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Abstract: The burning of fossil fuels is an unsustainable activity, which is leading to an increase in
greenhouse gases (GHGs) emissions and related global warming. Among sustainable energy
sources, microalgae represent a promising alternative to fossil fuel and contribute to the
achievement of important Sustainable Development Goals (SDGs). In particular, the potential
contribution of marine microalgae to sustainable development is large as, among other benefits,
they represent a carbon negative energy source and may be applied in many coastal areas around
the world. Despite this, significant economic and technological improvements are needed in order
to make microalgae biofuels viable on a large scale. This review aims to explore how and to what
extent third-generation biofuels (marine microalgae, but also the latest advances in freshwater
microalgae) can benefit the realization of these SDGs. From this study we concluded that the
production of large-scale marine microalgae biofuels is not yet feasible from the economic
perspective at a large scale. However, the cultivation of microalgae in seawater holds great potential
for increasing the small to medium viability of this biofuel source. The possibilities for improvement
along with the contributions to sustainable development lay the groundwork for continuing to
study and apply the potential of sustainable production of microalgae bioenergy.

Keywords: biofuels; biodiesel; sustainable development goals; renewable energy; energy security;
life cycle assessment; bio-economy; marine microalgae; coastal areas

1. Introduction

Global and climate change are among the most 21st century urgent challenges in our
planet. We are confronted with a paradigm in which the needs of a growing population
and the related energy and raw material use must be addressed, while at the same time
trying to keep our society within the safe planetary boundaries [1]. In this sense, a set of
calls for action, known as Sustainable Development Goals (SDGs), which aims to tackle
the priorities of the future, has been adopted by all United Nations Member States in the
2030 Agenda for Sustainable Development. This is also reflected in many programs, as
the European Green Deal, in which we search for responses to the rapid climate change
impacts at all levels.

In response to the increase of global temperature, due to the burning of fossil fuels,
and the increasing energy needs, a wide set of alternatives energy sources such as solar,
wind and geothermal have been explored and put in practice [2]. Biofuel from forests,
agriculture, and wastes has also been developed and adopted as a more sustainable and
renewable alternative to fossil fuel.

Renewable energies are especially important because the transition of several sectors,
such the transport, is far to be solved [3]. Even if the goal is to reduce the needs of diesel-
based (fossil-fueled) transport network, we are far from a realistic solution in this regard.
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In the last two decades, microalgae are gaining importance in a framework of bio-
economy as a source of biofuel and new researchers are working to make the production
of microalgae a new sustainable way to provide energy for our daily activities [4]. The
attractivity of microalgae as a sustainable source for next-generation biofuels is due to
their fast growth rate, high lipid content, high biomass production, capacity of growing
using less space and also on infertile land, in salt and wastewater and ability of using solar
light and carbon-dioxide (CO:) for their growth [5,6]. These microorganisms are also
envisaged as a potential carbon stock, conforming part of the plan for climate change
mitigation [7]. The research on technological, economic and environmental features of the
production of microalgae biofuels is wide and mostly based on profitability indicators [8].
However, other indicators regarding the sustainability of microalgae such as their
contribution to the SDGs or global and climate change are still understudied and further
research is needed to understand their broader contribution to sustainable development
[9]. Microalgae cultivation presents a mix of benefits for our society that goes beyond the
potential to provide an additional source of energy while maintaining or improving
environmental sustainability. Microalgae could contribute to sustainable development
thanks to their capacity to mitigate CO:, supply energy and food security, treat
wastewater, combat malnutrition, create jobs and stimulate economic growth [3].
Microalgae cultivation systems could be particularly beneficial in an urban area, where
there is an urgent necessity of satisfying the increase in the need for material and energy,
while reducing atmospheric pollution and waste generation. Although some authors have
been optimistic regarding the sustainability of microalgae biofuels production in outdoor
conditions and in their contribution to energy security [10], others have been more
skeptical and have emphasized the limits imposed by the entire life cycle of the process
[11]. Some authors have shown particular doubt about the economic and the energetic
feasibility of this technology, which they have considered to be too expensive compared
to other energy sources, with high energy inputs requirements [9]. The existing literature
and life cycle assessments (LCAs) have shown contradictory results, which complicate the
understanding of the feasibility of the process [2,12,13]. However, there is a consensus to
deeply explore the real possibilities, especially for marine microalgae in coastal areas [14].

Most studies pay attention to freshwater microalgae [15,16]. Marine microalgae have
also been described as potential biomass producers [14], and have been targeted as
biofuels under different conditions [17-19]. Independent studies have highlighted the
importance of considering local coastal resources for biofuel production [7] while
exploiting other products that can be used with cultivated biomass [20]. Marine
microalgae benefit from freshwater microalgae studies, differing only in some key
processes and materials used to produce their biomass [9]. The analysis as a potential
resource was therefore also reviewed.

This study aims to show that, despite the economic difficulties of developing this
technology on a large-scale, microalgae, particularly marine algae, are a promising
biotechnology [21]. However, this is not a comparison of benefits and drawbacks between
the two potential sources, as we believe that saltwater microalgae are more suitable in
coastal areas with production performances similar to that of freshwater microalgae,
considering some differences highlighted throughout the manuscript. We show how
microalgae have a great potential to supply energy in a sustainable way that is
complementary to other energy sources, and to contribute to the achievement of
important SDGs, which is fundamental in an era of environmental, economic and social
crisis. We also highlight that, at the moment, there is a need to partially cover a high
demand for diesel. Microalgae may thus be strategic, especially in isolated or remote areas
where the flow of fossil fuel could decrease in the coming years due to peak oil and an
inability to cope with a drastic transition in developing countries. In the first part of the
paper, through an extensive literature review, the contribution of microalgae to the
achievement of 6 SDGs is analyzed. For each SDG, the numerous advantages of
microalgae production are explored, including their contribution to the achievement of
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important objectives linked to the SDGs such as the reduction of CO:2 emissions and
poverty eradication. The barriers that limit the development potential of microalgae
production and their contribution to the achievement of each specific SDG are studied.
The SDGs chosen are those in which we consider marine and freshwater microalgae to be
a substantial change in current trends, being complementary to other measures. The last
section is dedicated to an analysis of the feasibility of an upscaling of microalgae biodiesel
production to satisfy the annual energy need of a specific number of households in terms
of diesel consumption. We also propose an entirely new and unexpected possibility in
which we mix the possibility of having a yield of microalgae for economic purposes
coupled with a potential tool to help tropical coral reefs survive the increasing bleaching
effects.

2. Review of Microalgae Contribution to Sustainable Development Goals
2.1. Climate Action

The CO: level in the atmosphere is increasing drastically and at unprecedented
speed, mainly due to human activities and the continuous extraction and combustion of
fossil fuels [22]. Since this event is causing the increase in the atmospheric and oceanic
temperature with relative negative impacts on the planet, it is in the interest of our society
to find a set of solutions to mitigate climate change and stabilize the global mean
temperature [23,24] So far, a wide range of physical, chemical and biological technologies
have been developed and implemented to sequester and reduce CO: emissions [25].
Microalgal systems represent a sustainable and attractive opportunity to partially support
these targets [26,27]. Microalgae are photosynthetic organisms, which need CO: for their
growth, together with sunlight, water, and other nutrients [26]. The advantages compared
to other carbon mitigation solutions are that microalgae have a carbon fixation capacity
from 10 to 50 times higher than other plants, 100% of their biomass can be harvested, they
can grow on salt and wastewater and do not require fertile land for their growth [3].
Therefore, they do not compete with food production. Their biomass can be subsequently
converted into products such as biofuels, human nutrition, cosmetics, pharmaceuticals,
animal feeds and fertilizers [26,28,29].

