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Prélogo Numero Especial:
“Biorrefinerias utilizando Microalgas,
Plantas y Aguas Residuales”
Curso en linea

La Sociedad Latinoamericana de Bio-
tecnologia Ambiental y Algal (SOLABIAA)
organiz6 de manera conjunta con el Instituto
de Ecologia (INECOL) y la International
Society for Environmental Biotechnology
(ISEB) el Curso virtual “Biorrefinerias
Utilizando Microalgas, Plantas y Aguas
Residuales” del 28 de Junio al 1 de Julio de
este afio.

Los profesores participantes son de amplio y
reconocido  prestigio y  representan
Instituciones de México (INECOL, UAM-1y
UNAM), de Espafia (Universidad de Almeria,
Universidad de Politécnica de Catalufia y
Universidad de Valladolid) y de Italia
(Universidad de Florenciay Consejo Nacional
de Investigacion).

Este Numero Especial de RELBAA (Vol. 12,
Num. 2) compila varios articulos cortos que
resumen la parte medular de las
presentaciones de los Profesores invitados. El
proposito es proporcionar informacion de
facil acceso y que puede ser citada, por todos
aquellos asistentes virtuales al curso.

Los organizadores del Curso estdn muy
satisfechos por el gran nimero de personas
registradas (578), las cuales provienen de
maltiples paises de la Region Latino-
americana. Este tdpico es de gran relevancia
actualmente, dado que representa una de las
opciones de mitigacion del cambio climatico
dentro del concepto de Bioeconomia Circular.
De esta forma, estamos contribuyendo a la
difusion del conocimiento entre el ambiente
académico, profesional, empresarial vy
gubernamental de una manera amplia y
efectiva.

Special Issue Editorial:
“Biorefineries Using Microalgae,
Plants and Wastewater - Online
Training Course”

The Latin American Society of Environmental
and Algal Biotechnology (SOLABIAA), the
Institute of Ecology (INECOL-Mexico) and
the International Society for Environmental
Biotechnology (ISEB) have organized jointly
the Course online “Biorefineries using
microalgae, plants and wastewater " held from
June 28" to July 1%, 2021.

The invited Professors are well known in their
respective fields and represent multiple
academic organizations in Mexico (INECOL,
National Autonomous University of Mexico,
and Autonomous Metropolitan University),
Spain (University of Almeria, Polytechnic
University of Catalonia, and University of
Valladolid), and Italy (University of Florence
and National Research Council).

This  Special  Issue  presents  short
communications written by the invited
Professors in which a review of the core items
of their presentation in the course is
summarized. The purpose is to provide open
access information that can be formally cited
providing the proper credit to the information
online.

The Organizing Committee is very satisfied
with the outcome of the Course, not only due
to the large number of attendees (578), but also
due to the large diversity of countries of the
Latin American Region that participated. The
topic of the course is quite relevant currently
since it represents one of the options for global
warming mitigation within the Circular
Bioeconomy concept. In this way, we are
contributing in an effective and wide manner to
the dissemination of knowledge among the
academic, professional, entrepreneurial, and
governmental sectors.

Dra. Eugenia J. Olguin
=-~Editor en Jefe~-=
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Short communication

Photosynthesis basic principles to optimize growth of
microalgae cultures outdoors

[Fotosintesis: Principios basicos para la optimizacion del crecimiento en cultivos
de microalgas en condiciones exteriores]

Giuseppe Torzillo™

2 CNR-Istituto per la Bioeconomia,
Via Madonna del Piano,10, 50019 Sesto Fiorentino, Firenze, ltalia
® CIMAR-Centro de Investigacion en Ciencias del Mar y Limnologia, Universidad de Costa Rica,
San Pedro, San José 2060, Costa Rica
(“Corresponding author: giuseppe.torzillo@cnr.it)

Abstract

Microalgae can play an important role in
modern bioeconomy since they can be
used as source of some important building
blocks such as amino acids, poly-
unsaturated fatty acids, pigments,
vitamins, and antioxidants. To date, the
number of species being cultured on a
large scale for commercial purposes is still
small, the most used being Arthrospira
platensis (Spirulina) and Chlorella spp.,
produced mainly for use as nutritional
supplements, and Dunaliella  and
Haematococcus as source of carotenoids.

The production of sufficient amounts of
biomass is a prerequisite for meeting
large-scale demand and to reach economic
viability. To date, in industrial scale
microalgal production systems, light
conversion efficiency ranges between 1-
2% on solar basis, far short of the
theoretical maximum of about 10%, owing
to energy loss at all the stages of the
process. Table 1 shows a summary of the
expected energy losses of total incident
solar radiation during the biomass
production process.

Resumen

Las microalgas pueden desempefiar un papel
importante en la bioeconomia moderna, ya
que pueden utilizarse como fuente de
algunos componentes basicos importantes,
como  aminoacidos,  acidos  grasos
poliinsaturados, pigmentos, vitaminas y
antioxidantes. A la fecha, el nimero de
especies que se cultivan a gran escala con
fines comerciales es todavia pequefio, siendo
las maés utilizadas Arthrospira platensis
(Spirulina) y Chlorella spp., producidas
principalmente para Su UusO  Como
suplementos nutricionales, y Dunaliella y
Haematococcus como fuente de
carotenoides.

La produccion de cantidades suficientes de
biomasa es un requisito previo para satisfacer
la demanda a gran escala y alcanzar la
viabilidad economica. A la fecha, en los
sistemas de produccién de microalgas a
escala industrial, la eficiencia de conversion
de la luz oscila entre el 1-2% en base solar,
muy lejos del maximo tedrico de alrededor
del 10%, debido a la pérdida de energia en
todas las etapas del proceso. La Tabla 1
muestra un resumen de las pérdidas
energeticas previstas de la radiacion solar
incidente total durante el proceso de
produccion de biomasa.

©The Author(s) 2021. This article is published with open access by Sociedad Latinoamericana de
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Table 1. Summary of expected the energy losses of total incident solar radiation energy
in outdoor microalgal cultures.

Process Energy radiation Remaining
losses (%0) energy (%)

Total solar radiation - 100
Reflection/scattering 10 90
Radiation outside PAR 55 41
Loss of useful absorbed PAR energy at
680 nm (PSII) and 700 nm (PSI) due to 20 32.8
non-photochemical processes
Conversion energy to biomass 71.3 94
Photogyn_th_e:sls saturation and 80 188
photoinhibition
Cell maintenance in cultures 10 17
subjected to diurnal cycle '
Actual light conversion efficiency under 17
solar light '

It is estimated that about 10% of the
photosynthetically active radiation is
reflected by the cultures. Microalgae, when
grown under high light, also synthesize
some protective pigments (xanthophyll
cycle pigments, in green algae) that
dissipate excess light as heat (Masojidek et
al., 1999). This photosynthetically inactive
light absorption, to the extent it occurs,
further lowers photosynthetic conversion
efficiency.

