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Abstract

The circular bioeconomy is one development strategy that has at their center the
use and management of the biomass. Biomass could transform the bases of a
global economy highly dependent on non-renewable raw materials and fossil
origin, to a mostly bio-based economy that can simultaneously address the three
main global challenges: provision of safe water, accessible energy for all, and
climate change mitigation. In order to the circular bioeconomy not to be just a
popular global goal, it is necessary to identify concrete measures that can make
the concept operational, so that politicians, decision makers and stakeholders can
see its practical implications. In this chapter, is reported an experience of an
Integrated Waste Management Technology (IWMT) with microalgae in
Argentina. The proposed IWMT includes microalgae as a complementary treat-
ment of sewage effluents in waste stabilization pond systems, with the triple
objective of wastewater purification, recovery of nutrients in biomass, and miti-
gation of greenhouse gases by using bioenergy from the biomass generated.
Experiments were carried out with the Scenedesmus quadricauda microalgae,
growing it in four concentrations of effluents (T25%, T50%, T75%, and T100%).
Microalgae productivity parameters and energy and environmental qualities were
studied. The species was able to grow successfully in T25% and T50%
treatments, but not in T75% and T100%. This implies that it is still necessary
to dilute the effluents to reduce their organic load, which at some times of the year
(mainly the dry autumn-winter season) may exceed the limits allowed for their
discharge. The crop has been able to grow without temperature control. The
maximum CD in the treatments was around 70% higher than the control (only
culture medium). The organic load reduction capacity was on average
83.4% � 5% and 74.55% � 4.2% (for T25% and T50%, respectively). The
removal of phosphates and nitrates was 57.6% and 58.7% in T25%, and 54.6%
and 76.9% in T50%. Total coliforms and fecal coliforms were reduced by 89.6%
and 77.4% for T25%, and 86.6% and 68.7% by T50%. In all cases, it was possible
to confirm the ability of the microalgae to remove nutrients and reduce the
organic load and pathogens. The water treated with microalgae has reached
permitted values for be discharged. The biomass generated has a high energy
potential in comparison with other fuels, close to 4.41 � 0.43 kWh/kg. The
integration of algae in tertiary systems could improve the treatment of wastewater
and water cleaning, with the possibility of achieving the reuse of water. The
proposed system was simple, and can be easily replicated on larger scales,
including some optimization factors if necessary. Under the pressure of climate
change, the IWMT will be essential technologies particularly in regions with low
water and energy availability, mitigating GHG emissions and strengthening local
communities.
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Abbreviations

CD Cell density (cell/mL)
CFP Carbon footprint (t CO2eq)
CO2 Carbon dioxide
COD Chemical Oxygen Demand (mg/L)
DM Detmer culture medium
DT Doubling time (day)
EFP Ecological footprint
GHG Greenhouse gas
HCV Higher calorific value (MJ/kg)
IWMT Integrated waste management technology
LCV Lower calorific value (MJ/kg)
ORP Open raceway pond
PBR Photobioreactor
RE Removal efficiency (%)
TBH Total biomass harvested (grams)
TN Total nitrogen (mg/L)
TP Total phosphorus (mg/L)
WFP Water footprint (m3 per unit of manufactured product or service

consumed)
WSP Wastewater stabilization ponds

6.1 Introduction

The “biomass” includes a very heterogeneous set of materials that have organic
matter as the main component (Sherwood 2020), excluding those that have been
incorporated in geological formations undergoing a mineralization process (i.e.,
fossil fuels). An observation to the elemental composition of the biomass resources
allows to assume that about 50% of the dry weight of them is carbon (Grobbelaar
et al. 1988). On this basis, it is stated that the energy obtained from any of these
resources is carbon neutral: although there will be CO2 emissions (main greenhouse
gas, GHG), that carbon had already been fixed by the plant previously, through
photosynthesis. So the use of biomass does not generate emissions or contribute to
global warming (which may not apply in all cases, Agostini et al. 2014; Haberl et al.
2012; Wiloso et al. 2016; Khan et al. 2020a, b). It is a renewable resource, although it
will depend on the intensity of use (Keegan et al. 2013). It is widely available
(possibly, the sites with the lowest biomass presence are the deserts and arid areas of
the world) and accessible as it does not require specific equipment and qualified
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personnel to be able to locate and access resources (such as fossil fuels) (Bilgili et al.
2017; Pleissner 2020).

The great diversity of materials that are included under this term (forest, agricul-
tural, livestock, agro and forestry industries, sewage effluents, energy crops,
microalgae, urban wastewater, urban solid waste, sedimentation sludge, etc.)
makes it a versatile energy source, from which solid, liquid, or gaseous biofuels
can be obtained, using more or less complex processes and for various applications
(REN-21 2019; Hidalgo et al. 2019; Ubando et al. 2020). An energy system based on
biomass is intimately linked to each territory: from the production or generation of
biomass, the recollection, processing, transportation, energy conversion, and final
application (Pfau et al. 2014; Manrique 2017; Meena and Lal 2018). In these
biomass supply chains, each stage involves different organic resources or residues,
actors and sectors of the territory (such as the forestry, energy, agricultural, eco-
nomic, industrial, governmental sector and many others). (Carus and Dammer 2018;
Manrique et al. 2020). A bioenergy project will, therefore, impact in multiple aspects
of the territory (economy, social, politician, institutional, environmental) not only in
the provision of renewable energy or mitigation of GHGs, which are the most
recognized advantages worldwide (Kraxner et al. 2003; Keegan et al. 2013; Agostini
et al. 2014; Rocca et al. 2015; Paletto et al. 2019; Linser and Lier 2020).

In rural or marginal urban areas, where modern energy services do not reach,
biomass constitutes one of the most accessible fuel sources in its traditional form
(REN-21 2019). In these sectors, the use of abundant residual resources can promote
employment opportunities and niches for micro- or medium-sized companies (col-
lection, treatment, commercialization and diverse equipment, among others),
mobilizing regional development. As there is the possibility of introducing manage-
ment practices and more efficient technologies, the energy obtained from biomass
will result in greater benefits not only at the local level, but also at the national level
(diversified primary matrix and less demand for imported fuels) (Demirbas et al.
2009; Heimann 2018; Pleissner 2020). Also, it can contribute to the fight against
desertification, since it makes possible the productive use of marginal lands, on
slopes or semi-arid lands and the implantation of energy crops in abandoned lands,
which could prevent soil erosion and degradation (Kraxner et al. 2003; Manrique
2017; Jhariya et al. 2018a, 2018b). It can also be integrated with environmental
recovery processes, mainly when they correspond to the use of by-products of
productive processes or waste o sewage from human activities (Abdel-Raouf et al.
2012; Nagarajan et al. 2020).

For the characteristics mentioned, the biomass resources could transform the
bases of a global economy highly dependent on non-renewable raw materials and
fossil origin, to a mostly bio-based economy (Bilgili et al. 2017; Meena et al. 2018)
and simultaneously address the three main global challenges: provision of safe
water, accessible energy for all, and climate change mitigation (International Energy
Agency (IEA) 2016; Mouratiadou et al. 2016; Del Borghi et al. 2020; Leivas et al.
2020). This chapter analyzes through a concrete case study how could be possible
providing a comprehensive territorial strategy that is compatible with these current
world goals towards sustainability (United Nations (UN) 2019a). Firstly, the role of
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biomass within this triple global challenge and the emergence of the new paradigm
of the circular bioeconomy are discussed. Then, it is examined how the biomass can
optimize communities’ ecological footprint (EFP) and finally, a proposal for the use
and management of biomass, and its potential in sanitation, recovery of nutrients,
and energy generation, is evaluated.

6.2 Water, Energy, and Climate Change: The Top Three Global
Challenges

6.2.1 What Role Does Biomass Play?

Climate change and access to water and energy represent three of the main
challenges that will determine the sustainable development in the coming decades
(Fig. 6.1) (Mouratiadou et al. 2016; Del Borghi et al. 2020; United Nations
(UN) 2019a; Leivas et al. 2020). Since a few years ago, these aspects have been
concurrently tackled from a nexus approach under the understanding that one aspect
influences and is influenced by the other and all three are fundamental for the
subsistence of human life (Food and Agriculture Organization of the United Nations
(FAO) 2014; International Energy Agency (IEA) 2016).

Fig. 6.1 Contrast between organizational models of the world economy: (a) fossil fuel dependent
economy and (b) circular bioeconomy, and potential linkages between water, energy, and climate
change (see in the text). Where: the downward spiral of (a) refers to the depletion of finite resources
and (1–3) imply high dependence of one sector on the other, and high negative impact on each
other. (1) Increased use of fossil energy will demand more water and (3) greater amount of GHG
emissions. Greater change in the climate will imply less availability of water (2) and will require
more energy to access water (3). The continuous spiral in (b) refers to renewability of the raw
material and (4–6) propose ideal relationships between the elements, with optimization of their use,
minimization of impacts, and multiple advantages of biomass utilization. Microalgae biomass could
allow simultaneously water recovery, renewable energy generation, and climate change mitigation
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In a fossil-dependent world economy such as the current one, energy and water
are intricately connected (Bilgili et al. 2017; Leivas et al. 2020; Teotónio et al. 2020)
(Fig. 6.1a). The energy sector requires 15% of global water withdrawals for energy
production (including from resources extraction to their transformation into energy)
(World Water Assessment Program (WWAP) 2017). By 2035, global energy con-
sumption will increase 50%, implying an increase in water consumption of 85%
(International Energy Agency (IEA) 2016). The water access demands energy for
pumping water extraction, transportation, treatment, and desalination as well as for
irrigation. The climate change will affect both the energy and water sectors
(Mouratiadou et al. 2016; Meena et al. 2020a). Indeed, as the temperature rises as
projected, there will be places with greater demand for water in the face of drought
and reduced rainfall, so access to water will require greater energy expenditure
(Leivas et al. 2020). For example, the surface water pumping requires 30% less
energy than the underground water pumping, but because the water level could
decrease in some territories, it is very probable that the groundwater demand
increases (World Water Assessment Program (WWAP) 2017). The provision of
cleaner water and energy services is also linked to the health, economic activities,
and family life; therefore, climate change will mostly affect the most vulnerable
sectors (Mouratiadou et al. 2016; Bilgili et al. 2017). Finally, the emissions derived
from the use of fossil fuels for the provision of energy imply the greatest impact on
the warming of the Earth’s atmosphere (mainly from electricity generation and
transport). In this way, the GHG emissions into the atmosphere are strongly depen-
dent on the current ways of organizing the world economy: almost 80% of these
emissions are related to the energy sector (FAO Food and Agriculture Organization
of the United Nations (FAO) 2014; Intergovernmental Panel Climate Change
(IPCC) 2006).

