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Abstract The term “environmental biotechnology” has been coined to describe the
use of biological systems, ranging from bacteria to plants, to achieve environmental
remediation, pollution prevention, detection, and monitoring of contaminants, and
more recently transformingwaste to produce energy, biopolymers, and other benefits.
Latin-American countries have a privileged location to develop ingenious and sus-
tainable alternatives in environmental biotechnology. An advantage to do innovation
in tropics is their biodiversity. Useful compounds can be produced in laboratory
settings and/or full-scale operations. However, waste (solid, liquid, or gaseous)
released into natural and confined (end of pipes) environments are normally mixtures
of different chemical compounds and often microorganisms are part of this waste.
Waste valorization can conduce to obtain more rentable by-products in bioremedia-
tion. To conduct the bioremediation join to valorization, many processes need to be
implemented. Coupled biological processes can increase the efficiency and value to
end products. In this chapter, different alternatives to valorize organic wastes under
the anaerobic digestion-based biorefinery concept were reviewed. Advantages and
challenges of developing countries to use environmental biotechnology and to solve
waste problems were also analyzed.
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9.1 Introduction

Anaerobic digestion (AD) is defined as a biological process that converts organic
matter into biogas (energy) and nutrient-rich digestate. This process can be seen as a
promising alternative for agro-industrial waste management with low environmental
impact, and opportunities for value recovering in a simple, economic, and profitable
fashion. However, AD does not guarantee a completely safe environmental treat-
ment for products generated in the process (i.e., biogas, solid digestate, and liquid
effluent).

The biogas, which is a gas mixture mainly composed of methane (40–70%), has a
greenhouse effect equivalent to twenty-five times carbon dioxide effect whether it is
emitted directly into the atmosphere (Sawatdeenarunat et al. 2016). Ideally, methane
can be used in the process of thermal utilization (e.g., lighting, heating, power
generation, etc). Otherwise, burnt it would be an option. Alternatively, biogas
might be converted into methanol, which is the source of many high-value industrial
chemicals (e.g., anhydride, ethylene, polyols, and other aromatic compounds), under
the concept of anaerobic biorefinery (Sawatdeenarunat et al. 2016).

On the other hand, there is a liquid effluent with different amounts of organic
matter that depends on the efficiency of AD. This liquid effluent could promote
eutrophication in soils and water bodies where is poured. High concentration of
nutrients, such as nitrogen, phosphorus, and potassium can be commonly found in
liquid effluents that may promote eutrophication. Environmental issues related to
ferti-irrigation require regulations and careful handling. Within the safe handling of
anaerobic effluents, the use as fertilizer and/or amendment is commonly suggested.
In the situation that mentioned uses are not possible, processes of nutrient removal
can be considered.

Finally, AD plants generate large amounts of solid digestate that need to be
utilized or disposed in an environmental friendly fashion since this matter can be
source of contamination due to nutrient runoff (Vasco-Correa et al. 2018). This
stream mainly consists of suspended solids and undigested residues. The composi-
tion of solid residues varies depending on the substrate type and operating condi-
tions. High concentration of nutrients useful for fertilization can be found.
Nevertheless, the concentration of pathogens is the major problem related to this
stream. Since AD does not guarantee the elimination of pathogens, the digestate may
be converted into the source of contamination for crops that can affect food safety.
From this viewpoint, the digestate should be sanitized before its use as fertilizer.

In view of the above, when AD is coupled to other processes, not only the risk of
environmental contamination is decreased but also opportunities for recovery and
products of added value are generated. This ultimately contributes to the process of
sustainability. In this chapter, the current state of AD is presented. In addition, a brief
description of compatible technologies with AD and possible models for the inte-
gration of processes are included. Thus, a wide variety of high-value bio-based
energy and products via biorefinery approach are described. Finally, challenges and
perspectives for products of added value around the AD process are considered.
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9.2 Current State of Anaerobic Digestion

9.2.1 Worldwide State

Countries that have the greatest AD technology establishment, contexts in which
those technologies are used, offering of anaerobic technologies, offering of compat-
ible processes with AD, information from reputable suppliers, and recommended
coupling systems are included herein. Additionally, regulations and/or norms from
developed countries are considered.

