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



Table 1
Stoichiometry and biogas production yields, proposed by numerous studies, given the degradation of the main macromolecules.
Source: Own research conducted from Refs. [24], [27], [29] and [30].

Complex polymer Stoichiometry formula Buswell & Mueller (1952)
[28]

Feinberg (1984)
[99]

Weiβbach (2009)
[100]

VDI guideline 4630 (2006)
[101]

(Methane) and biogas, in Nm3/kgSV

Lipids C50H8706 (0.98) 1.43 (0.82) 1.37 (0.96) 1.35 (1.0) 1.39
Proteins C184H350086N33S (0.52) 1.10 (0.39) 0.65 (0.40) 0.78 (0.48) 0.8
Glycosides (C6H11O5)n (0.41) 0.83 (0.30) 0.50 (0.40) 0.79 (0.38) 0.75

294 C.P. Bravo-Fritz et al. / Algal Research 16 (2016) 292–307
particular microalgae: 1) both the composition of the cell wall and the
specific metabolism of the treated species can help the microalgae sur-
vive anaerobic reactor conditions [21]; 2) the protein content (nitrogen)
of the microalgae, in conjunction with the pH of the reactor, will deter-
mine the balance between the ammonia (NH3) and ammonium ion
(NH4

+), whereby the former is toxic to the methanogenic microorgan-
isms and inhibitory to the process in general [29,31]; and 3) the sodium
ion (Na+) present in themoisture of marine biomass species may also be
an inhibiting factor in anaerobic microflora [29,32].

Fortunately, there are alternatives which help to avoid or reduce the
inhibitory effect of each one of these microalgae characteristics. To pre-
vent the cells remaining intact in the digesters, a cell disruption stage
can be used to favour the bioavailability of macromolecules to the mi-
croorganisms responsible for hydrolysis [21,26]. Similarly, the problem
of nitrogen can be overcome with pre-treatments that alter the C/N
ratio of the treated biomass [24,29]; be it by extracting proteins from
the microalgae or adding other carbon-rich compounds for degrading
(co-digestionwith paper or agriculturalwaste), prior to AD [27]. Finally,
inhibition by NaCl can be rectified by prior and gradual acclimatization
of the anaerobic inoculum to greater concentrations of Na+, before
feeding them with marine microalgae. Alternatively, this can be done
by utilizing natural environment inoculum, more tolerant to salts,
such as microbial consortia from sea beds or estuaries [29].

The pre-treatment applied to microalgae serves to prevent AD inhi-
bition, increasing the exposure of cell content (biodegradability), and as
a result can optimize or increase biogas generation. There are numerous
pre-treatment alternatives, includingmechanical, thermal, chemical, bi-
ological, and electrical methods, as well as by means of irradiation, in
addition to combinations thereof [33]. However, under the biorefinery
scenario, biomass arrives highly processed at the final stage of AD,
meaning that the aforementioned inhibitory factors might no longer
be so relevant in the biogas production stage.

Consensus is still lacking as to what is the best pre-treatment to
apply to microalgae AD. This area requires further research in order to
broaden knowledge regarding a greater number of microalgae species
and technology combinations [34]. However, analysis of techno-
economic evaluations, such as the one undertaken in this paper, may
help to ensure the early detection of certain alternatives. By means of
process engineering and the evaluation of industrial upscaling, feasibil-
ity comparisons can bemade of the different processing options, prior to
the investment of time and resources at the laboratory level in search of
new technologies.
Table 2
Theoretical and real biogas production yields based on microalgae biomass.
Source: Own research conducted from [24].

Microalgae species Stoichiometry formula Buswell
[28]

(Methan

Scenedesmus sp. C192H348062N26P2S (0.64) 1
Chlorella sp. C287H5430120N33S (0.59) 1
Arthrospira maxima C281H4850167N51P2S (0.43) 1
Chlamydomonas reinhardii C10H1606N (0.47) 1
Microalgae average C212H399091N33S (0.55) 1

The average microalgae cited consists of 25% lipids, 50% proteins and 25% glycosides.
This research aims to compile sufficient information to generate an
energy-economic evaluation model to help the design of processes
that consider different species of microalgae and pre-treatment tech-
nologies for power generation and by-products, including AD, with
main product generation achieved through biomass processing. Fur-
thermore, the aim is to uncover critical variables for establishing the
economic profitability of the process bymeans of conducting a sensitiv-
ity analysis, and to present the effective potential of AD applied to a
biorefinery.

2. Methodology

To develop the energy-economic evaluation, the research process
began by reviewing pre-existing research into the technical and eco-
nomic production of biodiesel and biogas with microalgae via AD [19,
25,34–41]. There are significant differences between the studies
reviewed, at both the level of design of the microalgae production pro-
cess, as well as the results obtained (economic, energy and associated
CO2e emissions).

