the power line, most of the signal power deliv-
ered by the transmitter would be dissipated by the source into the DC-DC converter rather 
than distributed to receivers on the power line. This problem is important in communications 
on the DC system with a heavy load as the internal resistance is usually low in high voltage 
converter. To solve the problem, an inductance (this inductance Ls seen in Figure 11) can be 
added between the converter and the HVDC bus to increase the efficiency of the impedance of 
the DC-DC converter; therefore, the decrease in signal power dissipates to the converter. The 
value of the inductance is necessarily to optimize the value, a core inductor with a few tens of 
mH inductance is sufficient to increase the impedance of the converter.

The simulation circuit is shown in Figure 12. It is a DC simplex carrier communication system 
with a signal transmitter and a receiver. The system is powered by a 400 V converter, which 
is made up of 400 V Vhvdc voltage source with a very low internal resistance so the jump. Since 
the resistor and parasitic inductance exist in virtually the cables and the transmitter and the 
signal receiver are always set apart along the power cable R2 are added to simulate the basic 
characteristic components of the cables. Since in practical power systems, the state of charge 
can be very complicated and unpredictable, to make the simulation simple, it is assumed that 
the resistor Rcharge is the only load connected to the net of power with the filter capacitor C1 
connected in parallel. The operating principles and design considerations for a 400VDC net 
power communication system with multiple loads would be discussed in the last sections.

The simulation results are obtained using Pspice, which presents accurate models of the 
two passive and active components such as diodes and MOSFET transistors. The simulation 
describes how a digital signal flow is modulated in amplitude and transmitted on DC net 
power using the transmitter and the proposed support receiver in the steady state. Carrier 

Figure 10. Diagram of the DC carrier communication system proposal with simple communication.
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parasitic components of HVDC bus cables are not influencing that can be neglected. The resis-
tors R1, R2 and Rcharge are three purely resistive loads connected to the HVDC bus.
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added between the converter and the HVDC bus to increase the efficiency of the impedance of 
the DC-DC converter; therefore, the decrease in signal power dissipates to the converter. The 
value of the inductance is necessarily to optimize the value, a core inductor with a few tens of 
mH inductance is sufficient to increase the impedance of the converter.

The simulation circuit is shown in Figure 12. It is a DC simplex carrier communication system 
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is made up of 400 V Vhvdc voltage source with a very low internal resistance so the jump. Since 
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Figure 12. Simulation circuit of a simple communication system on the 400 V bus.

signal detection, demodulation, and error handling are not included in the simulation because 
these operations are performed by the program stored in the microcontroller. Figure 13(a) 
illustrates the waveform of the original data stream and the corresponding waveform of the 
amplitude modulated signal on the HVDC bus. In the simulation, the original data stream 
is implemented using a programmable logic pulse source “0” and “1” logic are represented 
by 0 and 5 V respectively. Since the transmitter circuit is only active when data transmission 
is required, in the simulation, the transmitter is off when the input signal is at zero volts. 
Figure 13(b) shows the ripple voltage of the HVDC bus during the transition to change 
the amplitude modulation. The transition time from logical state “1” to logical “0” is 10 μs. 
Figure 13(c) and (d) represents the voltage waveform of the inductor L2 and the drain of the 
MOSFET transistor M1 is compared to the original digital signal modulation.

The voltage regenerated by the current sensing circuit as a function of the filter capacitance 
current is shown in Figure 14(a). Figure 14(d) shows the final output voltage of the entire 
receiver circuit. The output of the reception circuit is a series of rectangular pulses, where the 
time interval is equal to the modulation amplitude of the carrier signal; it is not yet demodu-
lated since the signal demodulation and decoding tasks are performed by the microcontroller. 

Figure 11. Schematic of the interface solutions in the PLC transmitting stage.
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According to Figures 13(d) and 14(d) in the figure, the control signal of the MOSFET transis-
tor M1 is compared to the output signal of the receiver circuit. It is observed that the original 
data stream is successfully modulated, transmitted through 400VDC net power using the 
proposed transmitter and retrieved using the proposed receiver.