Biogas production has shown a fluctuating behavior over time. It gained a great
acceptation in the first half of the twentieth century, followed by a decreasing trend
after the 1950s due to the low price of fossil fuels and their accessibility. With the
energy crisis in the 1970s, biogas obtained importance as renewable energy. None-
theless, the high cost of digesters, issues related to design, lack of knowledge, and
the inability for proper management were responsible for affecting its growing
establishment (Vasco-Correa et al. 2018).

Anaerobic digestion (AD) is a promising biotechnology to convert organic sub-
strates such as high solid feedstocks (animal manure, food wastes, municipal solid
wastes, and lignocellulosic biomass), municipal and industrial wastewater to biogas
while stabilizing waste (Sawatdeenarunat et al. 2016; Vasco-Correa et al. 2018). The
establishment of AD worldwide varies enormously, from small-scale household
digesters in developing countries to large farm-scale or centralized digesters in
developed countries. Differences in the implementation of this technology are
mainly related to a complex set of conditions that include economic and environ-
mental implications, stimulus from polices and incentives in agricultural systems,
waste management and renewable energy production (Vasco-Correa et al. 2018).

Over 14,000 commercial AD plants operate in Europe while 9000 plants only
work in Germany (Sawatdeenarunat et al. 2016). Europe is a leader in AD technol-
ogy and its implementation is driven by the establishment of strict environmental
regulations for waste disposal (Vasco-Correa et al. 2018). Asia accounts for the
largest amount of digesters installed, but most of them are small-scale household
digesters used in rural areas for cooking and lighting. China has more than 43 million
digesters, and India has about 4.7 million units. The USA, on the other hand, has
about 2200 operational AD plants with growing interest in this technology (Vasco-
Correa et al. 2018; Serfass 2017).

Two models of digesters are commonly used in Europe; the centralized or joint
systems, and the farm-scale digesters. Denmark, for instance, is a pioneer in the
development of the first type of digesters with capacities up to 8000 m3. About
150 biogas plants, containing 20 centralized AD systems, are known in this country.
Farm-scale plants have capacities from 200 to 1200 m3, and they are usually located
in swine farms that co-digest animal manure from 1 to 3 farms with agricultural
residues and other organic matter. Germany excels with this sort of plants; about
9000 units and great interest to increase the number of these units are highlighted
(Vasco-Correa et al. 2018; Wilkinson 2011). The USA has 247 farm-scale anaerobic
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digesters, 1269 wastewater treatment plants, 39 industrial AD plants, 645 plants at
landfills, and potential for about 13,500 new biogas systems (Serfass 2017). Canada
has about 100 biogas plans and various initiatives to reinforce the use of this
technology (Vasco-Correa et al. 2018).

Among the renewable energy sources, biomass is used in developing countries.
Biomass (e.g., firewood, crop residues, and cattle dung) is considered as a primary
energy source for heating and cooking. In developed countries, the use of biogas for
combined heat and power generation or transportation fuels is well established
(Sawatdeenarunat et al. 2016). Nonetheless, biogas production alone may not be
economically competitive due to the volatility of market and price index of fossil
fuels, leading to explore alternative products and to adopt other approaches like the
biorefinery concept. Many studies have discussed about this topic, but limited
studies focused on anaerobic biorefinery have been reported (Sawatdeenarunat
et al. 2016; Hagman et al. 2018; MacLellan et al. 2013; Surendra et al. 2015).

9.2.2 Latin America Landscape

In this section, the relationship between AD and agricultural vocation of Latin
America countries is included. As well as, regulations and/or norms in these
countries are taking into account.

In overall, the application of waste-to-energy (WtE) technologies used to manage
and treat organic residues have been developed and implemented in Latin America
and Caribbean countries. However, a lot of effort is still needed to significantly
contribute and generate impact in the region. Household organic wastes, forest, and
agricultural residues, for example, should be seriously recognized as valuable
sources of energy since most of them are largely unused (Silva-Martínez and
Sanches-Pereira 2018).

As early mentioned, Asia and other developing regions such as Latin America are
focused on the use of small-scale digesters (Garfí et al. 2011, 2016, 2019); most
household units with capacities between 2 and 10 m3 are usually located in rural
areas. Among the most common digesters used, the following types can be found:
Chinese fixed dome digester, Indian floating drum digester, and tube digester. These
designs do not have mechanical mixing and heating systems (Vasco-Correa et al.
2018). The latter digester has successfully treated agricultural manure since 1980
when the first plastic tubular digester was introduced in Colombia (Silva-Martínez
and Sanches-Pereira 2018; Garfí et al. 2019). In Latin America and Caribbean
countries, the first small-scale biodigesters were installed in the 1970s. Most coun-
tries in the region implemented this technology for the following decade, and the
process had major interest in the 1990s and early in the twenty-first century (Silva-
Martínez and Sanches-Pereira 2018).