Furthermore, photons above 700 nm and
below 400 nm are not utilized by microalgae
pigments (as well as by higher plants), and
thus about 55% of incident solar light is
unavailable to drive photosynthesis. The
sum of losses by reflection and more
importantly the amount of light out of the
photosynthetically active radiation (PAR)
range, reduces the available light for
photosynthesis to about 41%.

The energy required to drive a charge
separation event in PSII is approximately
176 KJ/mol (i.e., equal to the energy of a
680-nm wavelength photon), and 171
KJ/mol (i.e., the energy content of a photon

at 700 nm) for PSI. If we assume that the
mean energy content of photons in the 400-
700 nm range is about 218 KJ/mol, then the
loss of energy between absorption and
charge-separation in the two photosystems
will be approximately:
{[218-(171+176)/2]/218}x100;

this means that approximately 20.4% of the
incident solar energy is irretrievably lost as
heat in the process, because of the relaxation
of higher excited states of chlorophyll to the
first excited singlet state (Zhu et al., 2008).
For light conversion to biomass, considering

that 1 mol of hexose yields 2808 KJ mol
and that a minimum of 9.4 mol of quanta are
required to release 1 mole of O,,

(2808 KJ mol /(173.5 KI mol " x 6 (9.4 mol
quanta) x 100 = 28.7 %

(i.e. an energy loss of 71.3%),

then consequently the theoretical maximum
light conversion efficiency for biomass
production is about 9.4% of solar light. The
calculated value of the light conversion
efficiency can  significantly  change
according to the biomass composition.

©The Author(s) 2021. This article is published with open access by Sociedad Latinoamericana de
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For example, biomass rich in carbohydrates
there is a good agreement between
theoretical and real quantum requirement,
while for biomass rich in lipids or in
proteins, the quantum requirement can
increase by a factor of 2 (up to 24
photons/CO>) (Wilhelm and Torsten, 2011).
On the other hand, the theoretical light
conversion efficiency (LCE) for H>
production, attainable by direct bio-
photolysis, is about 13.4% of incident solar
light. This theoretical maximum conversion
efficiency is significantly higher than the
theoretical limit for biomass or biodiesel
production, but lower than present
commercial single-junction (single
photosystem) silicon solar cell modules,
which is typically 18+ 2% and photo-
electrochemical  water-splitting  devices
15% (Green et al, 2010).

These differences are only apparent and are
explained by the fact that the efficiency of
the process depends on the number of steps
necessary to produce a certain compound
(i.e., the more steps required in the biomass
case, the lower the efficiency of the
process). For example, the annual averaged
efficiency for solar water splitting by PV-
driven electrolysis can drop to 10-11%, if
the cascade of energy loss to produce H is
considered.

Measurements of the effective quantum
yield of PSIl  using chlorophyll
fluorescence, carried out at midday in
summer usually shows a strong reduction
indicating that up to 90% of the light energy
is lost via non photochemical process,
mainly heat. This drops the light conversion
efficiency usually attainable in large scale to
less than 2%. Finally, although at much
lower extent, the night biomass loss
occurring during the night must be
considered, involving dissipation of energy
through the respiration usually at the
expenses of carbohydrates (or other stored
products) synthesized during the light

period (Torzillo et al., 1991). Bearing this
information in mind, it is possible to
estimate the amount and of biomass
attainable in a precise location with known
light energy available, provided that neither
technological aspects (such as mixing, cell
concentration), nor environmental
constraints (such as temperature, pH, O>)
are limiting.

For example, with an average mean solar
energy of 18 MJ m day, and a cultivation
period of 210 days, with a light conversion
efficiency of 1.7%, the energy content of
biomass being 20 KJ g, the corresponding
biomass yield will be about 32 t ha™* year™.
The corresponding mean yield per square
meter of reactor will be about 15 g m™ day”
1 (mean over the cultivation period of 210
days). Yet, if the theoretical efficiency could
be reached, then the mean biomass per
square meter would raise to about 83 g m
day™.

Unfortunately, neither with laboratory
cultures nor outdoor ones, an efficiency of
9.4% has ever been attained. Continuous
cultures of Synechocystis reached an
efficiency of 12.5% on PAR, corresponding
to 5.6% on solar basis (Touloupakis et al.,
2015). It must be pointed out that the first
calculations of photosynthetic efficiency
coming from laboratory experiments where
microalgae were usually exposed to light
irradiance within the PAR gave results that
must not be confused with those obtained in
sunlight (i.e., full light spectra) which are
55% lower.

As can be argued from Table 1, the greatest
energy losses are due to the conversion of
solar energy into biomass (about 71%) and
to light saturation of photosynthesis (80%).
Microalgae, like C4 plants, usually have a
well-functioning xanthophyll cycle which is
necessary for the development of the non-
photochemical quenching (NPQ)
mechanism and can efficiently dissipate
excess of light (Demmig-Adams, et al.,

©The Author(s) 2021. This article is published with open access by Sociedad Latinoamericana de
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2014; Masojidek et al., 1999; Masojidek et
al., 2004).

Microalgae — unlike higher plants in which
the amplitude of NPQ is proportional to the
light intensity at which they are exposed,
strongly upregulate their ability to switch on
NPQ even under moderate light irradiance,
and this causes a remarkable reduction in
the light conversion efficiency (Bonente et
al., 2012), and in the ability to dissipate
photons absorbed by the light-harvesting
complexes under excess light. Obviously,
while little can be done to improve the light
conversion into biomass, a strong
enhancement of yield could be attained if
the problem of light saturation could be
reduced.

To attenuate the effects of this physical
constraint that actually acts as a strong
drawback in algal biotechnology, some
strategies have been proposed: 1) fast
mixing in order to induce rapid light/dark
cycles within the culture depth of dense
cultures; 2) use of an optimal concentration;
and more recently, 3) use of PBR designs in
which it is possible to dilute light over a
larger surface of the culture (Wijffels and
Barbosa, 2010); and 4) use of organisms
with small antenna size.

All these strategies aim at improving light
conversion efficiency by enhancing the
number of cells having access to light and
reducing as much as possible the time the
cells spend in the dark. Therefore, the
optimization of the reactor design cannot
exclude an appropriate fluid dynamics
study.

Conclusions

A Dbetter understand of the mechanisms that
regulate light utilization/dissipation may
shed light on the potential ways of
optimizing productivity and product quality.
However, these studies are made complicate
by the fact that outdoors very often

environmental factors act in synergism
between them. Therefore, pure laboratory
study, on commercial microalgal species,
although very important, must be
considered carefully and always confirmed
outdoors. On the other hand, in order to
better understand the physiological basis of
stress phenomena occurring outdoors, it is
necessary to return to the laboratory where
the effect of environmental factors can be
studied separately, under well definite
conditions. The critical factor which limits
the productivity of the cultures is the low
efficiency of light conversion. Indeed,
although photosynthesis has been optimized
over three billion years of evolution, it
remains inefficient at converting solar
energy into chemical energy and biomass.
Microalgae with truncated antenna size may
substantially  increase  the  biomass
productivity. This approach represents a
synthetic variation of the natural photo
adaptive- mechanism of microalgae in
which pigments re-organize in response to
high light. Unfortunately, mutants generated
by random UV or chemical mutagenesis are
likely to induce multiple mutations, and
among them an increased respiration rate of
the cells, which reduces the benefit of the
reduced light absorption of the truncated
antenna size cells. Therefore, in these
studies, an important parameter that need to
be addressed, other than the lower
chlorophyll per cell and reduced PSII
antenna size, is the photosynthesis to
respiration ratio which should not
significantly affected.