In a context of probable modification of the average conditions of the global
atmosphere, which will affect the availability of water and access to energy sources
(Siddiqi and Anadon 2011; Leivas et al. 2020) the bioeconomy represents an
opportunity to rethink the development of the territories, as well as to face the
commitments against the climate change (El-Chichakli et al. 2016; Del Borghi
et al. 2020) (Fig. 6.1b). The base of the bioeconomy is the use and management of
biomass in its multiple forms getting food and animal feeds, bio-products, and
biofuels (Birner 2018; European Commission (EC) 2018; Sherwood 2020). It
appears as a new model towards sustainability and seeks to highlight the biological
origin of economic processes, and the problems humanity faces in relying on a
limited amount of fossil resources, which are unevenly distributed and whose
intensive use is affecting atmospheric GHG balances (Rodriguez et al. 2017; Birner
2018). It is not a new word, but its concept has been and is being redefined over the
years, in the search for a conceptual and operational framework that leads the
transformation of the global economy highly dependent on non-renewable raw
materials to a sustainable “biological or biobased economy” (Bilgili et al. 2017;
Sanders and Langeveld 2020; Pleissner 2020).

On the other hand, the so-called circular economy, driven by environmental
problems and resources scarcity, has also gained strength since the late 1970s
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(Wautelet 2018). It emerges from different schools of thought, and proposes a
different look at the current resource management schemes in the various territorial
production chains, where there are large amounts of waste and effluents, which in
marginal economies are largely untreated. This new model of intervention on the
resources of nature emphasizes a measured and rational use of the raw material of
origin, and a follow-up from its collection, its transportation, its processing, and its
conversion into some type of final product or service. It seeks the benefits maximi-
zation that each resource can provide, and the minimization of material and energy
losses in the production circuit. In this sense, each portion of matter or energy
removed from a stage pursues to be reinserted in a new cycle of use and, therefore,
is described as an economy with closed material loops. It is thus presented as a model
that overcomes the traditional economic scheme of linear use of resources (Ellen
Macarthur Foundation (EMF) 2015; Kirchherr et al. 2017; Kalmykova et al. 2018;
Del Borghi et al. 2020). The key to this model is that nothing is lost but that the
different production cycles are intertwined with each other, and, therefore, the
residues of one cycle constitute value resources for the following cycle (Ellen
Macarthur Foundation (EMF) 2015). Sharing, maintaining, reusing, redistributing,
remanufacturing, recovering, and recycling are some of the basic principles that
underpin the new model (Carus and Dammer 2018).

The bio- and circular economies are currently considered as two complementary
policy strategies that have biomass and its derivatives (organic waste, effluents, and
wastewater) as the basis that supports their actions (De Schoenmakere et al. 2018).
The term “circular bioeconomy” integrates the principles of bioeconomy into a
broader set of policies that promote the circular economy (Carus and Dammer
2018; Sherwood 2020). Although this current of thought is in the initial stage of
conceptualization and practice (Kirchherr et al. 2017; Linser and Lier 2020), some
characteristics have reached consensus in the world community to define the circular
bioeconomy, where the biomass is the cornerstone (Keegan et al. 2013; Nagarajan
et al. 2020; Pleissner 2020). This new model includes a comprehensive, efficient,
and prioritized use of resources (“cascade use,” Keegan et al. 2013; Erajaa 2016;
Pleissner 2020); substitution of materials and energy from fossil sources, with
materials and energy derived from biomass (biomaterials and bioenergy)
(Kalmykova et al. 2018); efficiency of processes and introduction of environmen-
tally friendly technologies (bioprocesses, appropriate and clean technologies)
(Vanhamäki et al. 2020); reintegration of waste into new productive cycles (circular
economy), and less demand for fresh materials (BIORES 2015; Von Braun 2015;
Carus and Dammer 2018; Sherwood 2020; Del Borghi et al. 2020) among the main
concepts.

In the context of the global challenges posed, cascading chains with long-term
carbon sequestration must be prioritized for the mitigation of climate change while
promoting an efficient and minimized use of water resources (Vanhamäki et al.
2020). The energy use of biomass is the one that gives the least added value to the
resource, so it must be included as the last option for use within the chain, so that the
material has been previously used in all possible ways (Carus and Dammer 2018).
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6.2.2 Ecological Footprint and Circular Bioeconomy

From a broader perspective, the circular bioeconomy can have a high impact on
reducing the EFP. This concept was continuously matured by one group of scientists
(Global Footprint Network, GFN) since the 90s. It is a measure of human demand on
the Earth’s ecosystems (including food, wood, fiber, carbon sequestration, and
infrastructure housing) and the Earth’s ability to meet these demands (“biocapacity”)
and shows this into one number (Borucke et al. 2013). The GFN also estimates the
“Earth Overshoot Day,” day when humanity will have used the year-round budget
for nature’s resources (Monfreda et al. 2004). The date has been advanced 2 months
in the last 20 years (Wackernagel et al. 2019). On July 29 the last year (2019) the
global human demand for resources and services was 75% greater than the supply
(1.75 planets), implying a value that is 2.5 times higher than the estimated six
decades ago (1961). This implies that we are depleting our natural capital and this
can be seen through the overexploitation, deforestation, contamination, loss of
biodiversity, climate change, among others (Jhariya et al. 2019a, 2019b). Avoiding
ecological collapse and therefore humanity requires a rigorous immediate
action plan.

In this context a global conversion of the economy is necessary: from fossil-fuel-
driven cultures to biomass-driven cultures (Galli et al. 2012; Pleissner 2020). This
phenomenon has already occurred previously in historical times but in the opposite
direction: societies highly dependent on biomass resources reorganized their
economies with a focus on new fossil energy resources in the eighteenth century
(with the advent of coal) and in the 19th and 20th centuries (with the advent of oil).
In this time, the technical and technological developments allow more efficient ways
of using available and renewable biomass and even get benefits that go beyond
energy (Matamoros et al. 2016; Tang et al. 2020), mainly in rural areas (Pleissner
2020).

The joint application of both concepts of “bioeconomy” and “circular economy”
(“circular bioeconomy”), from a competitive approach that guides practical
strategies on the regions, reduces the assimilation pressure of residues within
ecosystems, but also the over-extraction of resources (De Schoenmakere et al.
2018). Since the circular bioeconomy avoids using fossil carbon, the carbon foot-
print (CFP) will be low as a direct consequence of its implementation (Carus and
Dammer 2018) contributing to climate mitigation targets. Moreover, there are some
key areas in which the circular bioeconomy promoting could have a significant
impact for the EFP decreasing in the communities (Pfau et al. 2014):

– Resource use optimization: lower demand for natural resources due to a more
comprehensive use of them, and reduction in the waste discharge and rubbish
generation (Ellen Macarthur Foundation (EMF) 2015; Pleissner 2020; Del Borghi
et al. 2020).

– Carbon reserves: in its natural forms, biomass fixes carbon in the tissues, keeping
it there for long periods of time, with which by forming ecosystems, it not only
constitutes an important reserve of carbon not emitted into the atmosphere, but
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also the associated biodiversity is preserved as a source of future resources
(Intergovernmental Panel Climate Change (IPCC) 2006; Manrique 2017; Carus
and Dammer 2018; Giuntoli et al. 2020; Manrique et al. 2020).

– Energy: renewable energy can be obtained from biomass residues and/or use of
biomass in those ways in which it does not compete for the use of land, water, or
affect biodiversity (residual biomass). Although biomass combustion generates
carbon emissions, it is assumed that this carbon was previously fixed by the
biomass plant structures and, therefore, does not contribute to global overheating,
making it possible to partially reduce the use of fossil fuels (Agostini et al. 2014;
BIORES 2015; European Commission (EC) 2018). It is fundamental because
currently, the carbon emissions from burning fossil fuels constitute 60% of
humanity’s EFP (Wackernagel et al. 2019). From another angle, every time a
material is recovered, reused, or recycled, there is indirectly an energy saving by
avoiding the energy demand for the production of a new product unit (Kirchherr
et al. 2017; Carus and Dammer 2018; Vanhamäki et al. 2020).

There is still a fourth aspect in which biomass can contribute to reducing EFP
(in a similar sense to that analyzed for energy) and is linked to water use (Qadir et al.
2020). On the one hand, the use of some forms of biomass can imply water savings:
for example, taking advantage of existing residues for food, feed, energy, or
substances purposes, instead of growing a new biomass unit with the same purpose,
which will demand more water. On the other hand, wastewater and effluents can be
recovered and cleaned, through phytoremediation, enabling this same water to be
reused (Prajapati et al. 2013; Singh et al. 2016; European Commission (EC) 2018;
Nagarajan et al. 2020).

For a growing world population, in a finite world, only a circular bioeconomy will
be able to sustain the growing demand for subsistence (European Commission
(EC) 2018; De Schoenmakere et al. 2018). Linser and Lier (2020) argue that the
circular bioeconomy is the pathway to meet the Sustainable Development Goals
(SDG) by 2030 (United Nations (UN) 2019a). The promotion of a circular
bioeconomy does not imply assuming that biomass can potentially achieve the
complete replacement of fossil fuels and non-renewable materials that are currently
used (like as minerals and metals, for example, Carus and Dammer (2018). At least
not with the current technological and production means (Sherwood 2020). How-
ever, the society in general agrees about the need to reduce the quantity and quality
of waste generated in order to ensure the capacity of natural systems to remain
productive in time (Qadir et al. 2020; Vanhamäki et al. 2020). Achieving greater
efficiency in resources use, limiting the use of finite feedstock, and promoting
renewable and less polluting systems than current ones are the fundamental
principles of circular bioeconomy. However, attaining circularity requires concrete
alternatives that give multiple solutions to the needs of the territories and their
communities (Kalmykova et al. 2018; Sherwood 2020).