In the simulation, the signal modulator consists of a similar behavior model, the gain stages 
and limiters are implemented by ideal components. Since these elements practically do not 
exist, to verify the performance of the proposed net power DC communication system, an 
experimental device was built with the parameters indicated: the carrier frequency 50 kHz, 
the amplitude modulation at “0” equal to 0 V amplitude, the amplitude modulation at “1” 
equals the amplitude ±5 V, and the resistance of the HVDC bus equal to 10.

Figure 13. Simulation results at the transmitter: (a) PIC 16f876A microcontroller modulated signal, (b) 400V HVDC bus 
signal, (c) Signal curve at transformer inductance Lp2 also katot diode, (d) Amplified signal at drain MOSFET.

Architecture Parallel for the Renewable Energy System
http://dx.doi.org/10.5772/intechopen.78346

81



Figure 12. Simulation circuit of a simple communication system on the 400 V bus.

signal detection, demodulation, and error handling are not included in the simulation because 
these operations are performed by the program stored in the microcontroller. Figure 13(a) 
illustrates the waveform of the original data stream and the corresponding waveform of the 
amplitude modulated signal on the HVDC bus. In the simulation, the original data stream 
is implemented using a programmable logic pulse source “0” and “1” logic are represented 
by 0 and 5 V respectively. Since the transmitter circuit is only active when data transmission 
is required, in the simulation, the transmitter is off when the input signal is at zero volts. 
Figure 13(b) shows the ripple voltage of the HVDC bus during the transition to change 
the amplitude modulation. The transition time from logical state “1” to logical “0” is 10 μs. 
Figure 13(c) and (d) represents the voltage waveform of the inductor L2 and the drain of the 
MOSFET transistor M1 is compared to the original digital signal modulation.

The voltage regenerated by the current sensing circuit as a function of the filter capacitance 
current is shown in Figure 14(a). Figure 14(d) shows the final output voltage of the entire 
receiver circuit. The output of the reception circuit is a series of rectangular pulses, where the 
time interval is equal to the modulation amplitude of the carrier signal; it is not yet demodu-
lated since the signal demodulation and decoding tasks are performed by the microcontroller. 

Figure 11. Schematic of the interface solutions in the PLC transmitting stage.

Special Topics in Renewable Energy Systems80

According to Figures 13(d) and 14(d) in the figure, the control signal of the MOSFET transis-
tor M1 is compared to the output signal of the receiver circuit. It is observed that the original 
data stream is successfully modulated, transmitted through 400VDC net power using the 
proposed transmitter and retrieved using the proposed receiver.

In the simulation, the signal modulator consists of a similar behavior model, the gain stages 
and limiters are implemented by ideal components. Since these elements practically do not 
exist, to verify the performance of the proposed net power DC communication system, an 
experimental device was built with the parameters indicated: the carrier frequency 50 kHz, 
the amplitude modulation at “0” equal to 0 V amplitude, the amplitude modulation at “1” 
equals the amplitude ±5 V, and the resistance of the HVDC bus equal to 10.

Figure 13. Simulation results at the transmitter: (a) PIC 16f876A microcontroller modulated signal, (b) 400V HVDC bus 
signal, (c) Signal curve at transformer inductance Lp2 also katot diode, (d) Amplified signal at drain MOSFET.

Architecture Parallel for the Renewable Energy System
http://dx.doi.org/10.5772/intechopen.78346

81



Figure 14. Simulation results at the receiver: (a) signal curve at the low band filtering circuit R1, C1, (b) input signal at the 
base of transistor Q1, (c) amplified signal at the collector of transistor Q1, (d) output signal A/D conversion.

The configuration of the experimental device is analogous to the circuit shown in Figure 12 
while the transmitter is controlled by a microcontroller and the output of the receive circuit 
is connected to a microcontroller for signal detection. In order to have a simple operating 
environment, a 400VDC net power communication system with a single resistive 10 Ohm bus 
is developed. The experimental results are shown in Figures 15 and 16.