In countries like Colombia, Mexico, Nicaragua, Caribbean Islands, and Central
America (i.e., Costa Rica and Honduras), AD technology has been implemented,
and it has also adapted to harsh weather conditions (e.g., Bolivia, Peru, Chile,
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Ecuador, and Argentina). Brazil has registered the use of “Sertajeno” digester type
based on the Indian model, but it was abandoned for operational problems. In
Caribbean countries, the AD technology was introduced by “Deutsch Gesellshaftfur
Technische Zusammenarbeit,” a German organization (Silva-Martínez and Sanches-
Pereira 2018).

Government programs and/or nonprofit international organizations (e.g., Stichting
Nederlandse Vrijwilligers-SNV founded in the Netherlands) have supported the
implementation of national biogas systems in Latin America (Vasco-Correa et al.
2018). In rural areas of Central and South America, for instance, more small-scale
digesters (e.g., tube plastic digesters) have been developed and implemented (Vasco-
Correa et al. 2018; Silva-Martínez and Sanches-Pereira 2018; Garfí et al. 2011, 2016,
2019; Cutz et al. 2016). Additionally, the Network for Biodigesters in Latin America
and the Caribbean (RedBioLAC) was created in 2009 with the purpose of sharing
information and to support this technology (Vasco-Correa et al. 2018; Silva-Martínez
and Sanches-Pereira 2018).

Although AD has received less attention, Latin America can benefit from small-
scale digesters. Successful implementation has been reported in the last few years for
heating and cooking purposes. Interestingly, AD for wastewater treatment has oper-
ated for several decades. However, the biogas is not fully used. Mexico has tried to
develop projects and to use biogas for energy production (Vasco-Correa et al. 2018).
Interest in large-scale biodigesters and second-generation biofuels is gaining ground
in the region, seeking out their development and implementation (Silva-Martínez and
Sanches-Pereira 2018).

Large-scale anaerobic digesters have not been widely implemented for various
reasons. Among these, the following can be mentioned: Related costs, system
technical complexity, and maintenance demand. Argentina, Chile, and Brazil, on
the other hand, have implemented Continuous Stirred Tank Reactors (CSTR),
Upflow Anaerobic Sludge Blanket (UASB), and cover lagoons (Silva-Martínez
and Sanches-Pereira 2018). Some reports indicate the construction of large-scale
plants in Puerto Rico (Voegele 2018).

9.3 Bioprospecting in Tropical Countries

Several alternatives for valorization of organic wastes are biological processes,
therefore it is fundamental to have microbial resources in a sustainable way for
their implementation. In this sense, it is interesting to consider the potentialities of
bioprospecting in tropical countries characterized by their wide biodiversity, espe-
cially (Bull et al. 2000; Sanabria 2014).

The use of pure cultures has allowed researchers to know microorganisms in
detail, and to control their harmful effects and use them for beneficial applications
(i.e., pharmaceutical medicine and disease control) (Bull et al. 2000). Bioremedia-
tion has ever used microbial communities capable of transforming pollutants into
less environmentally harmful chemical compounds (Sanabria 2014). Lately, when
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combining the need to control pollution and the use of pure cultures, several pieces
of research have aimed at searching for useful and specific microorganisms from
consortia, focusing on media enrichment. This method consists in successively
passing a group of organisms to the same culture media, decreasing the population
to gain a pure culture from a single colony. However, when comparing the number
of microorganisms and the applications derived from them, the number of results
seems out of proportion. This might be related to the chemical complexity of the
pollutants and the limited understanding of the ecological relationships between the
species involved.

Furthermore, in the case of Latin America and especially Colombia, there is an
actual challenge in microbiology and biotechnology laboratories for design, acqui-
sition, and operation of special devices such as reactors. The directed prospection
strategy, in continuous or semicontinuous systems, differs in that microorganisms
are never taken out of the bioreactor, in such a way that the consortia obtained is the
same product of the continuous feed. For this condition, the supplied media must be
continuously adjusted to obtain the desired metabolic outcome. This strategy allows
the expansion of the microbial diversity range, and to find microorganisms and
combined biochemical processes adapted to the stressful conditions of residues.
Thus, they can generate products with high-added value. One of the biggest chal-
lenges toward the transformation of wastes is their complexity due to the conver-
gence of organic and inorganic pollutants.

