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Microalgae are a source of biomass that has aroused the interest of the bioenergy industry due to its sustainability
potential andmaximumuse of different abundant natural resources. This research proposes an energy-economic
evaluationmodel for 11 scenarios for a biorefinery based onmicroalgae biomass, including a final stage of anaer-
obic digestion. Furthermore, it allows for comparisons between different scales of production, farming technolo-
gies andmicroalgae species, in linewith latest industry information. Results are displayed bymeans of economic
(NPV) and energy (EROI) indicators. Almost all the scenarios evaluated returned negative economic profitability,
except for the extraction and commercialization of concentrated proteins (the PE scenario with protein sales of
US$3/kg). In order to guide future research and investment inmicroalgae projects, a sensitivity analysis was con-
ducted into the critical variables of the overall process. An optimistic context, led by the increase of the percent-
age of biomass lipids, allows a minimum biodiesel selling price to be reached which is close to the international
value of fossil diesel (US$1/L) for scenarios in which this biofuel is commercialized.
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1. Introduction

Global energy consumption has continued to rise in recent years,
primarily driven by the economic development and opening up of
emerging nations (Brazil, Russia, India and China). Projections from
the Energy Information Administration (EIA) postulate that the current
energy consumption of non-OECD (Organization for Economic Co-
operation and Development) nations will almost double by 2040,
resulting in a global consumption increase from 529 QBTU (QBTU =
Quadrillion British Thermal Unit, 1015 BTU) (in 2012) to 820QBTU (pro-
jection to 2040) [1]. Accordingly, one of the main challenges of the 21st
century will be finding sustainable energy sources capable of sustaining
the projected energy scenario, as well as the lifestyle of contemporary
society.

Over the last decade, the energy sector has beenmaintained through
the exploitation of fossil-based resources rich in carbon, whether de-
rived from petroleum, natural gas or coal. The percentage of the global
energy matrix represented by the sum of the aforementioned sources
comes to 86%, which in addition has undergone no variation over the
last ten years [1].

A direct consequence of dependence on fossil fuels is the emission of
combustion gases into the atmosphere, primarily in the form of CO2.

These emissions exceed the natural rate withwhich the planet's ecosys-
tems capture andfix this compound, resulting in a large accumulation of

CO2 in the atmosphere [2,3]. This accumulation has strengthened the
natural greenhouse effect of the Earth, raising the average temperature
of the planet in the process [4,5].

Regardless of the results or consequences arising from the emission
of greenhouse gases (GHG), there are two conceptswhichprovide a cer-
tain amount of security in regard to an uncertain future: prevention and
resource diversification.

For the energy sector, renewable energy surpassed 7.5% of global en-
ergy consumption in 2002, and 9% in 2012. This increase is largely the
result of the greater participation of Non-Conventional Renewable En-
ergy (NCRE), which has tripled in generation capacity, essentially via
the development of wind, solar and biomass energy [1].

Motivation behind this research lies specifically in the field of
bioenergy. Traditional forms of bioenergy relate to electricity generated
from the direct combustion of biomass or biogas, stemming from their
anaerobic degradation, aswell as the use of liquid biofuelswhich entire-
ly or partially displace those derived from petroleum [6,7]. Among the
liquid fuels, ethanol is usually produced via the fermentation of rawma-
terial rich in glycosides (or carbohydrates), such as corn and sugar cane
[8,9]. Alternatively, biodiesel is obtained through the esterification and
transesterification of used oils and oleaginous products obtained from
the farming of soybean, rapeseed, palm oil and other different seeds
[8,10]. However, there is a less conventional alternative to consider
and evaluate within the bioenergy industry: biomass obtained from
microalgae.

While research in the field of microalgae has increased over the last
decade, it dates back to themid-19th century, when isolatedmicroalgae
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were cultured in laboratory conditions [11]. Subsequently, towards the
end of the 1970s the US Department of Energy created a division called
the Aquatic Species Programme (ASP), which remained active until
1996. The aim of this programmewas to study the economic feasibility,
the scaling to pilot and industrial scales and the application of different
technologies for the farming and processing ofmicroalgae for bioenergy
purposes [12]. Currently, industrial-scale farming is restricted to the
production of feed for the aquaculture industry, or as a source of high-
value metabolites (proteins, special oils or antioxidant pigments)
which are of interest to the pharmaceutical industry [13].