The progress in algal biotechnology could
be strongly accelerated if basic research on
microalgae were carried out taking into
account the new necessities pointed out by
applied research, and vice versa: in other
words, biologists should understand more
about bioengineering and engineers should
understand more about biology.

©The Author(s) 2021. This article is published with open access by Sociedad Latinoamericana de
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permits any use, distribution, and
reproduction in any medium, provided the
original author(s) and the source are
credited.
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Short communication

Aspectos Genéticos de Microalgas

[Genetic Aspects of Microalgae]

Vitalia Henriquez”

Laboratorio de Genética e Inmunologia Molecular, Instituto de Biologia, Facultad de Ciencias,
Pontificia Universidad Cat6lica de Valparaiso. Valparaiso, Chile.
("Corresponding author: vitalia.henriquez@pucv.cl)

Resumen

Desde hace décadas las microalgas son foco
de estudio en todo el mundo, aunque en los
ultimos afios han cobrado un gran interés, en
particular para diversas aplicaciones bajo una
perspectiva bio-tecnolégica. Como conse-
cuencia de su gran dispersion filogenética,
ofrecen bio-productos complementarios a los
de las plantas terrestres, ademas de contar con
una mayor facilidad de manipulacion
genética. Sin embargo, son muchas las
especies aun desconocidas. En la actualidad,
se observa un interés cada vez mayor por la
explotacion de las microalgas ya sean de agua
dulce o marinas como plataformas de
expresion emergentes para la produccion de
proteinas terapéuticas recombinantes
(humanas y animales) y de enzimas
industriales, asi como para modificar vias
metabolicas, por ejemplo, biosintesis de
hidrocarburos para la generacion de
biocombustibles, pigmentos antioxidantes y
acidos grasos poliinsaturados. Por esta razon,
las herramientas de genética molecular para la
manipulacion de las microalgas ha despertado
un interes mundial. La biologia sintética
parece ser una buena estrategia para convertir
las microalgas en verdaderas biofabricas para
generar productos de gran valor. Méas adn, con
el uso de la ingenieria genetica en microalgas
podria hacer frente a la malnutricion e incluso
incidir en el cambio climatico.

Abstract

Microalgae have been studied worldwide
for decades, although during the last couple
of years they have gathered great interest
under a biotechnological perspective. As a
consequence of their large phylogenetic
spread, they offer = complementary
bioproducts compared to land plants,
together with greater ease of genetic
manipulation. Nevertheless, many species
are still unknown. Nowadays, an ever-
increasing interest in the exploitation of
either freshwater or marine microalgae are
being considered as emerging expression
platforms for recombinant therapeutic
proteins (human and animal) and industrial
enzymes production, as well as for
modifying hydrocarbons biosynthesis for
biofuels applications, antioxidant pigments,
and polyunsaturated fatty acids. Hence,
molecular genetic tools for microalgae
manipulation have attracted global interest.
Synthetic biology appears to be a good
strategy to turn microalgae into real bio-
factories for generating high-valuable
products. Furthermore, microalgae genetic
engineering could be useful in addressing
malnutrition and even have an impact on
climate change.
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En este curso se revisaran los avances
realizados en cuanto a las herramientas
genéticas moleculares para la ingenieria
genética del genoma de las microalgas con el
fin de utilizarlas como potenciales sistemas
de expresion. La investigacion en ingenieria
genética de microalgas comenzo en 1988 con
la transformacion del cloroplasto de
Chlamydomonas reinhardtii. No obstante, el
gran numero de especies de microalgas
conocidas, la ingenieria genética se ha
limitado s6lo a algunas de ellas,
principalmente a los organismos modelo y a
las microalgas que tienen importancia
comercial. Cabe destacar que este escenario
ha cambiado en los Gltimos afios con la
disponibilidad de genomas y transcriptomas
de calidad junto a proteomas y metabolomas
qgue han permitido la identificacion de
potenciales blancos para la manipulacion
biotecnoldgica de un nimero cada vez mayor
de microalgas.

Los métodos de rutina para la manipulacion
genética de las microalgas son bien
conocidos. Las microalgas ofrecen dos
grandes alternativas de transformacion, la
nuclear 'y la  cloroplastidica.  La
transformacion  del  cloroplasto  tiene
caracteristicas Unicas por sobre la trans-
formacion nuclear, la mas importante de ellas
se debe a que los transgenes se integran
especificamente en los genomas del plastoma
mediante recombinacién homdloga reciproca
dirigida a secuencias no codificantes.
Teniendo en cuenta que los promotores y las
regiones reguladoras (UTR, sigla del inglés
untranslated regions) son fundamentales
para conducir altos niveles de transcripcion
de los transgenes, mediando a su vez la
estabilidad y la acumulacién de los ARNm.
Cabe considerar ademas, que las microalgas
presentan un fuerte sesgo de codones,
definido por la redundancia inherente al
codigo genetico, lo que es también crucial
para el logro de un alto nivel de expresion de
proteinas heterdlogas.

This course will review the progress
regarding the generation of molecular
genetic tools for genetic engineering the
microalgal genome as potential expression
systems. The timeline of microalgae
genetic engineering research began in 1988
with the Chlamydomonas reinhardtii
chloroplast transformation. Nonetheless,
the great number of known microalgae
species, genetic engineering has been
limited only to a handful of them mainly to
model organisms and to microalgae that
have commercial significance. It is worth
noting that this scenario has changed over
the last years with the availability of high-
quality genomes and transcriptomes along
with proteomes and metabolomes which
will allow the identification of potential
targets for the biotechnological
manipulation of an increasing number of
microalgae

Routine methods for genetic manipulation
of microalgae are well known. Microalgae
offer two major transformation alternatives,
nuclear and chloroplast transformation.
Chloroplast transformation has unique
features over nuclear transformation, the
most important of which is that transgenes
are specifically integrated into the plastome
genomes through homologous
recombination  targeting  non-coding
sequences. Taking into consideration that
promoters and  regulatory  regions
(Untranslated regions, UTRS) are pivotal to
drive high-level transcription of transgenes
mediating MRNA stability and
accumulation. In addition, microalgae
exhibit strong codon bias, defined by the
inherent redundancy of the genetic code
which is also quite crucial for achieving
high-level heterologous protein expression.
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Genética en microalgas
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En este contexto, los retos a los que nos
enfrentamos hoy en dia son avanzar en
nuestra comprension de la biologia de las
microalgas junto a la adaptacién y mejora
de las herramientas genéticas y los métodos
de transformacion existentes para ser
usados exitosamente en la ingenieria
genética microalgal con diversos fines
biotecnoldgicos.