Consortia design can be used as separation strategy, focusing on one or more
reactors and coupled processes. In the process, it is possible to obtain pure cultures of
microorganisms that have been previously described as non-cultivable (Hu et al.
2013). The use of mixed cultures and low-cost substrates such as waste can reduce
the production cost, which may generate an actual interest in decreasing the impact
of pollutant discharge. Recent studies have shown that cellular content of PHA in
mixed cultures from activated sludge can achieve 67 and 78.5% of its dry cell weight
(Liu et al. 2011; Serafim et al. 2004), such values flanking those obtained with pure
cultures using high-cost raw material.

Mixed Culture Biotechnology (MCB) was firstly defined by Kleerebezem and
Loosdrecht (2007). With the use of undefined mixed cultures, process development
in MCB can only be based on natural/ecological selection by manipulating the
operation of the bioprocess or varying the source of the natural inoculum which is
useful for the transformation of substrates into valuable products. This combination
of approaches has been used to improve the production of bio-based fuels,
chemicals, and materials.

In this approach, energy flows and stoichiometry play an important role
(Rodríguez et al. 2006), and genetic changes will no longer be needed (Agapakis
et al. 2012). The success of consortia is represented in the naturally established
biodiversity and temperature. Surely, if tropical countries possessing the largest
diversity on the planet (many of them in conditions of delayed development)
could indeed take advantage of this, they will have better options for competitiveness
and development.
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9.3.1 Processes That Can Be Coupled to Anaerobic Digestion

In this section, the main concepts and current state of technologies that can be
coupled to AD for treatment and valorization of the different effluents are described.
Alternatives with added value through obtaining of energy, chemical, and materials
are included.

9.3.1.1 Biogas

Biogas Upgrading The presence of hydrogen sulfide (H2S) in biogas due to the
digestion of sulfur-rich substrates can be detrimental to combined heat and power
units. Higher concentrations than 250 ppm are worrying. Thus, the hydrogen sulfide
and other impurities such as CO2, ammonia, moisture, and particulates should be
removed prior to the use of biogas, achieving greater methane content than 95%.

Upgrading processes at commercial-scale plants have been applied (e.g., pressure
swing adsorption, water pressure absorption, alkaline absorption, biological filtra-
tion, micro-aeration). However, associated costs and economic benefits must be
addressed.

Compression and Liquefaction Among the possible uses of the upgraded biogas,
energy production (i.e., heat, electricity, or mechanic work) and biogas injection into
a natural gas distribution grid can be mentioned. In these processes, the biogas
pressure must be increased (Morini et al. 2009), which (including upgrading process)
consumes about 20% of the energy contained in raw biogas (Budzianowski et al.
2017).

The natural gas infrastructure might be used for biogas compression. However,
some problems can emerge due to the different physical properties of gasses. The
surge, for instance, is one of the main problems detected in biogas compression. It is
known as compressor instability and is characterized by the time variation of
pressure ratio and mass flow rate, which affects the compressor operating range,
performance, and reliability. Experimental and modeling strategies have been pro-
posed to study compressor instabilities and to set up devices that avoid compressor
operation beyond the surge line (Morini et al. 2009).

The conversion of biogas in liquefied natural biogas (bio-LNG) can be seen as
other interesting option. High energy density, in comparison to compressed biogas,
guarantees similar ranges to those values obtained with diesel oil (Baccioli et al.
2018).

The liquefaction technology for small-scale systems is recently available in the
market but is characterized by an elevated specific energy consumption (0.7 kWh/
Stm3). This highly increases the electric demand of the plant and generates new
opportunities in system management (Baccioli et al. 2018). Nonetheless, it is an
attractive energy vector with volumes about 600 times less than natural gas volumes
at standard conditions, making easy to store and ship (Pasini et al. 2019). Several types
of refrigeration cycles can be implemented, but the reverse Joule-Brayton cycle could
be the most promising technology for small-scale systems (Baccioli et al. 2018).
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Heat and Power Generation Biogas was initially considered as nuisance because
of the odor problems and methane emissions. Flaring has always been a cheap and
simple solution. For years, biogas has been intentionally produced from biosolids to
generate energy in the form of heat and power. Biogas can be converted into CNG
through five steps. After each step, the biogas can be used against a high energy
efficiency and/or high energy value. The first step is to dry the gas, making it suitable
for simple boilers, for instance. The next step is desulphurization, followed by
siloxane removal. After this stage, the gas can be used in a CHP or used to produce
electricity at the highest efficiency with gas turbines. In a subsequent step, CO2 can
be removed from the biogas, resulting in almost pure methane with the same quality
of natural gas. This gas can be injected into a local gas grid after increasing its
calorific value with propane. Finally, the gas can be pressurized to 220 bar, allowing
to use it as vehicle fuel and being substitute for CNG.