6 Biomass as a Cornerstone of a Circular Economy: Resources, Energy, and. . . 187



6.2.3 Territorial Comprehensive Management Waste

It is easy to understand that in primeval cultures the solid wastes were dumped or
buried outside their settlements, while aqueous discharges were made directly into
the ground or into local water courses, and gaseous emissions were simply released
into the atmosphere (Meena et al. 2020b, c). However, as the communities increased
in number and quantity of demands, the amount of waste generated also grew in
volume, quality, and speed of generation, requiring increasingly organized forms of
management to avoid sources of contamination (Seadon 2006; Rodríguez and
Aramendis 2019). Indeed, global solid waste generation is expected to grow a
61% by 2050 (from 2.1 billion tons per year) (Kaza et al. 2018) and wastewater
volumes are projected rise up to 573.8 billion cubic meters by 2050 (Qadir et al.
2020), involving twice the current generation. These huge quantities of waste
and effluents generated from the productive activities contain materials, water, and
energy that are annually wasted, and they generate environmental impacts and
economic costs (Tarallo et al. 2015; World Water Assessment Program (WWAP)
2017; Nagarajan et al. 2020; Rajesh Banu et al. 2020).

From the outlined outlook, it is worth asking: What are the practical tools that the
circular bioeconomy paradigm can provide in this context? Which concrete
strategies can contribute to face the three global challenges water–energy–climate
change while taking care of converting waste into resources? Perhaps one of the first
proposals that have a place within this new paradigm is those related to the proper
management of waste. The “integrated waste management” was first mentioned in
the 1990s, as a new starting point for waste treatment with efficient material and
energy management and reduction of environmental impacts (UNEP 1996; Morselli
et al. 2008). Integrated Waste Management Technologies (IWMTs) include com-
prehensive and hierarchical management proposals (cascade use) to treat most of the
discarded residual fractions (Seadon 2006; Gouveia et al. 2016; Morselli et al. 2008;
Hidalgo et al. 2019; Rajesh Banu et al. 2020) and where the ideal is the total and
absolute reduction of waste (Tarallo et al. 2015; Sanders and Langeveld 2020).

In a context of future scarcity, all residual flows have become part of a new
category of interest, where water, energy, and materials are abundant resources
(Abdel-Raouf et al. 2012; Acien Fernández et al. 2017; Barkia et al. 2019). Its use
not only implies a thoughtful and committed involvement in safeguarding the natural
terrestrial and aquatic environment, but a potential source of income and engine of
initiatives with local impact (Drira et al. 2016; Gouveia et al. 2016; Hidalgo et al.
2019). The IWMT might be one of the most successful strategies for efficient
resource management. Although IWMTs are not standardized technologies, they
basically include all the concepts of the circular economy and there are still success-
ful examples in the circular bioeconomy, such as those in which microalgae are
included as one of the most versatile biomass resources. In these new management
schemes, microalgae could become the star of this circular bioeconomy (Xiao et al.
2011; Gouveia et al. 2016; Acien Fernández et al. 2017; Nagarajan et al. 2020;
Rajesh Banu et al. 2020). Microalgae can easily adapt to different conditions and are
practically ubiquitous in all kinds of environments. They have high efficiency in the
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sunlight use, a fast growth, and higher productivity than other agricultural crops
(Sydney et al. 2011; Han et al. 2015). Their potential role as suppliers of different
types of fuels (biomethane, biodiesel, bioethanol, biohydrogen, among others)
makes them a multiple alternative for the global energy supply (Anand and
Arumugam 2015; Zuliani et al. 2016). Although the cultivation of algae like any
other crop requires the addition of nutrients (Slade and Bauen 2013), it is possible to
grow algae in nutrient-rich effluents with the dual purpose of cleaning the water and
capturing those nutrients as inputs for the multiplication of algal biomass (Kothari
et al. 2012; Nagarajan et al. 2020). This water purification capacity is known as
“phytoremediation” and it makes microalgae an excellent environmental resource,
since once the generated biomass is harvested, it can be used for industrial, food,
medicinal, cosmetic, or energy purposes (Prajapati et al. 2013; Singh et al. 2016;
Rajesh Banu et al. 2020). Successful global experiences encourage in this regard
(Andrade et al. 2009; Abdel-Raouf et al. 2012; Wong et al. 2015; Zuliani et al. 2016;
Barkia et al. 2019; Tang et al. 2020).

6.2.4 Circular Bioeconomy: Alternative or Need?

Currently, more than 80% of the world’s wastewater does not receive any type of
treatment, a figure that reaches 95% in some less developed countries. The waste-
water sanitation services that cover rural and urban sectors can only be considered as
safe (no contact with human excreta) in 26% and 35%, respectively (World Water
Assessment Program (WWAP) 2017). In addition, the presence of emerging
pollutants, many of which have toxic effects is increasingly frequent and in higher
quantities because hardly the traditional wastewater treatment plants have the tech-
nical capacity to remove these new substances (Matamoros et al. 2016). Likewise,
wastewaters contain many nutrients which can produce eutrophication in the bodies
of water (Andrade et al. 2009; Singh et al. 2016). Although there are physical or
chemical processes that could be applied for the purification of the effluents, this
implies a high investment of money and energy, and not in all cases they are efficient
systems (Drira et al. 2016). Systems such as the wastewater stabilization ponds
(WSP), which are the most common and widely used due to their simplicity, absence
of mechanical elements and the low cost of investment, operation and maintenance;
commonly do not remove in a 100% the load of incoming waste and many
organisms still remain in treated effluents. Even when discharges are made in
compliance with the standards that regulate the discharge limits, they often pollute
the receiving waters due to the variation in the flow of water and the cumulative
effects on the environment (World Water Assessment Program (WWAP) 2017).

The integration of algae in tertiary systems could improve the treatment of
wastewater and water cleaning, with the possibility of achieving even the reuse of
water if the conditions for its use were reached (Gouveia et al. 2016). Moreover, the
culture medium implies a high cost in microalgae cultivation (Kothari et al. 2012), so
the nutrient-rich wastewaters are an opportunity and not a problem for the
microalgae production (Menger-Krug et al. 2012; Nagarajan et al. 2020).
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Given that the circular bioeconomy pursues the utopia of maximizing efficiency
in the use of resources and zeroing waste (Clark et al. 2016) by returning them to use
(Von Braun 2015; Vanhamäki et al. 2020), it is necessary to identify concrete
measures that can make the concept operational and that politicians, decision
makers, and stakeholders can observe its practical implications, in order to include
them in a specific regional implementation strategy (Vanhamäki et al. 2020).
However, there are still not enough experiences or guidelines, which can lead this
popular global and current goal into practice (Sherwood 2020; Pleissner 2020). The
IWMT with microalgae may be one of the oldest and best known of the strategies
that must be studied, adapted, and promoted in the territories (Oswald et al. 1953).

This work contributes in this direction, focusing on one IWMT with microalgae
in Argentina, where there are few experiences yet, but with promising results
(Méndez et al. 2011; Codina et al. 2012). IWMT from microalgae can become an
efficient technical, environmental, and productive practical strategy, of immediate
application, with impact on the water security, health ecosystems, conserving energy
and mitigating the GHG emissions. However, given that many factors define the
growth and composition of microalgae biomass and their purification capacities, the
performance must be evaluated in local conditions (Park et al. 2011). An IWMT
system is described in the next section, where its qualities, potentials, and needs for
further research and development can be appreciated, for a broader promotion and
impact.

6.3 Biomass Production from Wastewater: A Win–Win
Strategy?

Biomass energy recovery is an efficient alternative to the urgent need to reorient the
production model towards a circular model based on the bioeconomy. Not only does
it mean obtaining a renewable fuel, neutral in terms of CO2 emissions and competi-
tive in price with fossil fuels, but it also has a fundamental part in the ecosystem
management and opportunity of development of world rural areas. This chapter
reports the results of a study of productivity, energy, and environmental qualities of
microalgae growing in urban sewage effluents, highlighting some aspects of perfor-
mance optimization, which was developed as part of the National Microalgae
Network (https://www.magyp.gob.ar/site/areas/microalgas/). This Network was cre-
ated in 2015 in Argentina, through an initiative promoted by the Ministry of
Agriculture, Livestock and Fisheries and the Ministry of Science, Technology and
Productive Innovation, and works to join public and private efforts for integrated
development of technology and its application to specific problems in the country.
The context of opportunity for the application of the proposed IWMT system is
reviewed below.
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6.3.1 National Context for the Promotion of Integrated Waste
Management Technologies

At the present, around 50 governments of the world (developed countries and many
in development), have defined formal strategies for the development of their
Bioeconomy and are making progress in the design of specific programs and policies
for their consolidation (German Bioeconomy Council (GBC) 2018; Linser and Lier
2020). Argentina has joined this trend, with the creation of its Bioeconomy Promo-
tion Program under the Secretariat of Aggregate Value of the Ministry of Agribusi-
ness, given the abundance of biomass resources in the country, industrial capacities,
services, and of the quaternary sector (of information and knowledge) existing
(Trigo et al. 2017). As in other countries of the region, the strategies developed
around the water, energy, and climate change will enable the strengthening of
regional economies and territorial sustainability.

The greater challenge in the country is the water quality and not the quantity,
since the national coverage of sewage services is 40% of the population, compared to
82% covered by the public water network (Instituto Nacional de Estadísticas y
Censos (INDEC) 2010), with differences between urban and rural sectors. For the
year 2015, about 40 million inhabitants of the country are registered in urban areas,
sector where there is still a lack of 13% in the access to the public network water and
42% to sewers (Bereciartua 2017). Some sources estimate that the level of wastewa-
ter treatment is between 15 and 20% of the collected water. The situation in rural
areas is more disadvantageous, although it is currently not possible to have reliable
statistics. National statistics allow identifying and dimensioning some key areas
where the country should concentrate efforts (InterAmerican Network of Academies
of Sciences (IANAS) 2019), to achieve 100% safe water coverage.

From the energy point of view, the total renewable power capacity was doubled
from 2007 to 2017, and without considering the hydropower, the capacity of
renewables was multiplied by six (REN-21 2019). However, excluding the hydro-
electric power, the share of renewable sources is still low (barely 2%) although Law
27,191 provides that in 2025, 20% of all Argentina’s energy generation will be
renewable. The energy diversification together with the promotion of energy effi-
ciency measures is key to achieving international environment commitments but
above all, to ensure one environmental quality that allow sustain the country
economy and their people (KPMG 2019).