En conclusion, las herramientas de
ingenieria genética para la modificacion
genética y metabolica de las microalgas, ya
sea para producir proteinas recombinantes
0 para aumentar la produccion de
compuestos de alto valor como los &acidos
grasos poliinsaturados, los pigmentos y los
antioxidantes, darian entonces lugar a
bioproductos asequibles y de alta calidad
gue ayudarian a reducir los costos de
dichos productos.

In this context, the challenges we face
today are to advance our understanding of
microalgae biology and to adapt and
improve genetic tools and existing
transformation methods for microalgal
genetic engineering for diverse
biotechnological purposes.

In conclusion, the genetic and metabolic
engineering tools for the modification of
algal genome, either to produce
recombinant proteins or to increase the
production of valuable compounds such as
polyunsaturated fatty acids, pigments, and
antioxidants, would result in affordable and
high-quality bioproducts that would help
reduce the cost of such products.
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Resumen

La biorrefineria de algas y plantas es un
proceso de economia circular sustentable
para producir biocombustibles y productos
quimicos de valor agregado por lo que se
abordan los problemas y oportunidades de
utilizar aguas residuales como insumo pues
sus componentes son importantes y
recuperables. EIl objetivo es provechar los
componentes para cultivar algas y plantas
junto con la produccién de agua de mejor
calidad y no el de exclusivamente producir
agua tratada eliminando sus contaminantes.
Se revisan las caracteristicas de las aguas
residuales y las operaciones unitarias
necesarias para un aprovechamiento de los
componentes para producir combustibles y
sustancias quimicas con la ayuda de algas y
plantas. Se introducen los conceptos de
descentralizacién y segregacién de los
efluentes para su procesamiento e
integracion a una economia circular
sustentable y se repasan los distintos usos
del agua tratada.

Abstract

A Dbiorefinery of algae and plants is a
sustainable process of circular economy to
produce biofuels and value-added chemical
products, thus the problems and
opportunities of using wastewater as an
input is addressed. as the wastewater

components are important and recoverable.
The objective is to take advantage of the
components to grow algae and plants
together with producing better quality water
and not to exclusively to produce treated
water by eliminating its pollutants.

The wastewater characteristics and the
necessary unit operations to prepare it for
the production of fuels and chemical
substances with the help of algae and plants
are  reviewed. The concepts of
decentralization and segregation of effluents
for their processing and integration into a
sustainable circular economy are introduced
and the different uses of treated water are
reviewed.

Introduccion

Hay dos conceptos y, por lo tanto, procesos
diferentes: si las aguas residuales se tratan
con un proceso al final del tubo para
producir agua mas limpia para usos
especificos o si se procesan para obtener
subproductos como energia, alimentos,
productos quimicos finos utilizando
procesos basados en la naturaleza. En el
manejo de la economia que es el manejo de
los bienes que tenemos en el planeta es
conveniente aplicar los conceptos de
sustentabilidad y economia circular.
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Sustentabilidad o sostenibilidad viene de
la palabra francesa soutenir que significa
sostener 0 apoyar. Se habla de un acuifero
sustentable o sostenible cuando no se le
extrae mas agua de la que recarga, 0 en
silvicultura cuando no se cosecha mas
madera que la que se produce por el
crecimiento de los arboles. En general, es
respetar en la naturaleza la capacidad de
auto-regenerarse o, no explotarla méas rapido
de lo que se puede regenerar.

La sustentabilidad depende de la poblacidn,
del uso de los recursos y de las tecnologias,
pero es un concepto tan importante que
también incluye a la democracia, la justicia
y la libertad.

Economia circular. Siendo la tierra un
sistema cerrado se desprende que la
economia y el medio ambiente deben estar
en equilibrio. Entonces la economia circular
se puede conceptualizar como una
economia para describir  estrategias
industriales para la prevencion de residuos,
la creacion de empleos locales, eficiencia en
el uso de recursos y desmaterializacién de la
economia industrial (no vender la propiedad
sino el uso de los productos) de tal manera
que los beneficios o las utilidades
industriales no dependieran de externalizar
costos y riesgos (al ambiente o a la sociedad
incluidos los trabajadores). Es en resumen
una economia industrial intencionalmente
disefiada para ser regeneradora. Sistema
regenerativo en el que la entrada de recursos
y el desperdicio, las emisiones y las fugas de
energia se minimizan al reducir la

velocidad, cerrar y estrechar los circuitos de
material y energia (Geissdoerfer et al.,
2017).

El manejo de agua en una economia circular
implica tener una gran cantidad de agua en
procesos de tratamiento y recirculacion para
solamente extraer el agua necesaria para
compensar las pérdidas. Este manejo
circular permitiria la recuperacion de las
sustancias contaminantes del agua como
insumos de otros procesos como la
biorrefineria de algas y plantas que es un
proceso de economia circular sustentable
para producir biocombustibles y productos
quimicos de valor agregado (Olguin, 2012).
El agua residual que requiere como materia
prima y su tratamiento debe ser estudiada
para disefiar el proceso, los productos y el
destino del agua.

Esto es clave porgue las aguas residuales en
flujo y composicion son muy variables a lo
largo del dia, de la semana, de una estacion
y del afio. Esto aplica tanto para las aguas
industriales como para las domésticas y
urbanas por lo que pone en riesgo la
operacion estable de una refineria. Por eso
es importante caracterizar el agua residual
(Cuadro 1) que se va a usar en la
biorrefineria.

Cuadro 1. Caracteristicas de las aguas residuales (AR)

« Clasificacion

« AR domeésticas (cantidad generada por habitante, variaciones diarias , estacionales)
« AR industriales (variaciones del flujo por actividad, por campafia de produccion9

«  Escurrimientos agricolas (contaminacion difusa, drenes,)

« AR urbanas (combinacion de ARd, ARIi, escurrimientos urbanos)

« Necesidad y oportunidades de segregacion de efluentes
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* Industriales
« Domésticos
» Caracteristicas fisicas

» Solidos suspendidos, microorganismos, estética, sedimentos

» Solidos disueltos, Conductividad (sales),

e Temperatura, pH
« Color, Olor

» Caracteristicas quimicas
» Composicion

»  Sustancias organicas medicion por DQO
» Degradables (medicion por DBO)
* No biodegradables (DBO/DQO)
*  Minerales: metales, nutrientes (P, N)

* pH, alcalinidad
» Relaciones C/N/P

Estas caracteristicas las podemos relacionar
para calcular la cantidad de un componente
particular que se quiere eliminar o usar para
una transformacion.