The CO: sequestration efficiency depends on many factors such as the microalgae
species, the culture systems, the CO: and nutrients provided and the experimental
conditions. Table 1 shows the results of several studies concerning the potential of
microalgae to sequester CO2. The CO: fixation rates vary from 0.143 g/L/day to 14.5
g/L/day. Several microalgae systems have been used to capture flue gas emissions from
industrial processes, to purify indoor air quality and to remove carbon from other
confined spaces [23,26]. However, microalgae do not allow long-term carbon storage since
they decompose rather quickly [25]. To have an impact on the reduction of COz level, the
biomass should be converted into biofuels that could partly replace current fossil fuels
consumption or into co-products that allow to alleviate the economic cost and improve
the process sustainability. Thanks to their aeration, organic matter removal and nutrients
recycling capacities, microalgae cultivation can also be integrated with wastewater
treatment. In this way, energy consumption and CO: emission of the plants will be
reduced [23,25,26,28]. Sayre [29] also suggests the burial of microalgae biomass in
geological formations to sequester CO2. However, this method is subject to criticism due
to the related risks and the large amounts of inorganic nutrients such as phosphorus and
nitrogen that will be buried as well.
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Table 1. Microalgae carbon sequestration by specie and production system.
. . Temperature Growth Rate or Bio- CO: Fixation CO2 Sup-
P Al 11 Refs.
roduction System gae Species Vol () mass Productivity Rate (g/L/day) ply (%) e
Chlorella sp. 8 30 - - - [30]
Open Pond
penron Spirulina platensis 8 30 - - - [30]
Dunaniella sp. - 27 0.17 g/L/day 0.313 3 [31]
Photobioreactor Nannochlorophsis - 26 0.372 g/L/day 0.393 15 [32]
Chlorogleopsis sp. - 50 - 0.205 5 [33]
Airlift reactor Aphanothece m. 2.4 25 - 145 15 [34]
Nageli
Aphanothece m. 3 35 - 2.621 - [35]
Nageli 1.8 - - 1.45 - [36]
Anabaena sp. - 27 - 1.01 10 [37]
Bubble column re- Anabaena sp. 8 25 - 0.497 - [38]
actor Botryococcus braunii 8 25 - 0.272 - [38]
Dunaliella tetriolecta 0.8 - - 17.2 15 [39]
Chlorella sp. - - 10 g/L 2.22 6 [40]
Chlorella vulgaris

Membrane photobi- o\ iy ulgaris - - 0.9 g/L 3.55 - [41]

oreactor

Commerecial scale, .

outdoor Haematococcus pluvialis - 20 0.076 g/L/day 0.143 - [42]

Artificial
riificia Chlorella vulgaris - - - 0.624 15 [43]

wastewater

In order to have a positive impact on CO2 reduction, the production of biofuels from
microalgae must consume less energy than it can supply, throughout its entire life cycle.
The carbon footprint of microalgae biofuels production is an essential element to deter-
mine if the production is worthwhile [5,9]. According to the results of a review of LCA
studies performed for the cultivation of microalgae for biofuels production, a relevant part
(6 over 23) shows negative results regarding the emission of GHGs compared to fossil
fuels [12]. However, numerous studies and LCAs state that microalgae are among the
most promising technologies for fixing CO, thanks to their high photosynthetic efficiency
which is superior to any other source used to produce energy from biomass [2,28,40,44—
46]. In fact, microalgae have the highest net energy yield among the various sources of
biofuels and therefore represent a more efficient and sustainable CO:z bio-mitigation strat-
egy [44-47]. In order to have positive effects on CO2 bio-mitigation, it is necessary to im-
prove the power requirement in the cultivation stage [2]. In this sense, the cultivation of
marine microalgae in outdoor systems involves a greater reduction of the energy require-
ments and would allow the upscaling of the cultivation of microalgae biofuels [9,14].

In fact, several processes of the cultivation system such as harvesting and oil extrac-
tion represent bottlenecks and need to be improved in terms of both energy consumption
and GHGs emissions. For example, the optimization of crucial steps such as lipid extrac-
tion is the key to a successful harvesting process [20]. Most of the LCA studies show how
nutrients need an essential issue to face in biofuel production and that without the recy-
cling of nutrients such as nitrogen, phosphorus and potassium, the energy and GHG bal-
ances are estimated to be negative [12]. Thus, the production of fertilizers requires energy
and releases COz [5]. CO: is also essential for the feasibility of microalgae cultivation. It
has been shown that the CO2 needed to produce microalgae biomass contributes about 50
percent of the total cost of production. Therefore, if CO: is not available for free, produc-
tion will be too expensive. This also represents an opportunity to mitigate air pollution
coming from industry activity and utilize it to produce biofuels [2]. Regarding the nutri-
ents supply, some research on microalgae biofuels suggests integrating the production
with wastewater to supply the necessary nutrients to microalgae [23,26,28], additionally
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improving the potential use of microalgae for CO2 biomitigation. However, the supply of
wastewater implies costs, is not feasible in every location and there are just a few prelim-
inary studies available on this subject [12,48]. A better solution to improve the sustaina-
bility of the systems resides in the anaerobic digestion and the consequent nutrients and
energy recovery from the residues after the extraction of algal oil. This allows the provi-
sion of additional fuels such as biogas that could be used to generate electricity on-site
[5,12,49]. The electricity generated can replace the one used in high-energy processes and
that derives from fossil fuels, resulting in a reduction of GHGs emissions. An alternative
solution to recycle nutrients is to use cyanobacteria and other bacteria that can biologically
fix nitrogen. However, this method requires significant improvement and development
that is not yet available [5,50]. Another factor that influences the GHG balance of microal-
gae biofuel production is the geographic area in which it is produced. In areas where the
electricity is generated with alternative energy, the GHG emissions would be lower than
in areas producing energy mainly by burning fossil fuels [5]. Not all the areas are suitable
for outdoor racer ponds or bioreactors, being the climate features essential for a successful
production [10,51]. To improve the microalgae biofuel production efficiency in terms of
carbon balance, studies claim for the need for further R&D related to cultivation technol-
ogies and effective algae strain, the necessity to increase the scale of production and the
greater accuracy of LCAs studies. Most of the latter are based on laboratory or pilot-scale
data instead of large-scale facilities and therefore, a larger number of studies on commer-
cial-scale production is needed to generate more precise results. Furthermore, LCAs are
often based on assumptions and limited data and do not consider important processes of
the production [9,12,25].

Marine microalgae produce slightly more biofuels than freshwater [52]. They will
also be climate change mitigators and we must take the opportunity to understand their
potential role in villages or small towns. It has been suggested that marine microalgae can
produce enough biofuel to cover the entire planet’s (land) transport covering 1.92 million
km?[14]. The same authors also highlight the possibility of creating a very high quantity
of edible proteins to be used for example in aquaculture (2.4 GT of protein per year, triple
that those produced by soja cultivation). Such numbers may be unrealistic, as we are al-
ways aiming for higher productivity, while microalgae will not replace biofuels or global
energy demands with 100% efficiency. However, freshwater, but especially marine micro-
algae, can be a partial solution (see below) if we consider the possibility of implementing
new applications locally. Marine microalgae will utilize a soil extension similar to that of
freshwater microorganisms and, if properly stimulated [53,54], oil production can be as
high as that of freshwater. A major problem will be plant corrosion which must be con-
sidered in the overall production and process activities [9]. However, the increased
amount of nutrients and micronutrients associated with marine water can offset such
long-term investment [55].

In summary, many improvements are required to make marine microalgae cultiva-
tion more sustainable and to increase the potential to reduce GHGs levels in the atmos-
phere. However, microalgae carbon sequestration and biofuel production are promising
and sustainable methods to help toward facing the issues related to global warming, and
have many advantages compared to fossil fuels and other conventional biofuel sources
such as terrestrial plants [12,14,44]. Further research in anaerobic digestion for biogas pro-
duction and nutrient recovery, upscale in the production systems, more efficient technol-
ogies and more accurate LCAs suggest the possibility to develop this technology and to
make it more economically and environmentally sustainable [50].