Finally, in terms of climate change, between 1961 and 2018, the temperature
increased on average 1 degree Celsius in the country. Rainfall also increased
significantly and the trend, in the medium term, will be even worse (Secretaría de
Ambiente y Desarrollo Sustentable de la Nación (SAyDS) 2015). In particular,
extreme temperatures and water scarcity are expected in the northwest region.
Argentina presented emission reduction commitments as National Determined
Contributions (NDCs), which differ in that they contain goals that depend on
external financing (conditional) and others that do not (unconditional). The country
has proposed to unconditionally—that is, without receiving financing and techno-
logical support—reduce 18% of GHG emissions by 2030. The country could reduce
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an additional 19%, which would be conditional on some type of international
support, be it financial, technological or capacity development. In total, the reduction
would be 37% until 2030. 93% of the Argentine reductions involve the transport
sectors (through changes in the forms of mobility), energy (boosting energy effi-
ciency and renewable energies), and forests (through its conservation and recovery).
There is great potential in the implementation of bioeconomy strategies to achieve
the proposed objectives. This study reflects some of these possibilities.

6.3.2 Microalgae Growth in Sewage Effluents

The strain used for this study was from the Microalgae Laboratory of the Faculty of
Natural Sciences of the Trelew, belong to the National University of Patagonia San
Juan Bosco. For the selection of the species to be used, a sampling was carried out in
the receiving freshwater body of the treatment plant, characterizing the phyco-flora
that was present in the sample concentrated by phytoplankton net of mesh size of
30 μm, by means of a qualitative analysis. The determination was made in the
Laboratory of Water Quality of the Faculty of Natural Sciences of the National
University of Salta.

Scenedesmus quadricauda was selected since it was recognized as having opti-
mal qualities for use in wastewater treatment for its ability to withstand high
concentrations of nutrients, have high metabolic activity, and ability to resist envi-
ronmental variations (Xiao et al. 2011; Anand and Arumugam 2015). Scenedesmus
quadricauda (Turp.) De Breb., Var. Longispina is described in Guerrero (1941) as
microscopic, tetracellular colonies or with fewer cells; the distal with two powerful
straight stingers, longer than them. The habitat where it found is freshwater puddles.
According to the Biodiversity Information System (Biodiversity Information System
(BIS) 2019), the species has been found in eight provinces of the country, including
the Province of Salta.

The microalgae were kept in modified Detmer culture medium—DM—

(Accorinti 1960) in a chamber under lighting conditions with 12:12 photoperiod
(3000 lux), daily agitation. A system of continuous tests was designed to allow the
progressive acclimatization of the microalgae by growing it in sewage effluents.
Dilutions of the effluent were made at 25, 50, and 75% with the DM until 100%
effluent was reached (Table 6.1). The tests were done with sewage effluent
pre-treated with coarse filtration using cotton and gauze as a filter medium, with
an initial Scenedesmus cell density (CD) of 250,000 cells/mL. Triplicate tests were
performed, with a volume of 3000 mL in each case, and in parallel, control cultures

Table 6.1 Treatment
characteristics

Treatment Characteristics

T25% 25% sewage effluent and 75% DM

T50% 50% sewage effluent and 50% DM

T75% 75% sewage effluent and 25% DM

T100% 100% sewage effluent
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were started only containing the DM medium with the microalgae without effluent
(T0%). The first set-up tests were made by growing the strain in DM medium
(control) with and without temperature control. After these first experiments, a better
response of the crop was observed growing at room temperature, so the rest of the
treatments were performed at room temperature.

The sewage effluents for the tests were obtained from samples taken at the exit of
the third pond of the sewage effluent plant called the North Purification Plant, which
is located in the north of the municipality of Salta capital (left bank of the Mojotoro
River). Sampling campaigns were carried out in the different seasons, observing
great variability in the samples (Table 6.2). The trials began with samples from the
fall and winter campaign and were repeated twice. 50 litters of sample were collected
each time in plastic drums from the outlet duct of the tertiary ponds. Samples were
stored at 5 �C in a refrigerator for testing. Subsamples were taken for physical–
chemical analysis in an external Laboratory, with certification.

Microalgae productivity parameters and energy and environmental qualities were
studied. CD was estimated with a 0.1 mm deep Neubauer chamber until the start of
the stationary phase. Specific growth rate (day-1) was estimated as: μ¼ (ln Nf- ln Ni/
(tf-ti)); Ni ¼ cells density at the start of the exponential phase (ti), and Nf ¼ CD at
the end of the exponential phase (tf). Nmax (cell/mL) was considered by convention
the highest μ observed for each treatment. The doubling time (DT), time needed for
the population to double, was calculated as DT (day) ¼ (lnNt-lnN0/0.639)/(t-t0),
where 0.639 ¼ Ln2. Sampling was done every day. Before entering the stationary
phase, the agitation was stopped to induce the sedimentation of the biomass for
3 days. Finally it was calculated the total biomass (TBH) harvested by means of a
centrifuge (5000 rpm) and dried at 70 �C � 0.5, until it reached a constant weight.

Given the enormous amount of biochemical components that microalgae possess,
it is possible to obtain practically any liquid, gaseous, or solid fuel (Ubando et al.
2020). However, the most basic form of energy generation from algal biomass is the
direct combustion of the same generating heat and electricity (Kadam 2002). There-
fore, the calorific value of algal biomass in its solid fuel form (dry biomass) was

Table 6.2 Composition of
typical wastewater of the
study area

Variable Unit Value

COD mg/L 280.78 � 390

TN mg/L 15.39 � 5.76

TP mg/L 0.841 � 0.44

Sulfides mg/L 3.67 � 5.75

Phenols mg/L 0.088 � 0.05

Settable solids 2 h mg/L 0.11 � 0.13

Temperature �C 23.12 � 6.56

Conductivity μS/cm 531.1 � 95

pH 7.54 � 0.23

COD chemical oxygen demand, TN total nitrogen, TP total
phosphorus
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explored. Higher calorific value (HCV) was determined by Parr 1108 Oxygen
Combustion Bomb. Specific experimental procedures and calculation formulae are
detailed by the European Standard EN 14918: 2009. Following Grobbelaar et al.
(1988), a 7.45% participation of elemental hydrogen in microalgal biomass was
assumed for the Lower Calorific Value (LCV). On the other hand, in general terms, it
was considered that the purification capacity of the algae was efficient, if the
effluents were able to meet the discharge limits required by current legislation. In
addition, RE between the initial situation and the final situation was evaluated to
know the magnitude of the change (both in COD and in nitrates and phosphates).
The Removal Efficiency (RE) was estimated considering: RE ¼ (Cf-Ci)/Ci * 100%,
where Cf is the final concentration at time tf and Ci is the initial concentration at the
time ti. Laboratory determinations were made following the standard SM (Standard
Methods for the Examination of Water and Wastewater) as follows: COD (mg/L)
according to SM 5220 D Ed22, nitrates and phosphates (mg/L) according to SM
4110 B Ed22, and total and fecal coliforms according to SM 9221 B/C Ed 22. All
values are summarized as mean � SD. The student t-test was used for statistical
analysis (significance: α ¼ 0.05).

6.3.3 Results and Discussion on the Experience

It was interesting to observe the response of the tests, with the lower investment of
energy resources and the lower costs, in view of the possibility of their easy
replication in different locations. The first trial with the control culture in DM
medium was carried out to compare its response to ambient temperature conditions
(13.3 � 3.1 �C) and controlled (18 � 0.1 �C), considered as half of the safe thermal
limit (Zargar et al. 2006). It was interesting to know how microalgae cultivation
could respond to climatic variations in the region, with low temperatures. Figure 6.2
shows a better crop yield of S. quadricauda when it was subject to the temperature
dynamics of the autumn-winter season. This could imply that the crop responds
better when it is subjected to thermal stress, with an incidence of temperatures higher
and lower than the control temperature (Sonmez et al. 2016). In both cases, the point
of maximum growth was obtained on day 13.

On the other hand, the temperature records inside the laboratory where the tests
were performed using thermocouples stored in data logger for later analysis. These
data were compared with temperature records outside the building (exterior)
(Table 6.3). The amplitude of the temperature range recorded outside was greater
than that achieved in the laboratory, and extremes of about 1 �C and up to 30 �C can
be observed, achieving possibly more favorable conditions for the growth of the crop
inside the laboratory. The next tests were, therefore, carried out at room temperature.
This is an advantage by replicating the trials in open ponds, enabling perhaps this
IWMT in regions of the world where there are high temperature fluctuations (diurnal
and seasonal). Likewise, avoiding temperature control implies a decrease in opera-
tional costs. Sonmez et al. (2016) effectively observed that Scenedesmus sp can
adapt successfully to daily temperature fluctuations in a range of 10–50 �C, even
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increasing lipid production when the species is subjected to the variable temperature
regime (between 16 �C and 30 �C).

Figure 6.3 shows the cell growth parameters for the four treatments performed.
For 25% of effluent, the culture was reproduced until doubling the initial concentra-
tion between day 2 and 3 (DT ¼ 2.87 d), with a DT less than the control (DT ¼ 3.38
d), associated with the greater availability of nutrients. On day 7, the greatest
difference in CD was recorded with respect to the control, reaching a 95% higher
value (value¼ 2.75� 106 cell/mL). In later days, this difference was decreasing. On
day 12, the aftershocks reached a stabilized value of 4.51 � 106 with the lowest
coefficient of variation (CV ¼ 0.5%), which was still higher than the control (65%
higher). The maximum CD (5.77x 106 cell/mL � 0.42 � 106) implied a 69% higher
value in the treatments. A TBH of 0.526 g was achieved, implying a production
efficiency of 0.173 g/L, achieving 1.7 times the amount of the control.

For the T50% treatment, the cultures had behavior similar to the first treatment.
The cell DT was also faster than in the control (2.78 d vs 2.92 d) and in turn, it was
also shorter than for T25%, possibly because the algae achieved an acclimatization
process during the first treatment. In this case, the greatest difference in the cellular
density of the treatment with respect to the control was reached at day 5 (113%
higher). On day 12 the repetitions reached a stabilized value similar to the first
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Fig. 6.2 Growth (cell/ml) of S. quadricauda in Detmer medium at room temperature (circle) and
controlled temperature (triangle)

Table 6.3 Average
temperatures recorded
during the test period inside
and outside the laboratory.
Different letters in the same
row, indicates significant
difference (α ¼ 0.05)

Temperature Room T (�C) T (�C) (exterior)
Mean 13.6a 11.1b

Standard deviation 3.1 5.1

Minimum 7.6 1.2

Maximum 23.4 29.4
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treatment (with a value of 4.97 � 106 cell/mL and a CV ¼ 1.46%). The maximum
CD achieved was higher than in T25% (7.52� 106 cell/mL� 0.37� 106). The TBH
achieved was 0.687 g, implying a production efficiency of 0.226 g/L, achieving
twice the control culture, and a total of 0.16 g more than in T25%.