Asi una concentracién (Ci) que es la
cantidad de un soluto (o material suspendido
por unidad de volumen) al multiplicarla por
el flujo (F) nos da la velocidad mésica o
carga de ese componente: (mi = F x Ci)
en donde el subindice i nos indica el
componente. Existen estimaciones de la
cantidad de agua residual que puede generar

R

la poblacién y los distintos tipos de industria
(concentracion, flujo, carga orgénica,
poblacidn, equivalentes de poblacion) con
lo que se puede predecir la cantidad de agua
que se puede producir y la que se puede
transformar en productos dtiles (von
Sperling, 2007).

El tren de tratamiento de aguas residuales en
economia circular (Fig. 1) para mantener la
mayor cantidad de agua en reutilizacion
permitiendo ahorrar y almacenar agua
limpia para consumo humano.

ANAEROBIO AEROBIO

TRATAMIENTO ] [ TRATAMIENTO ]

Tratami ento Preliminar - TPo: remover objetos > 10 cm hasta 1 cm,

Tratami ento Primario - TPy remover solidos suspendidos hasta 1 mm,

Tratami ento Secundario - TS: oxidar solides disueltos o coloidales hasta 0.1 mm,
Tratamiento Terciario - TT: remoci on particul as hasta 1 pm,

Tratamiento Avanzado - TA: filtracion hasta 10 nm, agua de compensacién por pérdidas.

Figura 1. Tren de tratamiento de aguas residuales en economia circular.
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Para hacer mas homogéneas las aguas que
se van a tratar lo mejor es segregarlas. En la
industria se hace; el agua de proceso tiene
un tren de diferente al agua de enfriamiento
y diferentes ambos al agua de vapor y al
agua de los sanitarios. Lo mismo puede
hacerse con las aguas domésticas que se
pueden segregar en aguas amarillas de alto
contenido de urea, aguas grises y aguas
cafés con baja y alta concentracion de
materia organica, respectivamente. Usando
muebles ahorradores de agua la primera
corresponde a 1.5 L/hab.d , las segundas son
alrededor de 80 L/hab.d y la Gltimas 1.5
L/hab.d. (Fig. 2).

P

regadera

lavabo

lavadora

cocina

La urbanizaciobn contemporanea que se

realiza en unidades habitacionales verticales

u horizontales permite este tipo de

tratamiento descentralizado y segregado de

las aguas residuales pero también puede ser

utilizado en comunidades donde se dificulte

la construccion de drenajes.

Ademas de obtener energia y productos

quimicos el tratamiento descentralizado de

aguas segregadas permite:

. Usar el agua residual in situ.

. Reducir longitud y didmetro de
drenajes.

. Mayor control del flujo y crecimiento
de la PTAR.

cisterna

2

Figura 2. Segregacion de efluentes domésticos en conjuntos habitacionales.

Usos del agua

Dependiendo del grado de tratamiento y
almacenamiento, los usos del agua son
varios (Cuadro 2). Dentro de una economia

circular siempre se debe tener al agua en
constante recirculacion y tratamiento para
poder almacenar agua para el consumo
humano.
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Cuadro 2. Usos del agua con diferentes grados de tratamiento

« Doméstica e Industrial (para alimentos, medicamentos)

* Industrial en contacto con producto

* Industrial para servicios

» lrrigacidn (horticolas y otro tipo (arboles o granos)

* Pecuaria
« Vida acuética
* Acuicultura (animal, planta)

* Recreacion (con contacto humano, sin contacto humano)
« Generacion de energia (vapor o hidroeléctricas)

« Transportacion

Conclusién

El tratamiento y reuso de aguas residuales es
una préactica de la economia circular
sustentable. En una biorrefineria el agua
residual es un importante insumo por lo que
debe caracterizarse bien para saber como
aprovechar sus componentes y darl el uso
adecuado al agua obtenida.

Es importante usar aguas segregadas para
mantener una uniformidad en la materia
prima, tener un mejor control de los
componentes y procesos sustentables de
manejo de agua.
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Abstract

Phytoremediation is a set of viable
technologies that uses selected plants and
their microorganisms to degrade, extract,
contain, or immobilize contaminants from
soil and water. It is based on natural
processes that can be effective at a variety
of sites and on numerous contaminants.
Processes are carried out by selected plant
species that possess the genetic potential to
remove, degrade, metabolize, or immobilize
a wide range of contaminants.

Resumen

La fitorremediacién es un conjunto de
tecnologias viables que utilizan plantas
seleccionadas y sus microorganismos para
degradar, extraer, contener o inmovilizar
contaminantes del suelo y el agua. Se basa
en procesos naturales que pueden ser
eficaces en una variedad de sitios y en
numerosos contaminantes. Los procesos son
llevados a cabo por especies vegetales
seleccionadas que poseen el potencial
genético  para  eliminar,  degradar,
metabolizar o inmovilizar una amplia gama
de contaminantes.

Constructed Wetlands

Among other phytoremediation processes,
constructed wetlands (CWs) are a
consolidated eco-friendly, nature-based
technology that has gained popularity for
decentralized wastewater treatment in small
communities and rural areas of both
industrialized and less developed countries
(Alvarez et al., 2017, Machado et al., 2017).

They are low-cost treatment systems, in
terms of maintenance and operation, and
have proven to efficiently remove organic
matter, nitrogen (N) and pathogenic
microorganisms from wastewater (Wu et
al., 2016, Castillo-Valenzuela et al., 2017,
llyas and Masih, 2017). During the last
decades, this technology has greatly been
developed, using, and evaluating different
CW designs and operational modes. CWs
have been successfully used for the
treatment of various types of wastewaters
such as textile waste, dairy waste, industrial
waste, piggery waste, tannery waste,
petrochemical waste, municipal waste
(Parde et al., 2021).
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Constructed wetlands can be classified into
free water surface flow constructed wetland
(FW) CW and sub-surface flow constructed
wetland (SSF) CW. Subsurface flow is
divided, according to the flow direction, into
vertical flow (VF) CW, horizontal flow
(HF) CW, hybrid systems combining VF
and HF CW are also used (Vymazal and
Kropfelova, 2008).

In constructed wetlands, several pollutants
removal mechanisms act together, including
physical, chemical, and biological
processes. The physical process involves
sedimentation of the suspended particles
present in the wastewater, which leads to the
removal of pollutants.

Sedimentation process not only reduce the
organic matter but also eliminates the
coliform bacteria (Dotro et al., 2015). On
the one hand, constructed wetland media is
helpful for the accumulation of organic
matter, phosphorus, sulphate, arsenate and
removal of pathogens (Stankovi¢, 2017). On
the other hand, macrophytes used in the
wetland provide huge surface area for the
microbial growth, which helps in stabilizing
the organic matter (Brix, 1994). It is
important to take into account that
constructed wetland performance depends
upon the various factors like temperature,
applied hydraulic load, vegetation, media,
etc (Tilak et al., 2016).