In Figure 16(a), the 400VDC net power signal is generated by a microcontroller with the pro-
posed signal transmitter. The original data is modulated by the transmitter and transmitted to 

Special Topics in Renewable Energy Systems82

the power supply in the form of voltage ripple, it can be seen that the original data is success-
fully regenerated by the receiver. The receiver output the demodulated signal after the whole 
packet is received with some delay. In the figures, we find that the experimental results show 
a good agreement with the initial forecast.

A power line communication system design for 400 V DC net power is presented in this sec-
tion. The system is essentially a combination of communication system and power distribu-
tion system when the communication means is integrated into the power cables. In order to 
simplify the wiring structure and minimize the amount of system cables, the system structure 
is designed to be a bus network that the main power cable is pre-installed in the HVDC bus. 
The simulation results show that the data communication on a low impedance DC net power 
is achievable with the carrier signal transmitter and the proposed receiver. The main circuit 
of the transmitter is essentially a split-second converter with the input and output terminal 
connected together and operates in switching mode to achieve a high signal transmission 
efficiency. Being controlled by a microcontroller, the carrier transmitter is able to amplitude 

Figure 15. (a) Oscilloscope curves in model tests: yellow modulated signal with microcontroller of the transmitter and 
violet output signal of the receiver; (b) RS232 low data signal, positive logic: yellow TX/RC6 signal and purple RX/RC7 
microcontroller signal.

Figure 16. Curves obtained at the oscilloscope: (a) yellow signal curve transmitted on the line and blue output signal 
curve on the receiver filtering stage; (b) young Lp2 inductance signal and emitter drain signal M1.
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modulate and transmit a 1 kbps data stream to the power wire. Because the carrier signal trav-
els through the power supply in the form of a ripple current that is filtered by the HVDC bus 
filter capacitors, to facilitate signal reception, the receiver is designed to be a coupler. Current 
that obtains the carrier signal from the current of the filter capacitors. The receiver behaves 
like a simple voltage converter current that converts the signal into sinusoidal coupled cur-
rent pulses, where the period of the pulse sequence carries the fundamental frequencies of 
the modulation amplitudes. Signal demodulation and decoding processes are performed by 
the microcontroller with the program in the code. Practical implementation of the proposed 
DC net power communication is discussed. The simplicity of the proposed DC power net 
communication system, it is not only suitable for HVDC bus.

The approach chosen for the renewable energy generator, we have developed a PLC HVDC 
system based on two types of circuits for a slave circuit interface PLC dedicated to the indi-
vidual optimizers, 2 a master PLC circuit, that is, the interface with the central management 
controller. Such a concept is shown in the Figure 17.

As a result of these prototypes, the experimental results were obtained even when the 
transmission module is plugged into the 150 m mains socket from the receiving module, 
Figures 18 and 19. The identification codes of the device sent on the line are correctly 
received and identified. by their slaves and corresponding devices. However, the circuit 
shows pick up stray electronic noise in the transmitter-receiver interface circuit of the PLC 

Figure 17. Diagram of master–slave HVDC PLC systems.

Figure 18. Slave PLC 1 (green signal) and 2 (blue signal) receiver data.
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on the HVDC bus. Thus, in the work in progress, the filter circuits must be modified to have 
high selectivity, which can be improved by increasing the order of the filter or replacing the 
passive with an active filter. The problem we are discussing has reeling cores self from PLC 
master of system.

4. Conclusion

In this chapter we have presented the new developments of dedicated communication system 
for distributed renewable energy generators. The work involved starts from the definition 
of constraints to be considered for this specific application to the full realization and testing 
of prototypes in real conditions. This electronic development is based on the hardware and 
software implementation of the slave and master modules of a power line communication 
(PLC) communication systems using the high voltage DC bus connecting all the converters 
of each DC-DC of the energy generator. The communication protocol used here is the widely 
accepted Modbus protocol. The communication has been successfully tested and is able to 
receive and transmit data without error on an experimental long bus. The system works as 
expected and has been tested to be showing a good response in a noise free environment. 
After this first realization proving the validity of our choices, work in progress focuses on the 
improvement of filtering circuits to increase the signal to noise ratio allowing a better selectiv-
ity in the information transmitted and detected.
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