The treatments T75% and T100% practically remained stationary and the
microalgae could not reproduce. After a week they began to disappear, possibly
due to the presence of other microorganisms of greater tolerance and aggressiveness
such as the group of rotifers, which were detected in the trials, since the effluent was
not sterilized. Although there are various treatments to combat them (Park et al.
2011), the objective was to know the response of the IWMT system with the lowest
level of manipulation, energy investment, and resources. The T75% treatment
reached day 7 a maximum CD of 4.15 � 105 cell/mL � 1.42 � 105 cell/mL, after
which it began to decrease dramatically. In the case of the T100%, the maximum
value reached was 3.95 � 105 � 1.73 � 105 cell/mL after which it also began to
decrease its existence. The TBH was only 11% and 9% of the total value achieved in
the control, whose average was 0.34 g � 0.04 g.

The RE is shown in Fig. 6.4. The purification capacity of S. quadricauda could
only be evaluated in the first two treatments that effectively fulfilled the growth cycle
until the start of the stationary phase, while the species could not thrive in treatments
T75% and T100%. The COD reduction capacity was on average 83.4% � 5% for
T25%, and 74.55% � 4.2% for T50%. The removal of phosphates and nitrates was
57.6% and 58.7% in T25%, and 54.6% and 76.9% in T50%. Total and fecal
coliforms were reduced by 89.6% and 77.4% for T25% and 86.6% and 68.7% by
T50%. This implies that the microalgae have contributed to the sanitation of the
effluents that, at some times of the year, exceed the organic load as well as the
concentration of pathogens, allowed for discharges into watercourses. In this case,
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the waters treated with microalgae have reached permitted values for be discharged.
The study of nutrient removal by microalgae is the basis for the design of hydraulic
retention time prediction models, necessary to adapt effluents to the discharge
standards (Han et al. 2015).

The RE found is within the range of one of the few studies in the country on this
species, carried out by Méndez et al. (2011), who indicate a COD removal capacity
of 73.7%. Other authors report a COD removal of 55.7% (Chacón et al. 2006),
35.59% (Andrade et al. 2009) in fish farm effluents and 91.4% in WSP treatments
plants (León and Chaves 2010). Regarding nutrients, nitrogen and phosphorus are
the main chemical constituents of the dry weight of the microalgae biomass
(Grobbelaar et al. 1988). Nitrogen is incorporated as nitrate (NO3 -) or as ammonium
(NH4 +) (Abdel-Raouf et al. 2012). It is a critical factor in regulating the lipid content
of microalgae, since nitrogen limitation stimulates lipid accumulation in algae cells,
but decreases algal biomass production, so they are mutually exclusive mechanisms
(Park et al. 2011; Anand and Arumugam 2015). Although the phosphorus content of
microalgae is around 1%, it is essential in nucleic acid formation and energy transfer
and it is one of the greatest growth limitations (Slade and Bauen 2013). In both cases
its assimilation by algal biomass, therefore, is a fundamental nutrient recycling.
Méndez et al. (2011) indicate removal of 40% nitrates, 93.8% phosphates, and total
and fecal coliforms of 84.8% and 85.9%. Andrade et al. (2009) report removal
efficiencies of 94.44% for ammoniacal nitrogen and 77.54% for phosphates. Xiao
et al. (2011) point out that the removal of the total phosphorus and nitrogen in the
digested wastewater after 8 days cultivation was more than 94%. Hammouda et al.

Fig. 6.4 Efficiency of removal of nutrients, organic matter, and pathogens present in the sewage
effluents, by means of microalgae (in percentage)
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(1995), in laboratory cultures using Chlorella sp. and Scenedesmus sp., obtained
100% removal of nitrate, ammonium, and phosphorus after 36, 42, and 48 days.
Furthermore, the microalgae reduce the pathogens present, probably by raising the
temperature, the pH, and the dissolved oxygen concentration (Schumacher et al.
2003). It has been estimated that for every kg of microalgae biomass generated from
sewage effluents, between 1.5 and 2 kg of O2 may be released (Grobbelaar et al.
1988; Muñoz et al. 2004). In all cases it was possible to confirm the capacity of the
microalgae to remove nutrients and reduce the organic load and pathogens. Further
research is necessary to delve specifically into the recovery of other toxic ions or ions
of economic interest, the feasibility of which has already been observed since the
1990s for this same species (Harris and Ramellow 1990). Abdel-Raouf et al. (2012)
points to numerous trials with dangerous ions where the algae have been successful.

In recognition that each effluent that can be used as a culture medium will have a
different physical and chemical composition (Anand and Arumugam 2015;
Matamoros et al. 2016), it is necessary to evaluate the particular energy qualities
of biomass in each of these effluents. The calorific value of the generated biomass is
shown in Fig. 6.5. The results obtained are highly promising, and located within the
range from 14 MJ / kg to 24 MJ /kg already mentioned by other authors (Chen et al.
2014). As in the previous case, given that the last two treatments could not be
completed, the biomass harvest and subsequent processing by a combustion bomb
were only performed to treatments T25% and T50%, as well, to the control culture.

The biomass obtained from the T25% tests has an energy content that was
11.19% and 12.33% higher than the control value (for HCV and LCV, respectively);
while for E50% the biomass shows values 6.96% and 7.67% lower than the control
(for HCV and LCV, respectively). Comparing between treatments, the energy

Fig. 6.5 Energy content of the microalgae biomass generated
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content was higher for T25%, which was even more advantageous than the HCV
obtained for the control.

In any case, the biomass generated has a high energy potential (from 16.04 to
19.17 MJ/kg), in relation to other solid, liquid, and gaseous fuels (Table 6.4) being
located at the same level as wood pellets with 10% humidity. The available energy is
equivalent to an average of 4.41� 0.43 kWh/kg. Coimbra et al. (2019), who worked
with Chlorella sorokiniana, found higher values but in algal biomass growing in
synthetic wastewater (HCV0% ¼ 22.9 MJ/kg), suggesting that this biomass could be
mixed without problems in carbon combustion systems, without notable effects in
their energy performance (co-combustion processes). Chen et al. (2014) obtained a
similar HCV to that obtained for T50% in this study (HCV ¼ 16.1 MJ/kg) from the
same Scenedesmus genus.

6.3.4 System Optimization Aspects

The proposed IWMT system could be optimized with the management of some
fundamental variables of the process of cultivation, harvesting, drying, and use of
biomass. In general terms, the cultivation of photoautotrophic microalgae can be
carried out through two basic designs (Slade and Bauen 2013; Sonmez et al. 2016;
Martins et al. 2018): open raceway pond (ORP), which are open ponds and with little
or no control of the microalgae growth processes; and closed photobioreactors
(PBRs) where it is possible to control the process conditions. PBRs are the only
ones feasible for large-scale biomass production although currently commercial
production is limited to a few hundred tonne and it is carried out in large ORP or
lagoons. The ORP is simpler, cheaper, and longer lasting systems than the PBR
(Garofalo 2009; Rodolfi et al. 2009), and they are the main system used to produce
human nutritional products (Barkia et al. 2019). The difficulty of controlling crop
parameters makes this system less efficient, but more accessible in different local
communities. In addition, the ORP is the only systems that can meet the double
objective of sanitation and production of useful biomass (Abdel-Raouf et al. 2012;

Table 6.4 Lower calorific value (LCV) for different resources reported in the webpage of the
Forest Research of UK (https://www.forestresearch.gov.uk/tools-and-resources/biomass-energy-
resources/reference-biomass/facts-figures/typical-calorific-values-of-fuels/)

Fuel LCV (MJ/kg) Bulk density (kWh/kg)

Wood (solid-oven dry) 19 5.3

Wood pellets (10% MC) 17 4.8

Miscanthus (bale—25% MC) 13 3.6

House coal 27–31 7.5–8.6

Anthracite 33 9.2

Heating oil 42.5 11.8

Natural gas 38.1 10.6

LPG 46.3 12.9

Where: 10%MC and 25%MC ¼ 10% and 25% moisture content; LPG ¼ liquefied petroleum gas
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Kothari et al. 2012; Gouveia et al. 2016). However, in the proposed IWMT from
microalgae, the economic exploitation of biomass for products with high added
value (biodiesel for example) is unfeasible given the high investment costs that this
would entail by the variable quality of the substrate and the handling of large
volumes of water (Rocca et al. 2015).

Even so, there are certain crop management parameters that could be optimized
with relative ease for greater system productivity, adaptation to a change of scale, or
its re-adaptation in other communities. Among these parameters are temperature,
light, nutrients, pH, and agitation (Zargar et al. 2006; Han et al. 2015; Zuliani et al.
2016). Some authors mention that the optimum range the temperature is between
16 and 27 �C (Suh and Lee 2003): lower temperatures decreases the efficiency of
microalgae-based treatments and higher temperatures can lead to energy losses. The
selection of the species is fundamental. In this study, S. quadricauda managed to
survive the autumn-winter conditions of the region, grown in a laboratory at room
temperatures. Bakuei et al. (2015) study the performance of Scenedesmus sp in the
face of different types of lights, water sources, and pH, under controlled temperature
and light intensities. The higher biomass concentration was obtained by applying
tungsten lamps (versus led and fluorescent lamp) with more red light emissions and
lower blue light led to; distilled water or diluted seawater versus tap water (the
presence of chloride ions might be inhibitors for microorganism growth); and
alkaline medium (8.2–8.7). Gas exchange must ensure the contribution of CO2 and
the removal of photosynthetic O2. The exchange across the surface of the crop is
insufficient so that it is necessary to provide aeration and/or to have an adequate
system of agitation and mixing (Suh and Lee 2003). Because the reduction of nitrate
or the assimilation of CO2 supposes an elevation of the pH of the culture medium,
this should be corrected by means of buffered media, adding acid in a controlled way
or injecting in the air stream an adequate proportion of CO2 (Park et al. 2011).
Logically, this will necessarily imply an energy expense and higher costs.
Abu-Ghosh et al. (2015) suggest an energy expenditure of around 27 kJ to pump
CO2 into the system for every 1 kg of dry algal biomass.