2.2. Clean Water and Sanitation

SDG number 6 aims to ensure the availability and sustainable management of water
and sanitation. Microalgae are a promising tool, which can contribute to achieving this
objective [51,56,57].
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In fact, despite the growing recognition of the great importance of freshwater and
more sustainable management of the latter, there are still risks concerning water availa-
bility and quality in many parts of the world [22]. In 2015 almost one-third of the world
lacked safe drinking water supply and about 60% were not provided with safely managed
sanitation services [23]. Regarding sanitation, the primary and secondary treatment pro-
cesses have been implemented in many areas of the world enabling the removal of sus-
pended and floating materials and organic materials. However, the effluent resulting from
these two processes is loaded with inorganic nitrogen and phosphorus that could cause
eutrophication and problems related to the presence of refractory organics and heavy met-
als [51].

As stated by several studies, marine and freshwater microalgae culture could provide
a remediation role to wastewater treatment as microalgae have the potential to remove
inorganic nitrogen and phosphorus that they need for their growth [38,51,57,58]. Thanks
to their ability to remove heavy metals and some toxic organic compounds, they help to
reduce the secondary contamination of water [20,46]. Therefore, microalgae can contrib-
ute to tertiary and quaternary wastewater treatment, allowing a potential offset of the
economic costs and an improvement in the environmental balance and the carbon foot-
print of the treatment plants [51,59,60]. The wastewater treatment by microalgae repre-
sents an interesting opportunity especially for least developed countries, where the qual-
ity of water is low, and the improvement requires high and often unaffordable investment
costs. Thus, in many developing countries only cheap and basic wastewater treatment
processes have the chance to be implemented. Microalgae cultivation could improve the
quality of the water at a lower price compared to existing and conventional technologies
and tertiary treatment systems [57,61]. However, it must be considered that large volumes
of water to be treated can overwhelm the capacity of the microalgae. In the case of marine
microalgae, their use for these purposes is probably more limited since most of the
wastewater comes from freshwater and sewage uses.

Figure 1 shows the integration of microalgae cultivation with wastewater treatment.
The integration of microalgae cultivation with wastewater treatment represents a win—
win situation, since as mentioned above, microalgae also need some of the nutrients con-
tained in wastewater for their growth and the provision of these nutrients is often the
most energy and carbon-intense process that limits the feasibility of a sustainable micro-
algae biofuels production. In the case of marine microalgae, this implementation is much
more complex, although the possibility of mixing salt and freshwater can be considered
to enhance biofuel production.

A b 5

| Wastewater (domestic, industrial and agricultural) || Solar energy | "

!

Harvesting -Biofuels
e ® ® Nutrients (N,P,etc.)

-Feed
0 @ ‘ » - -Fertilizers and others
&

= L

/IN\

Figure 1. The production of biofuels from microalgae can be combined with the treatment of
wastewater from different sources. Thanks to the ability of microalgae to remove pollutants from
wastewater, the latter can be reused for different purposes such as agriculture. Likewise, microal-
gae find nutrients such as phosphorus and nitrogen necessary for their growth and therefore to
produce biofuels and other products. Treated water (with low nutrient load) will be thus available
for the citizen.
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Furthermore, other challenges related to microalgae cultivation such as land and wa-
ter availability would be partly resolved [43,61].At the same time, thanks to the removal
of nutrients and the recovery of CO: and heat, it would be possible to achieve the target
of optimization of the energy consumption and carbon footprint of wastewater treatment
plants, while producing renewable energy as well.. Thus, microalgae would replace some
processes traditionally performed by the treatment plants and possibly generate energy
from the algal biomass residues that could be used in situ, additionally to the production
of biofuels [56]. However, microalgae biofuels production from wastewater has a limit, as
wastewater does not always contain the necessary nutrients needed for the growth of mi-
croalgae [5,61]. The nutrient concentration in wastewater depends on the geographical
and urban areas and the source of wastewater (urban, industrial or agricultural). Chisti
[5] claims that at best, microalgae can respond to 1% of the fuel demand of a large city in
the United States. This is a great amount considering that microalgae are not the solution
but a part of it, and although to a small extent, they can contribute to a country’s energy
security.

Several technical challenges have been identified in the integration of microalgae bio-
fuel production and wastewater treatment [50]. The culture conditions such as nutrients
concentration, temperature and light strongly influence the removal efficiency of micro-
algae and therefore a little deviation in the parameters could lead to inefficient nutrient
removal and algal growth rate. For instance, it is necessary to continuously measure the
wastewater chemical composition to allow optimal growth and nutrients removal rate.
Quantities of phosphorus and nitrogen should not be excessive, and should be lower than
a certain amount to achieve optimal conditions. The same is true for temperature and light
[56]. It is also important that a match between the treatment capacity of the cultivation
system and the targeted wastewater to treat is realized. Not least, there is the necessity to
prove that microalgae wastewater treatment is economically and environmentally favor-
able compared to other existing technologies or to better define where the investments
must be made to improve its feasibility. Otherwise, the implementation, development and
upscale of this technology will be difficult [56,58]. The harvesting process is also identified
as a bottleneck, as considerable amounts of energy are required. Immobilized living cells
help to retain the algal biomass and the harvesting before the discharge of treated water
is not required, allowing to save energy. However, this technology is more expensive com-
pared to traditional ones, making biodiesel production unlikely [56]. A better option is
provided by the microalgae consortia with other bacteria which presents the same ad-
vantages of immobilized living cells but at a lower cost. Additionally, this present also
benefits compared to monoculture in terms of higher algal growth rate, nutrients uptake,
and resistance to environmental conditions oscillations [56].

To overcome the limits related with the integration of microalgae biofuel production
with wastewater treatment and to allow implementation at a larger scale, future studies
should focus on the optimization of microalgae culture, selection of appropriate nutrients
contents in wastewaters, efficient harvesting technics and on the improvement of nutrient
removal and algae growth rates. In this sense, the microalgae culture should be studied
under extreme environmental conditions and microbial interaction with improved analy-
sis of the related advantages, ecology, engineering and cultivation conditions [56,59].

In summary, the ‘symbiosis’ between microalgae cultivation and wastewater treat-
ment offers advantages and helps to overcome challenges for both systems. It allows re-
ducing the capital costs, solving problems related to scalability and developing and opti-
mizing the microalgae cultivation and biofuel production at a commercial scale [58]. The
feasibility of this technology would improve the supply of clean water and sanitation,
reducing costs and increasing the sustainability of the process, while allowing additional
renewable energy production and the replacement of fossil fuel. By doing so, it will be
possible to achieve two urgent sustainable goals at the same time, to which countries
around the world are already struggling. Furthermore, in the least developed countries,
this kind of approach will definitively help to face the transition between fossil fuels and
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other energy sources, considering the difficult task of the elimination of all the diesel and
ethanol engines.

Despite the recent improvements and developments in coupling biofuel production
and wastewater treatment, many of the available studies on the production of biofuels
from microalgae grown in wastewater are limited to the laboratory scale, which is pre-
venting the scalability of the technology. Further research and innovation in the areas dis-
cussed above are required to allow the scalability and to improve the cost-effectiveness
and sustainability of microalgae biofuels production using wastewater [60,61].

2.3. Zero Hunger

The second SDG aims to reduce hunger around the world, achieve food security, im-
prove nutrition and promote sustainable agriculture. As the world population is expected
to increase in the next decades, the food demand and the portion of undernourished peo-
ple around the world will follow the same patterns. Responding to this demand and
achieving the target set by SDG number 2 will be a challenging task for the years to come.