The production of bioenergy from microalgae reached only pilot
level, due to its high operational and related capital costs. Diverse re-
search groups have conducted evaluations into the cost of producing
biofuel from microalgae, determining that the minimum selling price
of biodiesel should be around US$4/L, in order to ensure the sustainable
economic development of the industry (see Fig. 1) [14–19]. This far ex-
ceeds theUS$0.94/L of diesel, as per its global average price at the begin-
ning of 2015 [20].

Economic evaluation results of microalgae biodiesel demonstrated
that its production on an industrial scale will only become economically
viable through the generation of products with a higher commercial
value than that of traditional fuels. This provides greater relevance to
the biorefinery concept. Biorefineries are chemical plants or factories
which integrate the concept of “zero waste”, in which all biomass frac-
tions (proteins, glycosides and lipids) are utilized to generate different
types of products and energy [10,21,22].

Generally, microalgae biomass can have different bioenergy uses
[23]. Consequently, it is necessary to evaluate and understand the mul-
tiple configurations of the processes which make up a biorefinery. This
will facilitate the development of a sustainable industrial-scale design.

In conceptual models in which a biorefinery is described, anaerobic
digestion (AD) usually emerges as a stage of final biomass recovery, sup-
plementary to the main process, and which enables its transformation
into energy [24]. For example, if the objective is to produce biodiesel,
the AD should be undertaken at the end of the process, by degrading
the glycerol and residual glycosides and proteins as well as all cell debris.
In other cases, when the main objective is to produce electricity, only a
single operating unit of energy recovery is usually evaluated, either
through the generation of biogas with AD or via direct combustion [25].

Over the last decade, the AD of numerous species ofmicroalgae have
undergone experimentation in order to determine: a) the empirical

biogas production yields based on a fraction or the total amount of proc-
essed biomass; b) special and restricted cases associated with the use of
microalgae; and c) the operational parameters (hydraulic retention
time [HRT], temperature, and mixing speed, among others) that opti-
mize the AD [24,26]. There is currently only limited evidence relating
to microalgae AD plants on a pilot scale [27].

Biogas production yield frommicroalgae biomass can be determined
experimentally or through theoretical procedures. These allow esti-
mates to be devised for the amount and composition of the biogas,
based on a particular residuewith a known elemental chemical formula
(CHONS). A stoichiometry formula was proposed by Buswell and
Mueller in 1952 [28], as follows:

CcHhOoNnSs

þ 4c� h� 2oþ 3nþ 2s
4

� �
H2O→

4cþ h� 2o� 3n� 2s
8

� �
CH4

þ 4c� hþ 2oþ 3nþ 2s
8

� �
CO2 þ nNH3 þ sH2S:

It should be noted that this theoretical formula usually overesti-
mates the production of biogas by approximately 40% [27]. Neverthe-
less, the formula remains useful to identify what changes occur inside
the digesters, as well as helping to generate a first dimensioning of the
overall process.

AD begins with the hydrolysis of complex polymers or macromole-
cules (glycosides, proteins and lipids [for elemental chemical formulas
see Table 1]) and proceeds towards simpler, lower molecular weight
compounds. Consequently, in order to determine the elemental chemi-
cal formula of the biomass for biogas production, the particular charac-
terization of the residue (in terms of its percentages of the three
aforementionedmacromolecules) can be usedwith the CHONS formula
[27]. Typically, microalgae biomass is usually characterized in the same
way. This approach would allow for other theoretical yields of biogas
generation to be devised, aswell as their comparisonswith the reported
experimental productivities. Table 2 was devised in this way. It shows
the elemental chemical formula of different microalgae and provides
evidence that the Buswell and Mueller (1952) [28] formula overesti-
mates real biogas production.

Prior to addressing the design and economic evaluation of microalgae
AD, consideration should be made and care taken regarding three possi-
ble inhibitory variables in the process, specific to the characteristics of the

Fig. 1. Estimates of the minimum selling price per litter of microalgae biodiesel (OP = open ponds; PBRs = photobioreactors; Hybrid = OP + PBRs).
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