Furthermore, microalgae crops are susceptible to grazing by some zooplanktonic
groups, such as cladoceros, rotifers, or nematodes, especially in open systems
(Rocca et al. 2015). However, there are practical and economical methods of
controlling these microorganisms like as adjust pH to a value of 11 (Park et al.
2011). Several investigations have shown that in addition to the availability of
nutrients, the relationship in which they are found influences the correct growth of
microalgae, such as N: P rate: P below the optimum, will be limited to nitrogen;
while in greater than optimal relationships, the limit will be phosphorus (Rocca et al.
2015). S. quadricauda has shown a clear response to inhibitory processes caused by
nitrogen deficit, increasing 2.27 times the production of lipids in dry weight, but
decreasing 27 times the production of biomass (Anand and Arumugam 2015).
Finally, the availability of light is one of the determining aspects for the optimal
microalgae growth, which should be considered as another nutrient since it will
become biomass. The optimum range the light intensity is between 200 and 400 μE/
m2.s, when the photosynthetic apparatus becomes saturated (Pancha et al. 2015).
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The harvest and drying stages can also be optimized. There are many chemical,
biological, and physical or combinations harvested techniques that have been stud-
ied (filtration and flotation; coagulation or flocculation; gravity sedimentation or
centrifugation). The final decision of the method that will be used, many times will
be made based on costs, recovery efficiency, and availability of technology (Kothari
et al. 2012; Rocca et al. 2015; Barros et al. 2015; Drira et al. 2016; Koutra et al.
2018). Bagchi et al. (2015) highlight that the drying process is also a highly
expensive stage (up to 30% of the total cost) and demands a lot of energy. They
designed a drying oven that saves 50% (0.017 kWh) of the energy generally used in
this process. If the algae are harvested with energy fines, part of the calorific value of
the algae biomass could be used for drying the algae to acceptable solids content
(Azari et al. 2019).

Nevertheless, there is still no agreement on which methods of harvesting and
dewatering might be more advantageous and less energy-demanding for microalgae
production (Slade and Bauen 2013; Tedesco et al. 2014; Rocca et al. 2015; Azari
et al. 2019). In the proposed IWMT, the drying and harvesting process must still be
optimized, reducing energy expenditure. Solar dryers are being developed as com-
plementary to the system under experimentation, and could imply significant energy
savings. On the other hand, there are numerous examples of energy use of effluents
through anaerobic biodigestion processes, whereby the energy demand for drying
would be greatly reduced (Prajapati et al. 2013; Zuliani et al. 2016; Koutra et al.
2018; Olsson 2018). Although this energy application would allow bypassing the
biomass drying stage, it is undoubtedly a use with fewer added values, which would
only allow a marginal energy benefit. In addition, it would imply having some
conditions of the system, for which only some plants have currently achieved
internal energy self-sufficiency (Tarallo et al. 2015).

The next challenge is to continue expanding the scale of work, and gain experi-
ence in the ORP, which will involve a critical evaluation with its corresponding
environmental impact, in recognition of the need for space (land use), handling of
large volumes of water, and danger of contamination of operators (Azari et al. 2019).
Negotiations with the responsible Company of the treatment plant have already
begun. Since the maximum biomass production capacity with microalgae (photo-
synthetic) is determined—among other factors—by the availability of solar radiation
(Suh and Lee 2003; Pancha et al. 2015; Acien Fernández et al. 2017) which is a
function of geographical location, the north of the country has great advantages
(WB 2020). Due to the high levels of solar radiation registered in this area, so it
provides the optimal conditions for algal growth, although this advantage has not yet
been sufficiently exploited. The simultaneous effort at the National Network will
make it possible to expand the successful results to numerous communities and
promote concrete technologies for the strengthening of the circular bioeconomy.
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6.3.5 Towards Mitigating Carbon Footprint through the Algal
Biomass

The previous results allow visualizing the practical application of the circular
bioeconomy through an IWMT incorporating microalgae. In particular, applying
the IWMT reduces the CFP (Wiedmann and Minx 2007), that becomes especially
important as it is the fraction of the global EF that has the greatest impact on climate
change (more than 60% currently) (Wackernagel et al. 2019). Globally, there are two
main strategic approaches to achieve the reduction of CO2 present in the atmosphere
(which has been recognized as the main GHG, Intergovernmental Panel Climate
Change (IPCC) 2018): a) capture del gas that has already been released, through the
use of “negative emission technology,”NETs (IPCC 2018); or b) avoid the release of
various emissions, or offset them by achieving carbon neutrality.

In the first group (item a), the capture or removal of atmospheric CO2, three main
strategies are distinguished (Molazadeh et al. 2019): (1) the use of chemical methods
(Kraxner et al. 2003) (2) capture and retain CO2 and insert it into the ocean or
geological structures or CCS technologies (Ajayi et al. 2019), and (3) biogenic
carbon sequestration through photosynthesis (Wiloso et al. 2016). The absorption
(through physical or chemical solvents) is the most widely used chemical method to
clean the combustion gases (Kraxner et al. 2003). Other options are the use of gas
separation membranes or methods of adsorption and cryogenics, although greater
effort must be made to achieve the least environmental impacts of this type of
application, beyond the demand for space and investment to apply those (Molazadeh
et al. 2019).

The CCS technologies are still highly expensive and there is much to know
regarding leaks over the years (IPCC 2018; Ajayi et al. 2019; Molazadeh et al.
2019). Last, biological CO2 fixation is an inexpensive, safe, and non-polluting
method of capturing CO2 (Kumar et al. 2010), and occurs naturally through photo-
synthetic land and aquatic plants. In this sense, it is assumed that 50% of the biomass
generated is carbon (Intergovernmental Panel Climate Change (IPCC) 2006),
although the elemental composition of the microalgae biomass can vary in a range
from 37% C to 54% C (Coimbra et al. 2019). In IWMT autotrophic systems (where
essential metabolites are photosynthesized from inorganic substances), microalgae
take easily existing CO2 from the atmosphere. Although the CO2 capture capacity of
these microorganisms is faster than land plants (up to 50 times), even this capture
capacity is limited (Xiao et al. 2011; Bilanovic et al. 2009). However, in the case of
the proposed IWMT, and as already mentioned among the optimization aspects, it is
possible to inject inorganic carbon to achieve a more efficient system. CO2 can be
bubbled as well as a higher dose of nutrients if these are scarce. At this point, not
only will greater efficiency be achieved, but also power plants’ emissions as a source
of CO2 can be used (or cement plants, fermentation industries, among others, Azari
et al. 2019; Molazadeh et al. 2019), with an extra benefit.

In the second group (item b), considering that the global energy sector is the main
generator of CO2 emissions (Intergovernmental Panel Climate Change (IPCC)
2018), bioenergy is the main strategy to achieve carbon neutrality. The use of energy
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from biomass releases an equivalent fraction of fossil energy that will not be used,
and, therefore, will imply a reduction in emissions linked to the carbon emission
factor of the substituted fuel (Intergovernmental Panel Climate Change (IPCC)
2006). In this work, algal biomass has energy content per unit of matter that
means between one third and one half of fossil fuel energy (Table 6.4). On the
other hand, each biomass feedstock for bioenergy has a different impact of the CFP
reduction (Haberl et al. 2012). The proposed IWMT system has the advantage of
using a “type” of biomass resource that does not imply competition for the use of
land or water, nor will it lead to new deforestation indirectly, nor will it affect the
prices of local food or feed (Menger-Krug et al. 2012; Martins et al. 2018). This is of
fundamental importance since numerous authors have questioned the neutrality of
bioenergy for these causes (Haberl et al. 2012; Wiloso et al. 2016; Agostini et al.
2014; Paletto et al. 2019), pointing out that said neutrality is only fulfilled under
certain conditions. Haberl et al. (2012) mention that biomass only compensates for
emissions from fossil fuels while it is growing and storing carbon (in vegetation or
soil). However, if that biomass is harvested intentionally for energy purposes, there
is a new amount of emissions generated, and, therefore, there is more fossil carbon
that will not be lost but instead biogenic carbon will be emitted. Agostini et al.
(2014) point out that if the biomass source is stemwood from dedicated plantation for
bioenergy, this would cause, in the short term, an increase in GHG emissions
compared to a scenario with the use of fossil fuels, and only it could be beneficial
in the long term. Therefore, according to these authors, biomass has a positive effect
when it is growing but not when it is used as source of bioenergy. Now, if the
biomass source for bioenergy is residual feedstocks not used for any other purpose
and which would also release CO2 when decomposing, then there would be a true
GHG mitigation impact (Haberl et al. 2012).

Another important aspect to consider in the CFP is the type of conversion energy
technology that will be used in the IWMT (Paletto et al. 2019; Coimbra et al. 2019).
Thermochemical conversion routes are the most effective and promising options,
including pyrolysis, gasification, and combustion (Coimbra et al. 2019). Processes
that improve the energy value of biomass, like as the torrefaction could be an
alternative option (Chen et al. 2014). Although they involve a higher level of
complexity, other biochemical conversion routes (in addition to the anaerobic
digestion already mentioned) that can achieve high-value biofuels (alcoholic fer-
mentation and transesterification) could also be explored (Singh et al. 2016; Barkia
et al. 2019) given the forecast high demand for liquid fuels (biodiesel and
bioethanol) in the future (Global Bioeconomy Summit (GBS) 2018; Azari et al.
2019; Intergovernmental Panel Climate Change (IPCC) 2018). The bioenergy that
could be generated from this microalgae biomass is not only renewable, but would
also imply a reduction effect of GHG emissions into the atmosphere since 1 kg dry
mass was generated from 1.83 kg of CO2 sequestered from the atmosphere (Slade
and Bauen 2013; Bakuei et al. 2015; Azari et al. 2019). By last a new trend known as
climate positive solution proposes an alternative that overcomes the previous ones:
Bioenergy & CCS (BECCS): this implies the utilization of biomass as a fuel for
industrial or power generation processes and the capture and storage of the CO2
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released in the process (Kraxner et al. 2003; Realmonte et al. 2019) into geological
formations (or their removal using some of the chemical methods already described).
Even these processes are still being studied currently (Intergovernmental Panel
Climate Change (IPCC) 2018; Realmonte et al. 2019). The CO2 biofixation and
bioenergy are the two main strategies promoted by the circular bioeconomy (Pfau
et al. 2014).