The energy sector is competing with the arable land, nutrients (especially phospho-
rus) and water available to produce food and feed, particularly the first-generation biofu-
els that derive from crops such as soy, maize, and palm, which require a considerable
amount of land and water for their production [29]. The growing demand for crops for
biofuels production by industries is proved to be one of the main factors causing the in-
crease in the food prices around the globe. Higher food prices particularly affect countries
in sub-Saharan Africa, where the population is highly dependent on importations for their
food provision [62]. The second-generation biofuels present some advantages as they do
not compete directly with arable land, but they also do not represent a suitable alternative
[45]. Thus, their production could have consequences on land-use change and they have
low conversion rates that compromise the potential to contribute to energy security and
increase the requirement of land for the production [62] (Figure 2).

Pl R \
| ——_ =

e f
Z My
-~ o i:};‘.‘ ‘- Y]
First-generation biofuels Second-generation biofuels Third-generation biofuels
(Corn, maize, palm, etc.) (Wheat straw, wood chips, (Algae)

agricultural residue, etc.)

Compete with food crops, land,
water and nutrients

> Affect food security

Possible indirect competition with
food security

=>» Consequences on land-use

Do not compete with food
security

change

Figure 2. Different impacts of biofuel sources on food security and land-use change.

Attention and interest have been growing regarding the development of third-gen-
eration biofuels from microalgae compared to first and second-generation biofuels, be-
cause of their higher productivity per unit area, the capability of growing in non-arable
land and therefore for their non-competition with fertile land for food production [3,25].
Since microalgae cultivation systems such as ponds and bioreactors can be placed in non-
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arable or abandoned land, they can be the best options to supply oil demand around the
globe, while not competing with the production of food [25,29,62]. Thus, microalgae bio-
fuel production can have positive impacts on food security if algal biomass in used to
substitute corn and soybean and to derive coproducts such as food additives for humans,
livestock feeds, aquaculture feed and fertilizers that have the potential to reduce food
price volatility. In the case of marine microalgae, the water footprint is also a factor to
consider. While freshwater microalgae need 3726 kg freshwater/kg biodiesel, marine mi-
croalgae (because of evaporation in open race ponds) only need 3,993,726 kg freshwa-
ter/kg biodiesel [27]. Marine microalgae also use micronutrients already dissolved in the
water mass more efficiently that freshwater algae [14], so their biomass production may
be slightly higher. All these factors must be considered when applying a new energy
model based on microalgae, especially those coming from the marine environment. How-
ever, precise estimations of the contribution to food security are not possible until micro-
algae biofuels are not commercialized at a medium-large scale [63].

Microalgae such as Spirulina and Chlorella (a model that has different characteristics
suitable for comparison with marine microalgae) are used as dietary supplements to sup-
port human health as they are rich in several nutrients that are essentials for human ali-
mentation. They are rich in vitamins, lipids, minerals, and proteins that can be easily ab-
sorbed by humans and contribute to keeping essential functions of the body. Spirulina
was declared as one of the greatest foods for the future by the United Nations World Food
Conference of 1974 and the recognition of its contribution to combat hunger and malnu-
trition and to provide high-quality food is growing [64]. Several organizations and asso-
ciations are developing knowledge about the benefits of microalgae regarding alimenta-
tion and are helping some developing countries to grow microalgae for their nutrition.
For instance, Antenna, which is a Swiss foundation is working for the distribution and the
local production of Spirulina to improve the nutrition of poor communities and ameliorate
the state of malnourished children. Thanks to its nutritional and therapeutic proprieties
and the potential to be cultivated locally, Spirulina also provides an efficient approach for
the nutritional care of people affected by HIV in Africa, and it can be complementarily
used with other strategies combating malnutrition such as dietary advice and awareness-
raising. It can be easily grown locally and presents several benefits in terms of effective-
ness, local sustainability, autonomy, yields and water needs [65].

Growing Spirulina, or other similar microalgae, locally with the purpose of combating
malnutrition allows the communities to create additional revenue streams, to enforce local
initiatives, to meet their own food needs with local resources and to reduce their depend-
ence on external aids [65]. Marine microalgae have very similar nutritional possibilities,
being less explored but also an excellent nutritional source, combined with the possibility
of capturing CO: from the atmosphere [7].

2.4. No Poverty

SDG number 1 proposes to eradicate poverty in all its forms and everywhere by 2030.
Even if extreme poverty has declined significantly in the last decades, the latest global
estimates show that 11% of the world population (about 783 million people) were still
living below the extreme poverty threshold in 2013 [22]. Microalgae biofuel production
can contribute to social well-being through net job creation, providing part of the needed
energy to role several engines. Thus, some microalgae industries already have a reported
number of employment opportunities and they can benefit from government support. In
addition to direct employment opportunities, indirect employment is generated for sup-
pliers of materials and resources necessary for microalgae biofuel production [63]. Ex-
panding the activities of growing microalgae in developing countries to derive and sell
products may be a strategy that could help to eradicate poverty by creating local jobs and
generating new sources of income for the population.

In developing countries, open ponds cultivation offers the best solution in this sense,
because it is associated with lower requirements regarding energy, initial investments,
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technical skills and maintenance [59]. Additionally, the climate of several developing
countries in South Asia and Africa is favorable for the cultivation of microalgae thanks to
the highs level of sunlight and temperature during the whole year. However, the high
rates of evaporation in tropical countries would increase the water demands of the sys-
tems and compete with water supply for other use [62], except in the case of marine mi-
croalgae use. Maximum oil productivity (24—27 m? Qil/ha/year or 13-15 g oil m?/day) can
be obtained in countries such as Brazil, Colombia, Egypt or Mozambique [52], considering
the climatology and not too complicated harvesting options. Oil production and the pro-
motion of biofuel can help local communities to be independent of main distributors, tak-
ing biogeographic differences into account. Thus, in tropical areas such as Kisumu
(Kenya) a non-negligible production can be stimulated (2.28 g oil/m?/day), while in Punta
Arenas (Chile) production can be diminished by light and temperature conditions (0.77 g
oil/m?/day) [52]. In a country such as Brazil, 16% of non-arable land could be used to pro-
duce biofuels from marine microalgae suitable for land transport [52], as well as partially
supplying demand for bioenergy (along with other strategic renewable energy policies).

In terms of economic benefits, the production of microalgae biofuels does not allow
yet to contribute to large-scale economic growth and poverty eradication in developing
countries [62]. Chisti [5] argues that once the problems related to water, carbon dioxide,
and fertilizers are solved, algal biofuels would be competitively produced compared to
petroleum. Biodiesel cannot compete with the prices of fossil fuels yet as its production
results too expansive [5]. The integration of other high-value products from microalgae
such as food, feed, fertilizers, pharmaceuticals, and cosmetics could help to overcome the
economic unfeasibility of biofuels from microalgae [23,28]. However, nowadays the con-
cept of biorefinery is an available option just for more developed countries, while it strug-
gles to be implemented by low-income countries around the world [62]. Thus, to imple-
ment and develop the production of biodiesel and other co-products, relatively high eco-
nomic, technical, educational and political expertise that is not found in some developing
countries is necessary. Continents such as Africa and South America have a small percent-
age in the contribution to the world’s publications about algae biofuels, which is demon-
strative of how they are struggling in developing human capital around this technology
[62]. Another issue regarding biofuel production in developing countries and poverty
eradication is to make sure that the benefits deriving from the production of biofuel allow
the communities to improve their incomes and to overcome extreme poverty. It is possible
that a great part of the benefits will go into the hands of private companies and other
people of interest, instead of being allocated among the local communities. Stronger par-
ticipation of the full range of stakeholders surrounding the technology is essential to ena-
ble better justice and equality.