Given the large number of options and variables of the processes
reviewed in the literature, the model begins with the definition of the
particular project undergoing evaluation, in which each of the main
stages of the process are outlined step-by-step (as shown in Fig. 2).

The model will evaluate the processes using different marine spe-
cies, from their production as inoculum at laboratory level, followed
by obtaining a specific culture medium, which will be used during scal-
ing or bulk production of themicroalgae. Subsequently, the biomasswill
be subjected to the harvesting stage to obtain a concentrated moist
sludge intended for the different pre-treatment alternatives due for
evaluation. Finally, the processing of the biomass will be evaluated,
both via AD as well as additional unitary operations which help to ob-
tain energy and other marketable by-products.

2.1. Technical aspects of the model

2.1.1. Evaluated microalgae and inoculum preparation (laboratory)
The model proposed in this research will help in the evaluation of

the production of different marine species of microalgae, with informa-
tion originally pertaining to Tetraselmis sp. [42–44] and Isochrysis sp. [43,
45,46]. To evaluate a new species, data on its biomass productivity
during farming and its elemental composition in terms of the percent-
age of lipids, proteins and glycosides will be required. The farming of
& Mueller (1952) Experimental Exp/theoretical ratio

e) and biogas, in Nm3/kgSV %

.08 (0.27) 0.44 (42%) 41%

.12 (0.35) 0.49 (59%) 44%

.03 (0.29) 0.48 (67%) 47%

.00 (0.39) 0.59 (82%) 44%

.13 –



Fig. 2. General outline of the production and processing of microalgae through a biorefinery, according to the evaluation model of the current study.
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freshwater algae could also be evaluated. Naturally, this would necessi-
tate themodelling and collection of information relating to the prepara-
tion and provision of the specific culture medium required by the
respective microalgae. Furthermore, the model considers the construc-
tion and operation of a laboratory responsible for maintaining a
microalgae culture library, as well as the preparation of inoculum for
initiating farming and conducting related research.

2.1.2. Culture medium
The proposed model includes the associated costs of filtering and

pumping, from coastal areas to the farming facilities, followed by UV
disinfection and storage stages. Specifically, it takes account of the pro-
duction of f/2 culture medium, given its applicability to a large number
ofmarine species,mixing the seawaterwith key nutrients for the devel-
opment of the microalgae [11]. To estimate the daily flow of sea water
for reuse, consideration is taken of losses from natural evaporation dur-
ing farming, in accordancewith local environmental parameters, aswell
as losses from remaining moisture following the harvest stage.

2.1.3. Farming
As stated by Zamalloa et al. (2011), the farming of microalgae has

been studied extensively over the last 40 years. This has enabled nu-
merous technical and economic aspects to be addressed regarding
photobioreactors (PBRs) and raceway ponds (RWPs) [34,47–49].
This model considers the sole use of RWPs (174.60; 582.00 and
1746.00 m3, depending on scale, small; medium and large, respec-
tively) and flat-plate PBRs (0.44 m3, independent of scale) for farm-
ing, as well as a combination of both technologies, known as a hybrid
system. The maximum achievable concentration of microalgae was
defined to be 1 g/L and 5 g/L for RWPs and PBRs [47], respectively.
The PBRs are considered to be under a constant aeration system of
0.25 Lair/LPBR/min [47,50,51], while the RWPs would be stirred by
paddle wheels, with the fluid reaching a speed of 0.2 m/s [11,47].
The number of farming days for each technology would be deter-
mined in accordance with the biomass productivity (in g/L/day) of
each species evaluated, with each bioreactor beginning from an ini-
tial concentration of 0.1 g/L [52,53], until the moment of harvest
when maximum concentration is reached. This system defines a
batch production, which in turn is intended to reduce the risk of
contaminating the culture.

The amount of microalgae being produced determines the total over-
all size of the plant. The model delivers three pre-established scales:
small, medium and large (greater than 2, 55 and 300 dry weight ton/
day, respectively), and allows the user to enter their own biomass dimen-
sion for production. These scales were defined on the basis of proposals
made by Drapcho et al. (2008) for industrial biodiesel plants [54]. There-
fore, the model sets an approximation regarding the microalgae biomass
required for sustaining such scales.

Regarding the location of the production plants, work undertaken by
Bravo-Fritz et al. (2015) is used as a reference point. That research
outlined potentialmicroalgae farming sites in Chile which assure amin-
imum level of biomass productivity [55].

2.1.4. Harvesting
Harvesting, concentration or dehydration are terms which usual-

ly refer to the process of microalgae cell extraction from aqueous
medium at the final stages of culturing. This study models harvest-
ing as a process with five sequential stages: pumping from PBR or
RWP; fast mixing to rapidly disperse a flocculation reagent (first
flocculation step); slow mixing to allow flocks to form (second floc-
culation step); sedimentation; and centrifugation [56–58] (see Ap-
pendix A). These steps allow the biomass concentration to be
increased by two orders of magnitude.