6.3.6 Application of Algal Biomass for Reducing Water Footprint

An analysis of the implication of the proposed system on water demand (known as
the “water footprint” WFP, Hoekstra et al. 2011) can contribute to a better under-
standing of the importance of promoting this type of alternative IWMT. The WFP is
an indicator equivalent to EFP: while it calculates the demand for productive land of
a given population to supply itself with products and services, the WFP calculates
the demand for water to cover those same needs. Likewise, this indicator can also be
useful to the product or service analysis in a particular way. It includes three
categories of water use: (1) Green WFP: amount of rainwater accumulated in the
soil within reach of crops; (2) Blue WFP: amount of water used from natural or
artificial sources; and (3) Gray WFP: dirty water generated during the production
cycle (assessed as the quantity of necessary water to adjust the effluent to allowable
tipping limits) (Hoekstra et al. 2011).

In the case of the IWMT analyzed, although it is not the main objective, biomass
is grown from microalgae. Like all crops, the production of algae for energy
generation will involve the stages of cultivation, harvesting, drying, and energy
conversion (Azari et al. 2019). The demand for water, therefore, will be associated
with each of these stages, which in turn will involve energy expenditure. For each
tonne of generated biomass, it is necessary to remove an amount of water that is up to
250 times higher in weight, which implies the management of large volumes of
wastewater and a great associated cost (Barros et al. 2015). Here the importance of a
right choice of algae harvesting techniques that allows an efficient use of an
abundant volume of water and its recycling (Rocca et al. 2015). However, the
volume of water involved depends upon the type of cultivation system and its
geometric characteristics (ORP or PBR system) (World Water Assessment Program
(WWAP) 2017; Azari et al. 2019). The main difference in water demand between
ORP systems (operating from fresh water and effluents) and PBR lies in the loss of
water from the ORP system through evaporation and leaks (Azari et al. 2019), which
will depend fundamentally of the geographical location. In a context of water
scarcity and high temperature sites, this loss may be unacceptable, so PBR systems
may be convenient (Martins et al. 2018). However, the costs will also be different:
US$ 494/t algae generated for open ponds have been estimated, and a range from US
$ 639 to US$ 1737/t algae in PBR of different characteristics. In other words, the
ORP system implies an investment that is 30% less than the more economical PBR
system (Clippinger and Davis 2019). The demand for water in the cultivation stage
in ORP systems reaches up to 13,000 m3 /ha/year (Chinnasamy et al. 2010) or up to
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200 m3/GJ of energy from microalgae biodiesel obtained (Gerbens-Leenes et al.
2014). Therefore, the use of municipal and agricultural wastewater can minimize the
amount of fresh water necessary for the cultivation, constituting a great environmen-
tal advantage and contributing to sustainability objectives (Martins et al. 2018). In
effect, Azari et al. (2019) found that the WFP is 96.80% lower (just a water
consumption of 117.8 kg per 1 kg of biodiesel) when the ORP system uses effluents
than when the same system uses fresh water to obtain biodiesel from algae.

Although the demand for water from the cultivation stage is excluded from the
WFP analysis-because wastewater is used instead of clean water (either fresh or salt
water)-, other demands for water through the process must be considered (Azari et al.
2019). It is worth mentioning, for example, the washing and cleaning of the facilities,
biomass processing, or the need for dilution when the effluent is highly concentrated.
Indeed, the results of the IWMT analyzed in this work show that the successful
growth of algae was only possible when the effluent concentration was up to 50% in
the culture medium; although perhaps the algae support a lower concentration of
effluents when the mixtures are made from fresh water and not with culture medium.
The recommendations of the analyzed system are to dilute the effluent mainly in the
dry seasons of the year, where it arrives more concentrated. Other indirect water
demands are generated as a consequence of the production of electricity necessary
for the process (Martins et al. 2018). Therefore, the reduction of WFP is in turn
associated with lower energy demand and lower CFP. For example, the CFP in the
ORP system with wastewater (67 g CO2 eq. per MJ of produced energy) is 55%
lower than other ORP from clean water and these emissions are basically associated
with the electricity demanded in the different steps of the process (about 85% of this
demand) (Azari et al. 2019), which can include the operation of mixers (to keep
microalgae suspended and facilitate their contact with light and atmospheric CO2),
thermal regulation processes or harvest, drying and energy conversion (Martins et al.
2018).

Finally, the optimization of the proposed system from the point of view of the
WFP would imply the reuse of the water treated by the microalgae, for different
purposes (World Water Assessment Program (WWAP) 2017). Global perspectives
of the possibilities of these strategies can be seen in countries such as Israel, a leading
country in water recycling (more than 80%) which implies a great effort to achieve
highly treated effluents and not cause damage to crops and soils (Tal 2016). The
influence of IWMT systems could be global, if a systematic action plan was
promoted in all regions. For this, awareness and evaluation is necessary, which
allows its promotion from a conscious strategy and on the basis of adequate
investments and political framework. Early regional planning and corresponding
regulations and control schemes will allow to take advantage “upstream,” that is,
from the points of demand for clean water and effluent generation, to endorse
efficient use and decrease the volumes of effluents to be treated, with the implication
of savings in water, energy, and costs, reducing environmental impacts (mainly in
the most vulnerable communities).

Within this effort, it is important to agree on an appropriate definition that can be
coined identically worldwide, since there are discrepancies and inaccuracies in the
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concepts of “reuse” and “recycling” (in some cases synonymous and in other cases
with a different scope), within which there are no precise limits for what is consid-
ered fully, partially, or untreated/treated water (World Water Assessment Program
(WWAP) 2017). This effort is essential to observe the level of achievement of the
stated goal and record progress in the same way among countries. Likewise, it is
necessary to enable adequate registry systems for this goal, since the lack of primary
data registries and the lack of updating of information are common problems in third
world countries, not only associated with the subject of water and effluents
(Manrique et al. 2020).

6.3.7 Conclusions about the Experience

In the study reported, microalgae growing in different concentrations of sewage
effluents, with minimized controls during the cultivation process, had good growth,
achieving removal efficiencies of organic matter, nutrients, and pathogens greater
than 50% and reaching the maximum CD in a maximum time of 17 days. The
maximum biomass yields were achieved at effluent concentrations not exceeding
50%. A higher concentration of effluent was limiting for growth, so, in the begin-
ning, treatment for bioremediation should include a stage of mixing of the effluent
(with river water, for example) at the discharge point of the purification pond, so that
the microalgae can thrive. The proposed system was simple, and can be easily
replicated on larger scales, including some optimization factors, such as pH control,
lighting, agitation, among others, if necessary. IWMT will be essential technologies
particularly in regions with low water and energy availability (since the proposed
system involves a reduction in the WFP with respect to its non-implementation),
mitigating GHG emissions (CFP reduction) and strengthening local communities in
the face of climate change.

6.4 Future Perspectives in the Biomass Sector

6.4.1 Current and Future Challenges for Achieving Sustainability
from the Circular Bioeconomy

From the year 2000 onwards, two perspectives of bioeconomy can be recognized.
The first, the fossil to biomass substitution perspective, which recognizes that new
technological developments for biomass utilization will allow access to large feed-
stock supplies of biomass for new bioprocesses or biofuels, it was the one that has
prevailed during the first decade of this century. Probably, this trend was promoted
by the predictions of depletion of fossil fuels and their high price, and later, by the
commitments made in the fight against climate change that found a milestone in the
Paris Agreement.

The second perspective places its emphasis on a knowledge-based bioeconomy
and biotechnology. It promotes the new technologies and processes developed from
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the latest advances in chemistry, mechanics, systems engineering, life sciences, and
information technologies, with numerous applications (such as precision farming,
healthier biochemical products, new recyclable materials, synthetic biology, digiti-
zation, and advanced manufacturing) (Birner 2018; Global Bioeconomy Summit
(GBS) 2018; Linser and Lier 2020). This perspective is the one that has begun to
predominate in recent years (Birner 2018). Biorefineries are one of the maximum
exponents of what the circular bioeconomy promotes (Keegan et al. 2013; Rajesh
Banu et al. 2020; Ubando et al. 2020).

Currently, both approaches appear mixed and with different variants in the
national strategies proposed, from the concept to the scope, depth and type of
activities, and areas that formed the bioeconomy (Global Bioeconomy Summit
(GBS) 2018; Birner 2018). This is not only a technical option, but the result of
different country characteristics, political preconditions, circumstances, priorities,
settings, technological development, resource base, and public demands (Linser and
Lier 2020). Even so, since approximately 2015, there is a clear reference that these
strategies will contribute to meeting the sustainability objectives and those related to
climate agreements (European Commission (EC) 2018; Global Bioeconomy Sum-
mit (GBS) 2018; United Nations (UN) 2018). However, these proclamations lack
empirical evidence given the short existence of these national strategies, and most of
them do not have goals or quantitative indicators that allow this evaluation to be
carried out over time (German Bioeconomy Council (GBC) 2018). So, can it be
simply assumed that compliance with the bioeconomy strategy will necessarily
imply the achievement of sustainability goals? From the academic scientific field
there is no consensus in this regard, and conflicting visions can be identified.

Some proponents of this circular bioeconomy paradigm assume innate
sustainability and base their argument only on the analysis of some specific
contributions of it (renewable resources and energy or some physical and ecological
benefits of biomass use: Jenkins 2008; Navia and Mohanty 2012; Barkia et al. 2019).
Intermediate positions recognize that the bioeconomy could bring benefits under
certain conditions (Garofalo 2009; Demirbas et al. 2009; Bilgili et al. 2017;
Scheiterle et al. 2018). Others more skeptical, distrust the new umbrella of the
bioeconomy as a new green make-up, and point to problems associated with its
promotion as the land use antagonism: food vs feed biomass production (Rosegrant
et al. 2013); but also the threat to biodiversity or ecosystems that the production of
biomass feedstocks may imply; or the negative balance of GHG emissions in the
processing of biomass for energy (Agostini et al. 2014; Raj et al. 2020; Banerjee
et al. 2020). At the other extreme, detractors point out that the implementation of the
bioeconomy paradigm is disconnected from regional realities (Marsden 2013); it
lacks sufficient regulatory frameworks to verify the fulfillment of goals and progress
towards sustainability (Sheppard et al. 2011) and is basically promoted from a
neoliberal capitalist ideology that moves everything under the rules of the market
(Birch 2006; Birch et al. 2010; Gottwald 2016).