While it is not sure if microalgae biofuel production will contribute to reducing pov-
erty in developing countries, fewer uncertainties exist about other utilizations of microal-
gae cultivation that do not require high technological levels or the involvement of large
international companies. As discussed above, the farms which are involved in the culti-
vation and distribution of Spirulina, help to combat malnutrition, create job positions and
new revenue streams for the local communities [65]. At the same time, this creates domes-
tic investments and local supplies that reduce the reliance on the import of international
dietary products. In this sense, the transfer of technology and knowledge regarding local
production of microalgae, together with awareness-raising, offers a great opportunity to
deal with malnutrition and poverty in continents such as Africa [65].

The production of Spirulina results are more interesting compared to other species
that could be cultivated in low-income countries and that can create employment and in-
come opportunities as well, thanks to its unique benefits, but other possibilities are open
and require little change to be feasible. The ability to grow in wastewater, the high yields,
the little requirements of space and water, the facility of cultivation and distribution, the
effectiveness to cure malnutrition thank to the high nutrients content, the fact that it can
be grown locally and sustainably and that it can provide small activities for women, are
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some of them [65]. However, the possibility of using marine microalgae is an open ques-
tion, as its feasibility has been demonstrated but not its possibilities for upscaling yet [66].
What we should do is apply a different perspective, where local needs and small to me-
dium scale applications outweigh the economic advantage per se (upscaling to transform
marine or freshwater microalgae cultivation into an export element).

2.5. Sustainable Cities and Communities

Microalgae cultivation systems can be particularly beneficial in urban areas, where
the urgent necessity of satisfying the increasing need for material and energy is challeng-
ing the reduction of atmospheric pollution and waste generation. The built environment
is estimated to contribute from 40 to 50% to the global GHGs emission through fossil fuel
consumption and therefore the reduction of the atmospheric pollution in cities has a great
potential for the mitigation of global warming [67]. While up to date efforts in improving
the environmental sustainability in urban areas has focused on solutions such as photo-
voltaics, wind turbines and geothermal, microalgae cultivation systems and their integra-
tion into urban spaces are receiving growing interest [67]. Microalgae can play a crucial
role in helping urban areas to reduce GHGs emissions, increase energy efficiency and to
partially substitute fossil fuel consumption [67-69].

A wide range of researchers are investigating new efficient ways to introduce micro-
algae into cities and buildings. Photobioreactors can be integrated into buildings in the
form of facades [69]. This allows having mutual benefits for both the microalgae cultiva-
tion system and the building. Microalgae can absorb CO: that is present in flue gases emit-
ted from the building and use it for their growth. The nutrient demand for the production
is therefore reduced. The building is providing an illuminated surface, which is necessary
for the growth of microalgae and, thanks to thermal regulation, the energy consumption
of both the building and the microalgae system will be reduced [69]. For instance, the
photobioreactors can filter the sunlight that irradiates the building during summer and
provide it with thermal energy in excess from the cultivation during winter months, ena-
bling to save energy for cooling and heating the building. The thermic conditions of the
building during the different seasons could also be used to regulate the photobioreactor
temperature [69]. In addition to CO: feeding and thermal regulation, integrating the pho-
tobioreactors into the building also helps to reduce the operational costs, as amortized in
the constructive function. In Scandinavian countries the use of wastewater, waste heat
and waste CO:z has been proposed to grow marine and freshwater microalgae [18], using
some of the geothermal energy to stabilize the temperature in bioreactors or razer ponds.
Thanks to the ability of microalgae to grow in wastewater and to obtain nutrients from it,
the grey or black water of the building could be used to address the water and nutrients
needs of the photobioreactor from buildings or condominiums of small houses. In this
way, the recycling of water and nutrients improves the economic and energy performance
of the photobioreactor and the treated water could be reused by the building. However,
the challenges related to microalgae cultivation in wastewater discussed previously must
be considered.

Indeed, a careful LCA is needed to improve the real possibilities of such cultures,
even on a small-scale applications. Outdoor conditions have proven much more beneficial
in marine microalgae [9,66], as the energy expended is significantly less (light and tem-
perature) and the facilities are much easier to build and maintain [70]. If the aim is to feed
small or medium-sized cities, the possibility of creating bioreactors and/or racer ponds is
much more realistic than on a large-scale [71]. Promoting microalgae cultivation to in-
crease the partial energy independence of a certain areas will depend on a good analysis
of the materials, energy and logistics used, combining bibliographical data, industrial
needs and an accurate local study of the socio-economic structure of the implementation
area [11,55]. Studying the marine microalgae cultivation with different approaches (cost
of CO;, energy investment, use of material, economic benefits) will therefore be essential
[70], but a non-linear economic benefit could perhaps help to realize this option for future



Water 2021, 13, 1373

12 of 24

generations. Since energy is a very strategic issue, attention should be paid to local bene-
fits rather than purely monetary income from the productivity.

Aside from the direct benefits of the integration of microalgae cultivation systems
into the built environment, the microalgae biomass can be harvested to derive biofuel and
biogas to provide the building with electricity and heat. This offers additional potential to
produce sustainable energy and to reduce the environmental footprint of the buildings.
Other important benefits related to the integration of microalgae into the built environ-
ment are that it reduces the need for surface to cultivate and therefore the competition
with land for other aims and it covers important aesthetic and iconic values. Strong edu-
cational values are also covered, as it could be a crucial element to increase the environ-
mental awareness of the population and to show the ecological orientation of the city and
the companies.

Nowadays the only existing building that integrates photobioreactor facades to pro-
duce biofuels and biogas to cover entirely the energy demand of the building is the Bio-
Intelligent Quotient (BIQ) in Hamburg, Germany. This infrastructure includes a CO: and
nutrient supply, temperature control, biomass filtering and harvesting, monitoring and
controlling, harvesting, storing and distribution of the heat and microalgae biomass trans-
portation to an energy management center to be converted into biofuel and biogas [68].
The excess heat from the photobioreactors is used to heat domestic water, warm the inte-
riors of the buildings or is stored in an aquifer under the building [67]. In addition to this
real algae-powered building, other projects exist that are trying to design new and inno-
vative ways to integrate algae into buildings. Most of them use several types of photobi-
oreactors and take water and CO: directly from the building or nearby infrastructures.
Although their high innovative and ecological frame, these projects are only theoretical
and therefore their feasibility is not measurable yet.

Microalgae integration into urban areas does not occur exclusively through build-
ings, but also through their introduction into urban canopies, pavements, fountains, parks
and public and private spaces that produce large amounts of COz. This represents an in-
novative and emerging way to increase the sustainability of cities and to develop the uti-
lization of microalgae technology.

Despite the great contribution that microalgae can bring to an urban area, there are
notable limits that must be considered. The issues are related to the environmental, tech-
nological, regulatory and political, economic and social aspects surrounding the technol-
ogy [67]. Regarding the photobioreactor integration in building facades, the technical chal-
lenges are to respond to the architecture requirements, optimize the light capture, im-
prove the maintenance issues and design efficient system and materials to avoid biomass
fouling on the glazing panels [69]. From the environmental point of view, it is essential to
prove negatives or at least neutrals CO2 emissions of the technology during the entire life
cycle [67]. Competing renewables sources that can produce more energy and potential
contamination represent other limits to the expansion of microalgae integration in urban
areas. Another substantial barrier is that the economic cost of the photobioreactor facade
is much higher compared to conventional facades and moreover it implies maintenance,
construction, operational and risk management costs as well [67]. Until this technology
will not be adopted by other buildings, it is difficult to make a realistic conclusion about
the cost, payback period and economic feasibility. Pruvost et al. [69] argue that the im-
provement of CO: feeding and the thermal regulation between the two systems is essential
to reduce the operational cost. To reduce the costs, it is also essential that the technology
produces a positive energy balance and, therefore, it allows to save energy. In Pruvost et
al. [69], the energy balance of a facade-integrated photobioreactor results to be negative
and therefore not suitable for biofuel production. However, small-scale production of mi-
croalgae biofuel with positive energy balance has been realized and moreover, their inte-
gration into buildings cover important aspects beyond the economic one [12]. If in a near
future the economic priorities change (i.e., the use of biofuels is considered a strategic
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issue in local, regional or national policies to be more self-sufficient in front of fossil fuels),
the conception of benefits may change drastically.