Sludge treatment wetlands, also known as
sludge drying reed beds, are rather new

sludge treatment (ST) systems based on
constructed wetlands. Sludge treatment
wetlands have been used in Europe for
sludge dewatering and stabilisation since
the late 1980s. The largest experience
comes from Denmark, where there are over
140 full-scale systems currently in operation
(Nielsen, 2008).

Other systems implemented in northern
Europe are located in Poland, Belgium, and
the United Kingdom. In the Mediterranean
region, full-scale systems are operating in
Italy, France, and Spain (Uggetti et al.,
2010). Sludges from different sources have
been treated in wetlands, including
anaerobic digesters, aerobic digesters,
conventional activated sludge systems,
extended aeration systems, septic tanks, and
Imhoff tanks.

Sludge is directly spread into the basins
from the aerations tanks or is previously
homogenised in a buffer tank before its
discharge into the wetlands. From this tank,
the sludge is diverted into one of the beds,
following a semi-continuous regime. The
number of beds may vary, according to the
treatment capacity of the facility, between 3
and 18, which correspond to 400 and
123,000 population equivalent (PE),
respectively. The result of sludge
dewatering and stabilisation processes is a
final product that is suitable for land
application, either directly or after
additional composting.
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Figure 1. Scheme of a Constructed Wetland.

Figure 2. Aspect of a Vertical Flow Constructed Wetland located in Toulouse (France).
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Figure 4. Scheme of Constructed Wetlands for sludge treatment.
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El tratamiento aerobio de aguas residuales
mediante lodos activados es costoso debido
a los requerimientos asociados con el
suministro de oxigeno mediante aireacion,
ademas de las grandes cantidades de lodo
generadas en el tratamiento y los problemas
que requiere su disposicion. En este
contexto, el tratamiento mediante un
sistema microalga-bacteria apunta a ser un
proceso mas sustentable en términos de
gasto energético y recuperacion de
nutrientes, teniendo en cuenta que el Gnico
requerimiento energético asociado es el
mezclado y las multiples ventajas de su
biomasa por su alto contenido energético en
forma de lipidos, proteinas y carbohidratos
(Van Den Hende et al., 2014; Mufioz y
Gonzélez-Fernandez, 2017). Para que lo
anterior sea posible, se requieren metodos
de facil separacion de la biomasa del reactor
biolégico (Quijano et al., 2107).

El crecimiento de microalgas se puede
llevar a cabo en lagunas algales de alta tasa
0 HRAP (High Rate Algal Ponds, por sus
siglas en ingles; Fig. 1).

En estos sistemas se establece una relacion
mutualista en donde las microalgas generan
oxigeno fotosintéticamente. EI oxigeno
generado es entonces utilizado por las
bacterias para degradar la materia organica
y producir bioxido de carbono. A su vez, las
microalgas utilizan el bidxido de carbono
para reproducirse. De esta manera, la
materia organica, el nitrogeno y el fosforo,
son removidos del agua residual y
acumulados por las microalgas que los
utilizan para su crecimiento.

Por si solas, las microalgas crecen de forma
muy dispersa por lo que son dificilmente
sedimentables y causaran problemas para su
separacion del agua tratada. La formacion
de agregados de microalgas-bacterias son
una alternativa para evitar los problemas de
baja sedimentabilidad (Arcila y Buitron,
2016; Quijano et al., 2017). Para inducir la
formacion de agregados microalga-bacteria
y alcanzar alta sedimentabilidad se han
evaluado diferentes factores como tiempo
de retencién hidraulico y tiempo de
retencion de solidos.
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Por otro lado, se han generado de estructuras
granulares en sistemas operados en sistemas
en lote, que es otra estrategia para promover
una alta recuperacion de biomasa. Sin
embargo, se ha observado que la irradiacion
solar tiene un impacto negativo en la
estabilidad granular puesto que tienden a
decrecer los exopolimeros y la remocion de
nutrientes (Arcila y Buitrén, 2017).

Se ha observado que el tiempo de retencion
hidraulica influye en la morfologia de los
agregados obtenidos y aparentemente en las
especies de algas presentes en los agregados
(Arcila y Buitron, 2016). También se
observé que la produccién de sustancias
poliméricas extracelulares ligadas juega un
papel muy importante en la formacion de las
estructuras granulares. La irradiancia solar
tiene un efecto significativo en el
desempefio del reactor y el desarrollo de
agregados compuestos principalmente por
microalgas verdes, diatomeas,
cianobacterias filamentosas y hongos
(Arcilay Buitron, 2017).

La pared celular de algunas especies de
microalgas es bastante resistente, lo que
dificulta el proceso de digestion pues la
materia organica retenida en el citoplasma
no se encuentra disponible a los
microorganismos  anaerobios para la
produccion de biocombustibles gaseosos
(Carrillo Reyes et al., 2016a). De modo que
para incrementar la digestibilidad de la
microalga por los microorganismos es
necesario llevar a cabo un pretratamiento, el
cual puede ser termoquimico (Passos et al.,
2013), mecanico (Cadefia et al., 2017) o
biolégico (Barragan-Trinidad et al., 2017).
Los pretratamientos  biolégicos  han
despertado gran interés debido a que se
pueden realizar en condiciones suaves de
reaccion, no hay formacion de compuestos
inhibitorios y baja demanda energética
(factor crucial para el escalamiento). En este
sentido se ha evaluado la hidrolisis
utilizando microrganismos ruminales para
la produccion de hidrégeno y metano
(Carrillo Reyes et al., 2016b; Cea-Barcia et
al., 2018; Barragén-Trinidad et al., 2020)

Figura 1. Laguna algal de alta tasa (HRAP) utilizada para el tratamiento de aguas residuales.
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Abstract

Algal biotechnology represents a very
versatile  platform  for  environmental
applications, contributing to heavy metal
removal, organic matter stabilization and
nutrient valorization from wastewaters,
carbon dioxide capture and sustainable
biofuel production. Biodiesel, biohydrogen,
biogas and bioethanol constitute the main
energy vectors obtained from microalgae.
This short communication reviews the
potential of microalgae for biofuel
production.

Resumen

La biotecnologia de las algas representa una
plataforma muy versatil para las aplicaciones
medioambientales, contribuyendo a la
eliminacion de metales pesados, la
estabilizacion de la materia orgénica y la
valorizacion de los nutrientes de las aguas
residuales, la captura de dioxido de carbono
y la produccion sostenible de bio-
combustibles. El biodiésel, el biohidrégeno,
el biogas y el bioetanol constituyen los
principales vectores energéticos obtenidos a
partir de las microalgas. Esta breve
comunicacion revisa el potencial de las
microalgas para la produccion de
biocombustibles.