Combined Heat and Power (CHP) is a highly fuel-efficient energy technology, in
which usable heat and energy (usually electricity) are simultaneously generated in a
single stage. In this process, the excess of heat produced during the conversion of
thermal energy into electricity is captured and let available for use. In such a way,
CHP can increase the overall efficiency of fuel use up to 89% compared to 55% for
the best conventional electricity generation (Coolkeeragh 2007). Most new CHP
schemes use natural gas, but a significant portion is dual fuel, and it can burn
alternative and renewable fuels, such as biofuels or biogas.

Methane Reforming It is an important industrial process for H2 and/or syngas
production. Fossil natural gas is the main source of methane for the reforming
process. However, biomethane might be a renewable option for supplying this
demand. Methane reforming can be conducted through three ways (Julio and
Barbosa 2013):

(a) Steam methane reforming. Almost half of the world’s hydrogen demand is
produced through the steam methane reforming process (Ewan and Allen
2005), which requires high temperatures (800–900 �C) and pressures
(15–30 bar). In this process, two reactions are performed:

CH4 þ H2O $ COþ 3H2 ð9:1Þ
COþ H2O $ CO2 þ H2 ð9:2Þ

The reactor output includes H2, CO, CO2, H2O, and non-reacted CH4.
(b) Dry methane reforming. This process has the advantage of consuming both CH4

and CO2 (two intensive greenhouse gasses) by the following reaction:

CH4 þ CO2 $ 2COþ 2H2 ð9:3Þ

Chemical promoters (i.e., Mg, K, and other alkali compounds) are used with
catalysts in order to avoid coke formation.
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(c) Partial catalytic methane oxidation. In this process, an amount of O2 under
stoichiometric ratio is used, allowing the partial oxidation of methane and the
production of CO and H2. The following reaction is carried out:

CH4 þ 1=2O2 $ COþ 2H2 ð9:4Þ

When the process is not controlled, the increase of oxygen may lead to the total
oxidation of methane, producing CO2 and H2O as shown by the following
reaction:

CH4 þ 2O2 $ CO2 þ 2H2O ð9:5Þ

The above reaction is not desirable since it does not produce H2. However,
the released heat may be used as energy source for steam reforming in a coupled
configuration based on the following reaction:

2CH4 þ H2Oþ 1=2O2 $ 2COþ 5H2 ð9:6Þ

This process is named autothermal reforming.

Biological Processes Biological conversion of methane to methanol using
methanotrophic bacteria is a promising alternative since the whole process takes
place at ambient pressure and temperature. Large amounts of energy are not required
as compared to the thermochemical processes (Ghaz-Jahanian et al. 2018). Other
value-added products such as lactic acid, succinic acid, carotenoids, and fatty acids
may be obtained by the biological conversion of methane using engineered micro-
organisms (e.g., methanotrophs, ammonia-oxidizing bacteria, and acetogens)
(Hwang et al. 2018; Ge et al. 2014).

9.3.1.2 Liquid Effluent

Valorization of Volatile Fatty Acids (VFAs) In addition to biogas, AD may
produce other intermediary and valuable products such as solvents and volatile
fatty acids (VFAs), which can be marketed along with methane (Dogan et al.
2009). Moreover, the conversion of organic solid wastes into VFAs can be achieved
by the acidogenic step within the AD process. The VFAs can be extracted and turned
into valuable products such as methyl or ethyl esters for commercial purposes.