In this equation we must add the problems of harvesting and oil extraction, which
must be carefully considered as potential drawbacks. The selection of the harvesting
method depends on marine or freshwater microalgae [72], making the sale of biofuel un-
competitive compared to the supply of fossil fuel [73]. It was proposed to look for the best
strains of microalgae in order to minimize costs, as the price of biofuels derived from mi-
croorganisms is not yet very competitive. High growth rates and high lipid content is the
ideal combination [74]. However, it should be emphasized that not only the economic
advantages have to be considered, but also the potential socio-ecological features on small
and medium-scale production. As LCAs studies on small-scale microalgae biofuel pro-
duction have demonstrated the potential for positive energy outcomes [12], integrating
microalgae in cities is far from being unachievable. Despite the economic unfeasibility, the
integration of microalgae into the built environment offers numerous advantages in terms
of the environment, energy efficiency and ethics that should be an interest of urban areas.
Further research offers a great opportunity to explore the potential and to expand this
technology.

A series of political and regulatory issues also concerns the implementation of this
technology. Thus, in countries where the political power and influence of coal companies
are strong, it can be more difficult to implement alternative energy sources such as biofu-
els from microalgae. Furthermore, this new technology would also imply compliance with
the building code and a series of guidelines on health and safety laws relating to operators
and occupants of buildings. The requirements for technology certification and its installa-
tion could be raised by bodies such as health and safety professionals or energy and water
departments of the cities concerned. Finally, social barriers such as the negative percep-
tion of microalgae from any stakeholders (e.g., occupants, citizens and industries) should
be considered. Microalgae could be associated with odors and potential health impacts
[67]. The social acceptability of microalgae biofuels should be measured with indicators
such as public opinion, transparency, effective stakeholder participation and risk of catas-
trophe [63].

In summary, the studies state that microalgae introduction in urban areas represents
an opportunity to create mutual benefits for both systems. Microalgae can provide biolog-
ical benefits to the cities such as COz absorption, production of oxygen, recycling of nutri-
ents, wastewater treatment, energy-saving, shade, and insulation while enabling the pro-
duction of biofuels and other value-added products. The integration allows the biofuel
production to find the cultivation surface and the supply of nutrients, which are factors
that would otherwise have reduced the overall sustainability of the production process.
At the same time microalgae, introduction in urban context covers educational, aesthetic
and ethical features as well.

2.6. Affordable and Clean Energy

The population growth and the increasing energy demand risk to challenge the avail-
ability and supply of energy and can lead to an energy crisis. The development of new
renewable energy is an essential challenge for the years to come, to meet both the growing
energy needs and the urgent need to find alternative and more sustainable energy sources.

It is not clear yet If microalgae derived biofuels have the potential to partially replace
the current diesel consumption and contribute to energy security, especially at a large
scale. The results of the existing literature are often conflicting, and there is no clear con-
sensus about the future evolution of the microalgae biofuel market and the potential of
commercialization [12,13]. The factors that influence the results regarding the feasibility
of energy supply by microalgae biofuels are many and depend on the case of study. The
results can differ depending on the methodology, the algal strain, the boundaries, the
functional units, the geographic conditions and the reference system that the authors are
considering in their studies. This is not surprising, because different research groups use
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different microalgae, and when a study is made in outdoor conditions, the seasonality,
light-harvesting, and dependence on environmental factors by the phytoplankton may
vary widely. The studies performing the LCA for microalgae biofuels production are not
numerous and have been performed mainly between 2009 and 2012. These are based on
laboratory or pilot scale because large-scale commercial production of microalgae fuel
does not exist so far [68]. Therefore, the existing LCA studies are limited and based on
strong assumptions, which lead to uncertainties and limit the understanding of the sus-
tainability of the process. Many studies are constrained to literature or industrial numbers
to make calculations [21], the upscaled experimental part being scarce. Great part of the
LCA studies still shows negative results concerning the energy balance and concludes that
biofuel production from microalgae is an energy-intensive process [9]. For example, both
harvesting and dewatering have been identified as the most problematic in terms of en-
ergy and monetary costs (20-30% of the production [21]), but some studies use indirect
methods (indicators) to calculate these costs. In general, the key energy-intensive hotspots
identified are nutrients source, photobioreactor design, lipid extraction and dewatering
and drying of biomass [2,12,13], and the difference between studies is sometimes substan-
tial. The biogas produced from microalgal biomass has different approaches that have
several advantages and drawbacks, being the choice of the method directly related to the
economic, logistic and species-specific possibilities [50]. The strategies proposed to im-
prove the energy ratio of the process are the recycling of nutrients, engineering of oil ex-
traction to reduce fossil energy inputs, hydrothermal liquefaction of whole biomass, floc-
culation-sedimentation with centrifugation for biomass recovery, bacteria consortia, an-
aerobic digestion and diversification of the biodiesel production from microalgae with
other energy outputs [5,20]. However, further research and development are needed to
test the potential to improve the energy balance of biofuel production. Additionally, the
authors claim for a more accurate and harmonized approach to investigate the industry
of algae biofuels and for a common agreement on how to conduct an LCA [13]. This would
help to achieve more convergent results between the range of LCAs performed and there-
fore to increase the comprehension of the feasibility of this technology.

Despite the negative trend concerning the results on the energy balance of microalgae
biofuels production, still, some positive result and a great number of proposed improve-
ments exist. Combined with further research, these have the potential to ameliorate the
energy performance of the process at each stage. As we will suggest later, the scale of the
application will also matter. The idea of creating bioreactors to power large cities is prob-
ably not the best way to optimize this kind of energy production. Some authors proved
that third-generation biofuels from microalgae are performing better than second-gener-
ation biofuels, and the steps to reach significant positive applications are closer [2,44,45].
Other sources of terrestrial biodiesel (rapeseed and other oil plants) have proved useful
but not as efficient as microalgae, as their production is low compared to marine or fresh-
water microalgae [75]. In the next decade, the use of these microorganisms must be con-
sidered as a good complement to other renewable energies, replacing terrestrial plants
that need arable land and can interfere with food sovereignty in many areas [3].

Finally, it is to be pointed out again that while measuring the sustainability of the
process, most studies focus on energy and carbon balances, while other important factors
are overlooked. The impacts on water, biodiversity, local employment, and food security
should also be considered while assessing the feasibility of microalgae biofuels [64].
Efroymson et al. [63] pointed out that in addition to environmental indicators, a set of
socioeconomic indicators should be used in this sense, to improve the sustainability of
algal biofuels. Thus, categories of indicators that have not yet been measured by the pub-
lished assessments of commercial microalgae-based biofuels include social well-being, en-
ergy security, external trade, profitability, resource conservation and social acceptability
[63]. Only a few studies have been published on the importance of socio-economic indi-
cators in measuring the sustainability of the production of biofuels based on microalgae.
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The next session draws an analysis of the potential contribution of microalgae biofuels to
energy security.

3. Microalgae Potential for Energy Security
3.1. An Example of Biodiesel Small-Mediuma Large-Scale Production with Microalgae

Energy security is intended as national security in terms of the availability of natural
resources for energy consumption. Microalgae-based biofuels offer a great opportunity in
this sense, as they provide additional diversification, independence, and continuity in the
energy supply [63]. Although it is not possible to precisely estimate the projection of algal
biofuels in the future and their contribution to fuel supply before commercialization, it
can be stated that they can contribute to stabilizing the price volatility of fuels, especially
in areas that are highly dependent on oil imports [63]. Another sector that will benefit of
microalgae biofuels development is aviation. Thus, since the aviation sector mostly re-
quires liquid fuels, not many other energy sources have the potential to create a local sup-
ply. Furthermore, the supply of petroleum presents disadvantages in terms of political
instability, fluctuating prices, and inefficient transport due to the distance. However, mi-
croalgae biofuels production is also subject to risks such as ponds crashes and extreme
weather events that could affect the supply [63].