Microalgal Biorefineries

Under nutrient starvation and excess of CO>
and light, some microalgae can store lipids
(10- 80% on a dry weight basis) as energy
source, which represents a valuable
feedstock for the production of biodiesel
(with an average calorific value of 35.8 Kg g
1. Microalgal triglycerides need to be
extracted from the cell to be further trans-
esterified catalytically using methanol, with
the concomitant production of biodiesel and
glycerol (as a byproduct). The interest in
microalgae biodiesel boomed in 2007 in a
global context of rising oil prices and
concern about climate change.
Unfortunately, the high cost of microalgae
cultivation (4-10 € kg) jeopardized the
widespread production of algal biodiesel
(Peng et al., 2020).

Biohydrogen is the gaseous fuel with the
highest calorific value (138 KJ g1) and the
lowest CO footprint, although entails
technical problems during storage, high
explosion risks and low production rates in
microalgal photobioreactors. Biohydrogen
can be produced via direct biophotolysis or
indirect biophotolysis, but the maximum
reported production rates are typically lower
(0.07-0.36 mmol H, L* h?) than those
achieved during dark fermentation of organic
substrates (64-76 mmol Hz L™ h') (Buitron
etal., 2017).
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Microalgae can be used as a feedstock for the
production of methane via anaerobic
digestion (55 KJ g CH4?), with the first
studies dating back to 1950s in California
using the algal biomass generated from
domestic wastewater treatment (Golueke et
al., 1957). The methane productivity yields
of microalgae typically range from 0.09 to
0.45 LCHs g VS?, and depend on the
microalgal species and growth conditions,
which ultimately determine the Redox state
and biodegradability of the carbon present in
the biomass. The generation of biogas from
residual algal biomass is conducted in
anaerobic digesters engineered with internal
gas or liquid recirculation, or mechanical
agitation, in order to provide the required
mixing between the algal substrate and the
anaerobic microbial community. Substrates
to inoculum ratios of 0.5 were shown optimal
for the determination of the biochemical
methane potential in batch tests, with ratios
over 3 inducing inhibition of the anaerobic
community (Alzate et al., 2012).

The development of algal biorefineries for
bioenergy production can entail an initial
extraction of the algal lipid for biodiesel
production, and the further digestion of the
lipid-exhausted biomass. This lipid-free
biomass supports similar methane yields but
significantly faster kinetics due to the partial
disruption of cell integrity during lipid
extraction (Alzate et al., 2014). On the other
hand, the presence in the algal cell wall of
recalcitrant compounds has been shown to
typically hinder microalgae biodegradability,
which requires the implementation of
biomass pretreatments such as chemical,
thermal, steam explosion, microwave,
ultrasound, and enzymatic pretreatments.

Table 1 shows the main algal pretreatments
along with their key operational parameters,
enhancement potential and their pro and
cons. Among the pretreatments reported in

literature, thermal and steam explosion
pretreatments have shown the largest
microalgal biodegradability enhancements,
while ultrasound pretreatments typically
require more energy than the chemical
energy contained in the target biomass.

This biogas can be upgraded to biomethane
in order to be used as a substitute of natural
gas in natural gas grids or as a gas fuel in
vehicles. Membrane-based separation is
currently the commercial technology with
the largest increases in market share in the
past 10 years (WBA, 2019). Hence,
membrane technology, which consists of the
selective permeation of biogas pollutants
such as CO; and HS through membranes, is
a competitive and attractive alternative to
conventional upgrading technologies due to
its decreasing energy consumption (brought
about by the rapid advances in material
science), simple and compact engineered
modules and small footprint. Although the
number of commercially operated plants is
still limited, membrane technology is
currently undergoing rapid development
thanks to the use of new polymer materials
with promising properties and enhanced
performance and is set to play an
increasingly important role in reducing
environmental impact and cost of industrial
biogas upgrading (Awe et al., 2017).

Among biological biogas upgrading
technologies, photosynthetic biogas
purification with microalgae represents the
only biotechnology capable of
simultaneously removing CO2 and H2S from
biogas, while fixing the nutrients present in
the digestate in the form of biomass.
Photosynthetic biogas upgrading is based on
the combined action of alkaliphilic
microalgae and bacteria prior transfer of the
main contaminants of biogas into the
cultivation broth (COz2, H2S, NHa).
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Table 1. Pre-treatments enhancing the anaerobic biodegradability of microalgae.

Operational . Anaerobi(_:_ .
Pre-treatment arameters biodegradability = Advantages  Disadvantages
P Enhancement
Lower energy
Thermal Temperature; demand,; .
hydrolysis HRT o Easy High HRT
scalability
Temperature; Short HRT High energy
Steam demand;
explosion Pressure B Easy High investment
HRT scalability cost
Lessrisk of  High electricity
Microwave Power; HRT ++ byproduct demand; Easy
formation scalability
Energy input; Easy High electricity
Ultrasound HRT ¥ scalability demand
Chemical
contamination;
Chemical Reagent dose; + Low energy Risk of
(Acid/Alkaline) HRT demand formation of
inhibitors; High
operating cost
Enzyme dose: High operating
. Low energy cost, Need for
Enzymatic HRT pH, + .
demand sterile
temperature .
conditions
HRT- Hydraulic Retention Time.
Solar energy drives the photosynthetic required to support the growth of

assimilation of the CO. present in biogas
into algal biomass, with the concomitant
production of Oz (~1.5-1.9 g O2 g CO-fixed
1. This oxygen is used in-situ by
chemolithotrophic bacteria to oxidize H.S
to SO4%, and NHs to NO3z™ (Figure 1). The
process is typically carried out at high pH
(Rodero et al., 2020) in order to improve the
mass transfer of the main biogas pollutants
(i.e, CO2 and H2S). The nutrients and water

microalgae and bacteria can be obtained
from the digestate produced in the anaerobic
digester, which partially mitigates the
eutrophication potential of these high-
strength effluents. Methane concentrations
over 95 % with CO, concentrations below
2% and a complete depletion of H.S have
been recorded in pilot and demo scale
photobioreactors using this technology
(Marin et al., 2021).
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Figure 1. Fundamentals of photosynthetic biogas upgrading.

Bioethanol, with a calorific value of 30 KJ
gl, can be obtained via fermentation of the
sugars contained in microalgae. The
carbohydrate content of microalgae, which
can reach levels ranging from 16.4% to
60%, is extracted via cell disruption using
enzymatic, chemical, thermal or
supercritical ~ extraction, and  further
fermented using fungi or yeast such as
Saccharomyces  cerevisiae, Kluyveromyces
fragilis, Torulaspora and Zymomonas mobilis
(Chen et al., 2013). Ethanol concentrations
of 12-15 gL' can be achieved when
proclessing microalgae concentrations of 50
gL™

Finally, it should be highlighted that the
high costs of microalgae production, which
directly impacts on the cost of biofuels, can
be mitigated by using residual CO- sources
(such as industrial emissions) and
wastewaters.
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Abstract

Biorefineries are currently recognized as a
sound and environmentally friendly
strategy to mitigate the global climate
threat. Furthermore, they are now
widening their capacity and high added
value products are also produced from
various types of biomasses. Microalgae-
based biorefineries are now recognized as
the most promising alternative compared
to first and second generation
biorefineries. Furthermore, there is a
current trend for including the treatment of
wastewater as a means of increasing their
economic feasibility. On the other hand,
the use of aquatic plants for
phytoremediation and production of
biofuels is also an active research field.
However, there is scanty information
about the integration of the biomass of
microalgae, aquatic plants, and the use of
wastewater within a biorefinery. In this
short article, a review of the design and
implementation of a  Dbiorefinery
integrating microalgae, aquatic plants, and
wastewater to produce biofuels and high-
added value products is presented.