Among the main VFAs produced as a result of hydrolysis and acidification of the
OFMSW, acetic acid and butyric acid can be found. As well as, ethanol as the main
alcohol is obtained. These variations of by-products formation from acidification
depend on the nature of feed and pH variations in the reactor. The pH has been
considered as the most important parameter affecting product formation and product
spectrum in the acidogenesis phase (Dogan et al. 2009).
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Acidogenesis pathways using glucose as substrate can be seen in the Eqs. (9.7–
9.10). It is clear that pH and hydrogen partial pressure could determine the choice of
acidogenesis pathway. Firstly, ethanol-type acidogenesis is chosen at low operating
pH for reducing VFAs production so as to avoid further pH decrease. Secondly,
since the ethanol-type acidogenesis does not produce hydrogen, the acidogenesis
pathway will shift to ethanol-type from acetic and butyric acid-type in order to avoid
further increasing hydrogen partial pressure (Li et al. 2011). This shift easily occurs
when pH is lower than 5.7 (Gottwald and Gottschalk 1985).

C6H12O6 þ 2H2O ! 2CH3COOHþ 2CO2 þ 4H2 ð9:7Þ
C6H12O6 þ H2O ! CH3 CH2ð Þ2COOHþ 2CO2 þ 2H2 ð9:8Þ

C6H12O6 þ 2H2 ! 2CH3CH2COOHþ 2H2O ð9:9Þ
C6H12O6 ! 2CH3CH2OHþ 2CO2 ð9:10Þ

A study on mesophilic acidogenesis of protein-rich organic wastes revealed that
VFAs were dominant products compared to lactic acid and alcohols. Among all
VFA products, acetic and butyric acid accounted for 30–50% and 25–40% of VFA
carbon, respectively; followed by propionic acid (10–15%), iso-valeric acid
(10–15%), caproic acid (5–10%), and iso-butyric acid (3–6%) (Lü et al. 2008).

A liquid stream rich in VFAs can be effectively used as carbon source to remove
nutrients in a biological nutrient removal (BNR) process. Producing a liquid with
high VFAs concentration can also be desirable if the goal is, for example, to feed
microbial fuel cells for direct bioelectricity generation. Likewise, the production of
butanol as clean fuel could soon be of great interest since this alcohol has better
energetic properties compared to ethanol. Its production and that of other solvents
can also be triggered by a combination of high carboxylic acid concentrations,
especially butyric and low pH values (Hüsemann and Papoutsakis 1988).

Algal Production Effluents from AD plants that treat nitrogen-rich substrates (e.g.,
swine and poultry manure) are rich in nutrients such as nitrogen and phosphorus
(Magrí et al. 2017). However, further treatment is needed prior to their disposal to
the environment. Alternatively, this nutrient-rich source can be incorporated into an
algal production system, providing biomass used for biofuel production (e.g.,
biodiesel, biomethane, biohydrogen), animal feed, and so on (Sawatdeenarunat
et al. 2016; Hagman et al. 2018). Algal bioenergy seems to have a promising future
as solution to the global energy crisis and climate change. Algal biomass for
bioenergy and biomaterial production offers some benefits, such as no competition
with food crops for land or fresh water resources (Daroch et al. 2013), and great
potential as AD feedstock in a recycling operation (Hagman et al. 2018).

Nutrient Valorization as Fertilizer Phosphorus as struvite (MgNH4PO4) can be
obtained from anaerobically digested animal manure. This compound has a great
potential as biofertilizer (Sawatdeenarunat et al. 2016; Hagman et al. 2018). Large
amounts of dairy manure and the global interest in AD of such organic matter
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suggest an important market for the production of struvite (Tao et al. 2016). The
technical and economic feasibility of recovering nutrients through precipitation of
struvite from wastewater treatment plants has been reported (Sawatdeenarunat et al.
2016; Hagman et al. 2018; Shu et al. 2006). Struvite crystals can be directly land-
applied for crop cultivation. Among the advantages of its use as solid fertilizer, the
following can be mentioned: easy application, low transportation cost, reduced
bulky storage, avoided odor, and pathogen contamination issues (Tao et al. 2016).

9.3.1.3 Solid Digestate

Products from AD can vary according to the substrate characteristics. Digestate fiber,
for instance, is obtained when lignocellulosic substrates are used. Substrates of
nonfibrous nature (e.g., manure, domestic or industrial wastewater) generate
digestate sludge which has potential as fertilizer. However, the pathogen content
in such stream can limit that use, suggesting a subsequent disinfection step.