To study the potential contribution of microalgae biodiesel to energy supply, part of
this study was dedicated to analyzing and comparing the efficiency of microalgae bio-
diesel production with the consumption of biodiesel at different household levels. The
main objective here is to analyze how microalgae allow an energy transition from fossil
fuels to biofuels, in terms of surface and water requirements. The calculation is based on
the one hand on diesel consumption data for households in a temperate area and on diesel
consumption for cars, and on the other on data about microalgae biodiesel productivity
obtained from two studies that found both positives net energy ratios and GHGs balances.

The first study considered is from Batan et al. [46]. The authors performed an LCA
for the cultivation of the species Nannochloropsis in a photobioreactor system to compare
the production of microalgae biodiesel to petroleum diesel and other biodiesel sources.
The LCA boundaries go from the growth stage of microalgae until the distribution of bi-
odiesel to pumping stations [46]. The system is supposed to be in a temperate area of the
United States. The net energy ratio (NER) of microalgae biodiesel production is 1.08 MJ of
energy produced per MJ of energy consumed. Considering the CO: sequestered during
microalgae growth and the CO: emissions during the entire process, the net lifecycle
GHGs emissions of microalgae biodiesel shows that 75 g of COz-equivalent emissions are
avoided every MJ of energy produced [46]. Considering biodiesel to energy conversion of
33 MJ/L, the extracted oil yield is about 43,009 L/ha/year (1419 GJ/ha/year). Once the en-
ergy inputs needed to produce this amount of biodiesel are considered, the derived net
energy yield from Batan et al. [46] is about 100 GJ/ha/year. The second study is from Ste-
phenson et al. [11], which carries out an LCA of microalgae biodiesel production in the
United Kingdom for both raceways and air-lift tubular bioreactors. The study shows po-
tential lipid productivity of about 40 tons/ha/year of oil for the species Chlorella vulgaris. It
also shows that cultivation in typical raceways is more environmentally sustainable than
fossil-derived diesel and other types of bioenergy. However, cultivation into air-lift tubu-
lar bioreactors presents higher energy requirement and CO:z-equivalent emissions than
petroleum diesel [11]. The NER related to the cultivation of microalgae in typical raceways
is 1.46 M] produced per MJ] consumed [2]. Therefore, considering the previous biodiesel
energy conversion of 33 MJ/L and a diesel weight of 0.85 Kg/L, the estimated total energy
yield of microalgae biodiesel production in raceways is about 1553 GJ/ha/year and the net
energy yield is 490 GJ/ha/year.

Concerning the amount of diesel needed by households, an annual household diesel
consumption of circa 115 GJ is estimated [76,77]. It is necessary to consider that these data
are subject to approximations and that the factors that influence the liters of diesel
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consumed per car and per home are many and can vary between different types of house-
holds, areas, and consumers. These numbers suggest that a small to medium scale pro-
duction is possible and could have complementary benefits for rural societies. The inde-
pendence of biofuel production, once optimized, can be the key to allowing people to con-
trol part of their energy supply. We do not foresee large-scale productivity of biofuels
capable of powering large or very large cities as the problems of logistic, materials, and
land use will be overwhelming. However, using this energy on a small to medium scale
will certainly be an alternative to consider.

3.2. Apply Symbiodinium Biodiesel Production to Save Coral Reefs?

We must think “out of the box” if we want to be successful in our future energy man-
agement. We have shown that there are possibilities in the application of marine microal-
gae as an alternative for biofuel production, being other previous works supporting this
idea [7,8,27]. Biofuel production can partially cover the needs of an impending oil crisis,
providing a renewable resource ready to be used [7], but we must consider the variability
of the ecozone and the constraints of each region. The production of oil or gas from mi-
croalgae is far from entirely replacing global energy needs, but it can guarantee self-suffi-
ciency, especially in remote areas or in small villages where there will be more difficulties
to provide fossil fuels in the near future. Coastal tropical and subtropical areas are the
most valuable for producing oil from marine microalgae [52]. Moreover, many of these
places are isolated and at risk when an energy crisis reduces the availability of fuel. Bio-
fuels produced from marine microalgae may have other unexpected uses, compatible
with energy demands and which also directly cover ecological problems [78].

We are now starting to understand the importance of the Marine Animal Forests
(MAFs) as carbon immobilizers [78]. MAFs are eco-engineered based habitats in which
animals (metazoans such as corals, gorgonians or sponges) are dominant [79]. MAFs are
perhaps the largest biome in the world, being dominating from 50 m depth to the bathyal
benthic areas around planet [80]. Among these habitats, coral reefs can be one of the most
important carbon immobilizers, being also a biodiversity hotspot and a pool of ecosystem
services [78]. Coral reefs are now ongoing profound transformations due to climate
change, with bleaching being one of the main impacts devastating these important eco-
systems [81,82]. Restoration plans are now envisaged as a potential solution to recover the
essential set of ecosystem services offered by these MAFs [78,83]. Future plans for Coral
reef restoration could immobilize a large amount of carbon in their three-dimensional
structures, so we can propose ideas where the combination of biology, sociology and eco-
nomics provide a balanced landscape that can even be challenging for local economies
[84]. The biological approach in which the coral community is saved through an efficient
coral replanting plan with Symbiodinaceae, which is well adapted to temperature changes
[85], may be not sufficient to realize carbon storage plans. We have to mix models and
needs. In this context, the evolution in the laboratory of cultured Symbiodinium (the main
dinoflagellate responsible for the photosynthetic transfer of organic matter to the coral)
under high temperature and pCO: selection, followed by inoculation in coral hosts with
evolved algal cultures may works [85,86]. However, a pool of these algae must be viable
to replant the microalgae after the bleaching event. The Symbiodinium (microalgae) bio-
mass required for inoculation in corals may come from outdoor bioreactors [53] that will
continuously produce biofuel under optimized conditions [9,10] (Figure 3). A slight
change in N or temperature conditions can increase the productivity of an already lipid-
rich microalgae (approximately 38% of dry mass [87]). These marine microalgal cultiva-
tions can bring a huge amount of biodiesel [27], that can be used to satisfy both, the large-
scale reintroduction of microalgae to bleached scleractinians with selected microalgae
adapted to high temperatures [86] and local biodiesel needs. The combination of a coral
reef rescue plan and a blue growth project to partially deliver the fuel to local economics
promoters could be an optimal solution in the complex framework of a restoration plan
(Figure 4). In many tropical or subtropical areas these marine microalgae are screened
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(e.g., Mauritius, Morocco or Indonesia [17,87]) and can provide an alternative to fossil fuel
energy distribution. Taking into account the distribution of tropical coral reefs in the
world and their importance to local economies, this complementary solution (i.e., saving
the reefs and its potential carbon retention and energy availability in remote and poor
areas) can make a great contribution to sustainable development.
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Figure 3. Producing biofuels or other by-products with Symbiodinaceae. Schematic process of biofuel (biodiesel and biogas)
production from microalgae biomass; the bioreactors will permanently generate energetic products (or other substances)
that can be used in local economies; when a bleaching event occurs, the local government, with the help of the local pop-
ulation, may use part of the production to restore the before-bleaching conditions of the scleractinians (from [49]).
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Figure 4. Map of the potential use of this methodology, highlighting the importance of the biofuel production in tropical
areas where the energetic crisis will be much harder in future decades (map from NOAA Service of Education).