Resumen

Las biorrefinerias estdn reconocidas
actualmente como una estrategia
ambientalmente amigable para mitigar la
amenaza del cambio  climatico.
Actualmente, el concepto incluye también
la generacion de productos de alto valor
agregado a partir de varios tipos de
biomasas. Las biorrefinerias basadas en
microalgas se reconocen como la
alternativa mas  prometedora  en
comparacion con las biorrefinerias de
primera y segunda generacion. Ademas,
existe una tendencia actual a incluir el
tratamiento de las aguas residuales como
medio para aumentar su Vviabilidad
econdmica. Por otro lado, el uso de plantas
acuaticas para la fitorremediacion y la
produccidn de biocombustibles es también
un campo de investigacion activo. Sin
embargo, hay poca informacion sobre la
integracion de la biomasa de microalgas,
plantas acudticas y el uso de aguas
residuales dentro de una biorrefineria. En
este breve articulo se presenta una revision
del disefio e implementacion de una
biorrefineria que integra microalgas,
plantas acuaticas y aguas residuales para la
producciébn de  biocombustibles vy
productos de alto valor agregado.
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Introduction

The most widely used “Biorefinery”
definition is the one launched by the IEA
(International Energy Agency) Bioenergy
Task 42: “Biorefinery is the sustainable
processing of biomass into a spectrum of
marketable products (food, feed, materials,
chemicals) and energy (fuels, power,
heat)” (IEA, 2014).

The feedstock for biorefineries can be
classified into three main groups
(Moncada et al., 2014): the first generation
uses crops; the second generation uses
residues and non-edible crops while algae
are considered as the third-generation
feedstock.  Furthermore, algae and
especially wastewater-grown microalgae
appears as the appropriate feedstock for
feasible integrated double purpose systems
for production of biodiesel and treatment
of the wastewater within a biorefinery
(Olguin, 2012).

However, it is clear currently that
numerous technological and economic
barriers must be overcome to increase the
economic feasibility of microalgae-based
biorefineries. The key issues to tackle have
been identified by different research
groups. For example, improvements in the
harvesting system, algae farm
construction, algae yield, and integrative
end-life of the co-products, have been
highlighted as key issues (Flesch et al.,
2013). Moreover, various reports have
stressed the need to enlarge the number of
value-added products from both, the
microalgae and the  oil-extracted
microalgae biomass in order to increase
the economic feasibility of the microalgae-
based biodiesel (Brownbridge et al.,

2014). These authors have also stressed
that the production costs depend mainly on
factors in the following order: algae oil
content > algae annual productivity > plant
production capacity > carbon price
increase rate > photobioreactor unit capital
expenditure.

Microalgae-based biorefinery
design at INECOL

In this section, a brief description of the
design and performance of a pilot-scale
microalgae-based biorefinery integrating
phytotechnologies and other wastewater
treatment technologies to produce biofuels
and high added value products within the
circular economy concept is discussed.
This biorefinery has been designed and
built in the grounds of the Institute of
Ecology (INECOL), located in the city of
Xalapa, Veracruz, Mexico.

To increase the environmental feasibility,
the critical resources such as water and
nutrients for microalgae cultivation must
be integrated into a 3-R policy (Reuse,
Recover, and Recycle). Bearing this
objective in  mind, the use of
phytofiltration to treat the water from an
urban river polluted with domestic
wastewater has been demonstrated as a
feasible option (Robles-Pliego et al., 2015)
to recycle water and to recover nutrients to
produce plant biomass. Furthermore, a
13,000 L phytofiltration lagoon using
Pistia stratiotes for the treatment of a
polluted river has been evaluated
throughout various seasons (Fig. 1) and it
has been demonstrated that with a short
hydraulic retention time (7-14 days), the
quality of the water improved significantly
(Olguin et al., 2017).
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Figure 1. A phytofiltration lagoon (13,000 L) with P. stratiotes is the first module
at INECOL’s biorefinery.

The biomass of P. stratiotes needs to be
harvested frequently and it is digested
anaerobically for biogas production. A
two-phase digestor has been used and it
was demonstrated that a good productivity
of volatile fatty acids (VFA) was obtained
within the range of 1867-2207 mgcop/L
during the first stage (Hernandez-Garcia et
al., 2015).

Biohydrogen has been produced at a good
yield using P. stratiotes. The biomass was
first hydrolyzed with ruminal fluid, then it
was subjected to a nitrogen-stripping
process. Finally, photofermentation with
Rhodospeudomonas  palustris ~ 420L
yielded a Biochemical Hydrogen Potential
of 1224 mL/L (Cornelli et al., 2017).

The treated water in the phytofiltration
lagoon has been used for cultivation of
various species of microalgae. A strategy
of inducing lipid accumulation by nitrogen
deficiency resulted in a very high lipid
accumulation of 274 % dw. by
Neochloris oleoabundans, cultivated using

pig waste digestate (Olguin et al., 2015a)
and 38.5 % d.w. when it was cultivated
using stillage’s digestate (Olguin et al.,
2015b).

On the other hand, a strain of
Chlorococcum sp. was isolated from a
wastewater treatment plant and cultivated
with pig waste digestates under
uncontrolled conditions. In this case, the
nitrogen deficiency resulted in
accumulation of total carbohydrates in a
high percentage (45% d.w.) after 24 days,
showing the high potential of this strain for
production of bioethanol (Montero et al.,
2018).

To increase the economic viability of the
biorefinery at INECOL, production of
phycocyanin (PC) from Arthrospira
maxima in a two-phase process, using
2000 L raceways (Fig. 2), has been shown
to release PC of high purity (3.7) in the
category of reactive grade (Garcia-Lo6pez
et al., 2020).
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Figure 2. Raceways with A. maxima.

Conclusions

The integration of a microalgae-based
biorefinery with a phytofiltration lagoon as
a first module to treat polluted water from
a river and to provide treated water for
cultivation  of  microalgae  using
agricultural wastes (stillage and pig waste)
digestates as source of nutrients has been
shown to be a feasibly and novel design.
Furthermore, the economic feasibility
increased  while  producing  also
phycocyanin (reactive grade) from A.
maxima.

Open Access: This article is distributed
under the terms of the Creative Commons
Attribution License (CC-BY 4.0) which
permits any use, distribution, and
reproduction in any medium, provided the
original author(s) and the source are
credited.
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