Disinfection Solar energy represents a promising alternative for the disinfection of
water used for human consumption (Sanabria et al. 2005). This treatment may be
applicable to sludges obtained from AD. The Research Group of Advanced Oxida-
tion Processes for Chemical and Biological Treatments from the Universidad del
Valle-Colombia, for example, has made important efforts to inactivate E. coli
through homogeneous (Sambusiti et al. 2016) and heterogeneous (Arancon et al.
2013) catalytic operations that include the use of sun radiation as energy source.

Saccharification When lignocellulosic substrates are processed in AD, the biomass
size and hemicellulose content are mainly reduced, resulting in an accumulation of
cellulose and lignin (Sambusiti et al. 2016). This action destabilizes the recalcitrant
biomass structure, allowing cellulose solubilization and glucose production in
downstream processes (e.g., saccharification). However, even if amorphous cellu-
lose is a suitable substrate for fermentation, digested fibers still present recalcitrant
physicochemical characteristics (i.e., cellulose crystallinity, and lignin content) that
negatively influence their enzymatic/microbial accessibility for further conversions
(Sambusiti et al. 2016). From these observations, it is suggested to perform pre-
treatments (physical and/or chemical) followed by saccharification (chemical or
enzymatic).

Cellulose can be used as an initial substrate to synthesize cellulose derivatives
such as cellulose esters (e.g., cellulose nitrate, cellulose acetate), which are needed to
produce optical media, filtration membranes, food and medical purposes. Cellulose
ethers such as methylhydroxyethyl cellulose and carboxymethyl cellulose are com-
monly used as building materials and milk stabilizers, respectively (Surendra et al.
2015).

Composting Composting is a common and mature biological technology mainly
used to stabilize organic waste and to convert such matter into compost for recovery.
Notwithstanding, this compost is a relatively low-value product (Sawatdeenarunat
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et al. 2016; Arancon et al. 2013). This technology has been considered as option for
recycling the surplus of manure in livestock production systems, offering stabilized
and sanitized end products for agriculture (Bernal et al. 2009).

Within this aerobic biological degradation technology, organic matter is
processed to produce a stabilized material that no longer consumes oxygen or
generates toxic metabolites (O’Callaghan 2016). However, management of patho-
gens has been suggested when animal-derived wastes are used (O’Callaghan 2016;
Bezanson et al. 2014).

9.4 Biofactory Model-Based on Anaerobic Digestion

AD can be considered as a centerpiece of the biorefinery approach. This technology
is used for waste remediation, biological pretreatment of biomass, and for producing
bioenergy and bio-based products (Surendra et al. 2015). Figure 9.1 depicts the
scheme of AD-based biorefinery concept.

Operating under optimal conditions (solids retention time, temperature, and pH),
plant solubles and hemicellulose can be converted to biogas while cellulosic matter
in the digested fiber can be turned into soluble glucose by enzymatic saccharifica-
tion. Digestate fiber (i.e., solid residue with lignocellulosic matter), which is con-
sidered as a low-value product, can be potentially used as feedstock for biofuel and
bio-based product generation. This fiber has been mostly used as soil additive or
animal bedding. Monomeric sugars can be used as a source of biofuels (e.g., ethanol,
butanol), organic acids and biopolymers (e.g., bioplastic). The insoluble solid
residue (i.e., lignin and residual fiber) after enzymatic hydrolysis can be combusted
for heat and electricity generation. This residue can be also processed into different
bio-based products (e.g., lignin-derived products such as lignosulfonates are used as
plasticizers in making concrete, binders in animal feeds, and solid fertilizer
pelletization).

The liquid phase after separation of the solid residue from digestate or digester
effluent is mainly composed of nutrients (i.e., nitrogen and phosphorous)
(Sawatdeenarunat et al. 2016). This effluent can be used for macro- and microalgae
production, providing nutrient removal and algal biomass that can be further treated
for generation of other biofuels and bio-based products (Sawatdeenarunat et al.
2016; Surendra et al. 2015).

For volatile fatty acid (VFAs) production through AD, the operating conditions
and substrate type have an important interactive effect on VFAs’ yield and compo-
sition. Thus, the operating conditions should be adjusted taking into account both
substrate type and the VFA of interest (Surendra et al. 2015). These compounds can
be further processed into biogas, biologically/chemically converted into alcohols-
based fuels, or they can be used in microbial fuel cells to produce electricity.
Additionally, VFAs have great potential as carbon source in the biological nutrient
removal during wastewater treatment and lipid production with oleaginous microor-
ganism (e.g., microalgae, yeasts, molds) during biodiesel generation (Surendra et al.
2015).