4. Discussion

Table 2 summarizes the results obtained from the upscaling test of microalgae bio-
diesel production to satisfy the energy need at the different number of households. To
satisfy the energy requirement of one household of 178 GJ per year, 0.11 hectares of culti-
vation surface and 17,400 L per year of water are needed. This represents only a small part
of surface and therefore the production is feasible in terms of space. At the same time,
13.35 tons of GHGs emissions are saved relative to a petroleum diesel baseline. Respond-
ing to the energy needs of 1000 and 10,000 households the surface is still reasonable. The
need for water imposes relatively high freshwater requirements that could limit the feasi-
bility at these levels [27]. However, precipitation and the possibility of recycling the water
used for cultivation must be taken into consideration. These have the potential to reduce
the water requirements of the process. To satisfy the diesel energy need of 500,000 house-
holds, both surface and water required to produce biodiesel are too high compared to the
amount of energy provided. Additionally, the study performed by Stephenson et al. [11]
considers the annual rainfall in the UK and therefore in areas where the precipitations are
lower and the evaporation is higher, greater amounts of water will be required. Thus, the
freshwater requirement is one of the main factors that limit the large-scale feasibility of
microalgae biofuel production [5]. The results considering the productivity yield from the
study of Batan et al. [46] show even higher surface requirements to meet annual energy
need.
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Table 2. Land and water requirements for microalgae biodiesel production.

Number of Households 1 1000 10,000 500,000 Refs.
Diesel consumption per 178 178,000 1,780,000 89,000,000 ;
year (GJ)
Land requirement per 0.11 114.63 1146.32 57,316 [11]
year (ha)
Land requirement per 0.13 125.49 1254.9 62,745 [46]
year (ha)
Water requirementper ;50 174107 174 %108 8.7 x 10° [11]
year (L)
Net GHG emissions per _, 55 13,350 -133,500 6,675,000 [46]

year (tCO2-eq)

Despite this, it is important to consider that microalgae biodiesel does not require
fertile land for its production and therefore, non-arable, contaminated or abandoned land
can be used for its growth. Furthermore, the microalgae grown in photobioreactors do not
need soil and can be cultivated vertically as along the facades of the building, reducing
the requirement for surface [69]. Therefore, biodiesel production will not compete with
land for food production and no deforestation will be required to provide additional sur-
face for cultivation. Moreover, the limits imposed by the excessive water need can be
partly solved by considering the improvements suggested by several studies such as the
utilization of wastewater and seawater. As wastewater supply could set limits, the culti-
vation into seawater seems to be the most promising method to produce microalgae bio-
fuels. This study suggests that populations close to the sea could definitively be the most
favored with the production of third-generation biodiesel. The use of marine microalgae
is not only possible but has been demonstrated to be highly productive [9,10], and the
problem of the freshwater supply is reduced. Under such conditions, those small towns
or villages that are near a supply of salt water (i.e., near the coast) can benefit from an
unlimited water resource that will be advantageous for the productivity of biofuels.

However, a relatively small amount of fresh water is needed to compensate for the
evaporative losses and to wash the biomass from salt before the oil extraction. For this
reason, the selection of location to minimize evaporation such as shallow seas, saline lakes,
and marine wetlands, is essential [5]. An additional benefit is that when more biodiesel is
produced, greater amounts of GHGs will be saved [46]. Producing biofuel for 10,000
households will reduce 133,500 tons of GHGs from being released into the atmosphere
compared to petroleum diesel.

The results of this analysis suggest that the production of biofuel from microalgae
(both marine and freshwater) has the potential to satisfy the local energy needs of a certain
number of households, contributing to diversifying the energy supply of a country and
improving the energy security, as it represents a sustainable way to provide energy at the
local level. Although excessive amounts of microalgae biomass need to be produced to
satisfy relatively small energy demand, microalgae represent just a part of the solution
and play an important role in energy diversification of a region and in the drive to find
new sources of renewable energy. Most of the work has focused on freshwater microalgae
because they are slightly easier to manage, but new perspectives on co-cultivation and use
of these microorganisms are rapidly growing, making application more and more possible
[15].

With the growth of the population and the related energy demand, a transition to
clean energy without damaging the environment becomes more difficult. Nowadays, the
world is producing each year 8 billion times more MWh of clean energy than in 2000, but
the world’s energy demand has increased by about 48 billion MWHh, at the same time [88].
Despite it is technically feasible to upscale the amount of clean energy produced to satisfy
the increase in the energy demand, it is less clear if it will be possible to do it fast enough
to respect the carbon budget and follow the growing economy [88]. For these reasons, the
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efforts in finding the best energy sources must go together with the effort to reduce our
consumption.

Despite the high cost and other unresolved issues, microalgae biofuels still perform
better than terrestrial biofuels in both terms of energy and water footprint [27]. Further-
more, as discussed in the first section, while producing renewable energy, microalgae can
contribute to the achievement of important SDGs, which is an interest of our society. They
have great potentials for improvements and represent an opportunity for countries to ex-
pand their energy mix and to improve energy stability and security. Thus, the petroleum
sources are finite and the increase in oil prices due to the proximity of the oil peak is a
reality that is approaching [89]. Additionally, the need to develop alternatives and more
sustainable fuels is driven by the increasing energy demand and global warming associ-
ated with the burning of fossil fuels [5]. Finally, if we consider the possibility of applying
marine microalgae to the equation, the benefits are markedly increased due to the minimal
freshwater footprint [27] and the high rentability of several studied species [17,53,90].

These reasons underline the importance of continuing to study the sustainable pro-
duction of algal biofuels beyond their economic and technical limits, especially with ma-
rine algae. Despite the difficulty of upscaling due to the surface, water, and financial
needs, it is essential to consider all the other environmental and social benefits to under-
stand the entire sustainability of this technology. So far, these benefits have been neglected
in a great part of the research on the feasibility of microalgae-based biofuels.

5. Conclusions

Microalgae contribute to sustainable development thanks to their ability to absorb
CO, treat wastewater, improve food and energy security and stimulate economic growth.
The application of microalgae biofuel production is broad and can be integrated with
other objectives such as wastewater treatment, carbon sequestration, the production of
food and products that have the potential to increase a country’s well-being. Microalgae
biofuel can partially replace the consumption of fossil fuels that are reaching the peak and
are responsible for much of the current global GHGs emissions and related climate warm-
ing. Through these applications, the development, production and use of biofuels from
microalgae contributes to the achievement of important SDGs of the 2030 Agenda. From
this study it is concluded that the large-scale microalgae biofuels production still faces
many challenges, mainly from the economic side. However, there is a great potential to
implement a small-scale production, enabling diversification of energy supply, increasing
energy security and global sustainability. We are not arguing that microalgae are the so-
lution to the deep energy problems facing humanity, but these microorganisms could be
part of the solution we are looking for, especially in isolated or developing areas. The
cultivation of marine microalgae is among the best solutions to overcome important bar-
riers such as water and the space necessary for production. Authors argue the need for
development in technologies, further research and the upscale of production to better test
the feasibility. In particular, the most important challenge to be addressed is the supply
of nutrients and the energy consumption during the production phase of biofuels. Further
research needs to address the improvement of integration of microalgae cultivation with
wastewater treatment, CO2 uptake from industry and the production of high-value prod-
ucts. This would improve implementation and can help to make microalgae biofuels (es-
pecially those from marine microalgae) a new substitute for fossil fuels, increasing energy
security and environmental sustainability. In this era of environmental crisis and in-
creased energy demand, it is essential that the evaluation of the profitability of this tech-
nology is accompanied by a series of socio-economic indicators, which not only benefit
the industry, but also interest the general public. Consideration of other potential ad-
vantages for employment, environmental conservation, social acceptability, and energy
security is essential to benefit each stakeholder in our society and to pursue sustainable
development.
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