This current controversy should draw attention to the need to specifically consider
sustainability as a central objective of the bioeconomy itself (Chisti 2010; Marsden
2013; Pfau et al. 2014; Scheiterle et al. 2018; Heimann 2018). If sustainability
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objectives are not clearly defined in each territory, the bioeconomy will not neces-
sarily contribute to the achievement of the SDGs, since it will be guided by
economic benefit and market interests (Birch et al. 2010). The 2030 Agenda still
calls for more vigorous and urgent action (UN 2019b) particularly with regard to the
goals of climate change (SDG 13), safe water (SDG 6), and access to energy
(SDG 7), always considering an adequate management of resources. Indeed, there
are still major challenges in terms of: (1) climate change: despite international
agreements, carbon markets, and other incentives, the temperature has risen 1 �C
from the reference scenario (United Nations (UN) 2019b); (2) water: a quarter of the
world population faces extremely high water stress (WRI 2019); around 10% world
population still did not have basic drinking water services (United Nations
(UN) 2019b) while 380 billion m3 were eliminated as effluents across the world
(Qadir et al. 2020); and (3) energy: about 39% of the world population lack clean
fuels and technologies. Within a delicate framework of support for terrestrial and
aquatic environments (risk of extinction of species and ocean acidification) (United
Nations (UN) 2019b), further discussion is necessary for both goals of the
bioeconomy and sustainable development, converge favorably and be verified.
The last requires a specific action plan with quantitative aims (Global Bioeconomy
Summit (GBS) 2018) based on concrete strategies custom-made for the territories
and a regulatory framework that considers the different areas of action of the
bioeconomy (Pfau et al. 2014; Rodríguez and Aramendis 2019).

6.4.2 Policies, Legal Framework, and Financing for the Circular
Bioeconomy

Although the circular bioeconomy is under construction and redefinition of its bases
and foundations (Carus and Dammer 2018), this new paradigm of production and
consumption must be strengthened from a new institutional political framework that
allows its development. Existing rules and regulations correspond to a fossil-
dependent world economy based on the industrial revolution and need to be
reviewed, modified, or adapted to the new bio-circular context (Bilgili et al. 2017;
Rodríguez et al. 2017; Rodríguez and Aramendis 2019).

One of the challenges of the bioeconomy lies in the possibility of structuring the
different value chains (which includes all the economic activities carried out in a
territory, being the harvest of available raw materials the first link in the chain) in
interconnected processes that simultaneously meet the dual objective of efficient
management of feedstock: recirculation of energy and the cascade use of resources
(BIORES 2015; Sherwood 2020). This challenge will be overcome with an appro-
priate territorial planning policy, based on stakeholder’s consultation and consensus
(from public and private sectors), and regulations that promote responsible behavior
in the productive processes, with a view to reducing environmental and social
impacts (Chisti 2010; Rodríguez et al. 2017; Paletto et al. 2019; Vanhamäki et al.
2020).
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The cascade use of a resource (taking advantage of the raw material for the
elaboration of products, by-products, extraction of substances, and finally energy,
Carus and Dammer 2018; Del Borghi et al. 2020), can be a difficult path to follow in
small domestic economies (Demirbas et al. 2009; Pleissner 2020). While some world
economies have resources, infrastructure, technology, and capital to reach the
simplest level of plant cells to take advantage of each of their functional chemical
groups (Ubando et al. 2020), in other regions (and even within the countries there are
these differences), there are still unsatisfied basic demands that are those that should
mobilize all attention, resources, and efforts towards more sustainable communities
and territories (Food and Agriculture Organization of the United Nations (FAO)
2014; World Water Assessment Program (WWAP) 2017, Linser and Lier 2020;
Pleissner 2020). In this sense, it is necessary, on the one hand, to generate more
discussion on how the bioeconomy can reduce these inequalities within and among
countries (disparities also observed between urban and rural areas) (Linser and Lier
2020) and, on the other, to promote differential bioeconomy strategies that allow
optimal levels of circular bioeconomy to be reached within territories (involving
both public and private sectors) (Vanhamäki et al. 2020).

Assumed that rural development is one of the aims of the bioeconomy (Pfau et al.
2014), a set of policy instruments focused on different regions must be developed.
Public policies are those that will allow to model the character of circular
bioeconomy in the territories, articulating the different ministries in a new space
the interaction (production, health, environment, agribusiness, science, and technol-
ogy, etc.) and the jurisdictional hierarchies (nation, province, municipality). These
policies should start from the recognition of the characteristics and local individual
needs (small family farming, small-scale enterprises, regulation of links and
intermediaries in value chains), promoting infrastructure investments, and ensuring
the participation of all levels in decision-making processes (Von Braun 2015;
Rodríguez and Aramendis 2019; Manrique et al. 2020).

In other words, the bioeconomy of each country must start from the recognition of
the bioeconomy of its regions, its different capacities, and its territorial vocation
(particularly local feedstock offer). Each region should recognize their comparative
advantages, and specialize and focus on them to create added value to their local
productions (Global Bioeconomy Summit (GBS) 2018). Marketing within defined
spaces will not only grant identity and empowerment to small local economies by
promoting jobs and generation of incomes, but will also demand less fuel consump-
tion for transportation and therefore a reduction in GHG emissions (Seadon 2006;
Heimann 2018). It is also possible to boost the cascade use of biomass in developing
economies, which will depend on clear organizational and political aspects, territo-
rial planning and synergistic work in the territories (Rodríguez et al. 2017). The
regulations should contemplate, for example, the addition of value through product
origin seals, quality standards, and certifications of local manufactures or fair trade.
Likewise, incentives for investment and innovation that support the creation of new
small-businesses or new value added small-companies in the different productive
chains of the territories. The advancement of communication and information
technologies is contributing to being able to implement circular and cascade
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processes, opening the space to the introduction of multiple companies that provide
new creative services (Carus and Dammer 2018; Global Bioeconomy Summit
(GBS) 2018; Rodríguez and Aramendis 2019). There is great potential ahead,
which must be deployed within ethical agreements and sustainability limits clearly
defined in each site.

6.4.3 Research and Development for Integrated Waste
Management Technologies Implementation

To the extent that the circular bioeconomy has motivating principles on which
society agrees (basically generation and efficient use of biomass resources and
diminish rubbish and refuse) (Heimann 2018; Hidalgo et al. 2019; Sherwood
2020), concrete strategies are required to guide efforts to implement these principles
in practice. These will also become evaluation and monitoring points for the
quantification of results (Linser and Lier 2020).

The definition and achievement of these strategies must be supported by a strong
component of R&D at the local level (Scheiterle et al. 2018; Dietz et al. 2018;
Kalmykova et al. 2018), generating integrative information across value chains
(Sanders and Langeveld 2020). It must be considered that the bioeconomy can be
approached from multiple fields of the science, whose knowledge of different nature
will imply a high complexity at the time of its integration for decision-making in the
regions. Therefore, interdisciplinary approaches, in ad hoc teams for solving specific
problems in the territory, with the integration of contributions from the people
involved in the biomass value chains, will allow the knowledge generated to be
effectively applied, bridging the gap between science and society (Chisti 2010;
Rodríguez et al. 2017; European Commission (EC) 2018).

For example, the solutions that focus on trinomial water–energy–climate change
are what will consolidate the social and environmental networks, by mobilizing
small domestic economies with practical solutions of the IWMT type (Nagarajan
et al. 2020; Rajesh Banu et al. 2020). This will be of great impact in emerging
economies, developing countries, or marginal sectors, in which the treatment
systems are inefficient but in turn there is a high need for basic resources (water,
energy, nutrients) (World Water Assessment Program (WWAP) 2017; Qadir et al.
2020). Qadir et al. (2020) estimated that globally, a total of 25.9 Tg of three essential
nutrients (N, P, K) are lost annually in sewage effluents and Tarallo et al. (2015)
recognize that the potential energy in the wastewater is around 500% the energy used
for treatment processes. However, current technologies do not allow 100% recovery
of the nutrient load and few systems recover nutrients and energy (Abdel-Raouf et al.
2012; Barkia et al. 2019; Qadir et al. 2020). The inclusion of microalgae as natural
accumulators of nutrients, achieving greater system efficiency, should be promoted
and tested in pilot plants and even replicated in real conditions at the local level,
which makes it possible to define the limitations and real opportunities for
co-benefits (benefits secondary) beyond the effluent sanitation and ecological
benefits in receiving water bodies (Park et al. 2011; Prajapati et al. 2013; Matamoros
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et al. 2016; Rajesh Banu et al. 2020; Nagarajan et al. 2020). Likewise, is currently
possible to achieve a neutral energy balance in the wastewater treatment cycle
through the onsite renewable bioenergy generation (Tarallo et al. 2015). Numerous
and more or less efficient bioenergy technologies are available on the market, and
those have potential for local manufacturing in small economies (Slade and Bauen
2013; Prajapati et al. 2013; REN-21 2019; Manrique et al. 2020; Vanhamäki et al.
2020).

IWMT could be one of the fundamental tools of the circular economy, taking
advantage of a greater portion of the resources and giving value to the wastes
(Hidalgo et al. 2019). Although the IWMT do not fully incorporate the concept of
cascade use, do bring the return of matter and energy to the system and provide
solutions to specific local demands. In this line, there is still much to explore,
defining solutions adapted to the territories according to existing biomass resources,
but above all identifying sources of residual biomass that could be reused in circular
processes (Jenkins 2008; León and Chaves 2010; Kaza et al. 2018; Pleissner 2020).

Scientific and technological networks will be of fundamental value in the
territories and will make it possible to generate information on the new relevant
variables (biomass, potential, distribution, functionalities); promote discussion
tables; facilitate the dissemination of strategies and awareness of the population
about the new products and services; socialize successful experiences and the failure
analysis as an engine of innovation; constitute points of connection between multiple
stakeholders: producers, consumers, government, academia, industry (Von Braun
2015; Clark et al. 2016; Rodríguez et al. 2017; Kalmykova et al. 2018; Vanhamäki
et al. 2020). Undoubtedly, there is still a long way to go in developing IWMT
strategies, but the benefits are more than promising.
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