196 J. C. Clavijo-Salinas et al.



To sum up, AD can operate as a biological pretreatment technology coupled to
other process units that involve the generation of high-value products (e.g.,
bioplastics, bioethanol, biobutanol, fungal protein, carboxylates precursors for sol-
vents and/or fuels).

Fig. 9.1 Proposed AD-based biorefinery for producing biofuels and bio-based products modified
from Surendra et al. (2015)
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9.5 Challenges and Perspectives

Although the biorefinery concept has received attention in the last decade, much
work is still on the road before a coupled system can efficiently prosper. AD system
is mostly conceived as a method for reducing organic waste and producing energy.
However, fluctuations in energy prices and environmental issues encourage the
exploration of other sources of revenue and organic waste treatment. A techno-
economic analysis of an anaerobic biorefinery that considers local situations would
be worthy before its establishment.

Differences in the implementation of AD worldwide are mostly related to policy
drivers, socioeconomic barriers, existing infrastructure, technology availability, and
reliability (Vasco-Correa et al. 2018). It is highlighted that AD could be feasible at
different scales, from small-scale household digesters to large-centralized biogas
plants. The use of biogas at small scale can generate environmental, health, and
social benefits related to burn cleaner fuel and stabilizing residues. In addition, the
reduction of deforestation and the production of fuels and fertilizers may be simul-
taneously achieved.

9.6 Opportunities for Tropical and Developing Countries:
Colombian Case

There are clear opportunities to implement AD for a developing country such as
Colombia:

1. There is a huge amount of organic waste that is not environmentally safe managed
and disposed as can be seen in Table 9.1.

2. Tropical conditions benefit biological processes: Climate ~ 24–30 �C, availability
of natural and renewable resources (e.g., water, sun, etc.).

3. The necessity of diversification of energy sources due to climate change.
4. Positive social and financial conditions to invest in environmental projects.
5. International commitment to reduce greenhouse gasses. Colombia established an

international commitment to reduce 20% of its projected emissions of greenhouse
gasses by 2030.

Table 9.1 Energy potential from different organic wastes in Colombia

Sector/Activity Annual amount of waste (Ton/year) Energy potential (TJ/year)

Agricultural 71.943.813 331.646

Livestock 105.418.066 117.748

Urban solid waste 120.210 92

Green waste 44.811 318

Total 177.526.900 449.803

Source: Escalante (2011)
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9.7 Challenges

Developing countries face some barriers for the implementation of AD, which can be
mainly economic, regulatory, and institutional (Beck and Martinot 2004). Strategic
actions are required in order to pave the road for a successful implementation.

To facilitate and make attractive the use of biogas as a renewable energy, a well-
established policy that supports and promotes the development and use of renewable
energy sources is required. As well as, the design, enforcement of instruments, and
lines of action to implement unconventional energies are needed. To harness the
benefits from biomass, an integral policy for the use and development of biomass is
essential. It is also important to make feasible opportunities for technified rural
development.

Barriers to overcome in the renewable energy sector (UPME 2015):

1. Wrong incentives, subsidies to conventional sources.
2. High costs and financing difficulties.
3. Market barriers, rules adjusted to conventional sources.
4. Imperfect competition, strong oligopolies based on conventional sources.
5. Externalities those are not valued and internalized.
6. Lack of information on renewable resources.
7. Lack of human capital with knowledge about technologies.
8. Technological prejudice, inclination for conventional technologies.
9. Increased transaction costs, research, negotiation, and execution.

10. Regulatory and institutional factors, schemes around the conventional.

There are also barriers to the biomass sector (UPME 2015):

1. The complexity of the regulatory framework and market mechanisms available to
procure surplus delivery and marketing by small producers, even assuming the
possibility of accessing the figure of cogenerator.

2. The absence of a tradition or knowledge among agricultural and agro-industrial
sectors in order to take advantage of the energy potential they have with special
reference to the case of their waste.

3. The high investment costs required to develop new cogeneration projects, and the
lack of possible associated financing schemes.

4. The absence of signals from the market to encourage this type of project, as
integral projects for the efficient use of waste and mitigation of environmental
pollution.

5. The absence of industrial clusters in which the excess of heat produced by some
industries could be used by another.

6. The untapped opportunity to generate electricity from some resources that are
available in rural areas not interconnected or with deficient provision of
electricity.
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