The culture medium recovered through the different stages of har-
vesting is recirculated [30,59] towards the UV disinfection stage,
where it is mixed with the fresh sea water to form new f/2. This
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operational configuration requires measures to be sought for
counteracting the accumulation of salinity in the medium caused by
natural evaporation and recycling. Certain alternatives for evaluation in-
clude the use of a purge flow directed towards drying ponds or the use
of fog collector to dilute the salts.

2.1.5. Scenarios for evaluation (pre-treatments)
Microalgae sludge, following the centrifugation of the harvest (75–

85% moisture), is intended for the multiple alternatives of evaluated
pre-treatment. These are described briefly as follows (for additional in-
formation please refer to the Appendix A, inwhich further examples are
provided, such as that expressed in Fig. 3, where each stage icon links to
the parameters necessary for the design of the technical, economic and
energy sizing component:

1) Baseline (BL): This alternative provides a comparison framework
with all pre-treatment alternatives, in terms of traditional industry
practice. This requires no pre-treatment technologies.

2) Direct anaerobic digestion (DAD) [36]: This alternative evaluates the
direct movement of microalgae sludge to AD. In reality, this alterna-
tive is not related to pre-treatment technologies either. However, it
is included in this section as a comparison scenario regarding other
alternatives (just like the BL scenario).
Fig. 3. Conceptual diagram of in situ transesterification w
3) Protein extraction (PE) [60–62]: As mentioned in the Introduction,
this pre-treatment alternative meets the need to change the C/N
ratio of themicroalgae biomass prior to AD, in order to prevent inhi-
bitions due NH3

+ accumulation. The proteins are separated by liquid
extraction and subsequently decanted by changing the pH. Develop-
ment requires stages of cell disruption, phase separation (solubilized
proteins from cell debris [residue]), pH change reactors, phase sepa-
ration (hydrophilic protein fraction) and dehydration.

4) Lipid extraction (LE) [40]: This alternative is evaluated as a result of
Harun et al. (2011) study. They argue that it is possible to obtain
more energy from microalgae by taking advantage of lipids to pro-
duce biodiesel and the rest of the biomass to generate biogas [25].
This is possible by considering the stages of ultrasound disruption,
solvent extraction of lipids, phase separation (hydrophobic fraction
from cell debris) and subsequent flash distillation of lipids. The glyc-
erol produced in the subsequent transesterification of lipids is sent
to AD.

5) In situ transesterification (TiS) [24,63–69] (see Fig. 3): In recent
years of the microalgae research, it has been stated that in situ
transesterification could favour the economic feasibility of the
microalgae bioenergy industry (allowing for the reduction of pro-
duction costs by skipping some drying stages) [13,64]. However,
techno-economic evaluations of its scaling to an industrial scale
ith its respective flow and relevant operating units.
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have still not been performed. Furthermore, it has been demonstrat-
ed that the production of biogas by means of the AD of TiS waste is
possible [68], which is why its incorporation is an interesting pre-
treatment alternative. In literature, two types of TiS are mentioned,
defined on the basis of the initial moisture of the biomass (dry and
wet TiS), and both require different unit operations. To decide
which of these to evaluate, a preliminary and parallel techno-
economic analysis was conducted. Using state-of-the-art tech-
niques, this analysis determined that the wet TiS is themore expen-
sive alternative (seven times the capital and operational costs). As
Fig. 3 shows, the stages comprising the dry TiS [66] include an initial
dehydration of the post-centrifuge biomass, acid esterification,
phase separation (filtration of cell debris), phase separationwith sol-
vent extraction (hydrophobic fraction of the hydrophilic); hydro-
philic route: phase separation (glycerol from water and sulphuric
acid) and subsequent flash distillation; and hydrophobic route: de-
hydration with anhydrous sodium sulphate, phase separation (fil-
tration) and hexane flash distillation.

6) Co-digestion (CoD) [24,27,63,70–72]: As in the case of PE, the CoD
was mentioned in the Introduction as an alternative to adjust the
C/N ratio of the material in the AD. Due to the high protein content
of the microalgae, sludge should be mixed with co-substrates rich
in carbon, such as paper waste [70], switchgrass [71], glycerol [63],
and soybean [72], for example. The mixing ratio of microalgae and
co-substrate will be determined by the C/N ratio desired for AD.
The model uses an optimum C/N ratio of 22.5 for mixing paper
waste, since according to the research conducted by Yen & Brune
(2007), this value should be between 20 and 25 [70]. Regarding
the CoD all that is required for the paper waste is to be triturated
and mixed with the post-centrifuge sludge prior to being sent to
AD. TheCoD is an alternativewhich canbe combinedwith additional
pre-treatments.

7) Microalgae rupture or Cell Disruption (CDisr) [24,27,73–75]: To pre-
vent possiblemicroalgae cell survival in the digesters and to increase
exposure of the cell contents, pre-treating the sludge with a cell dis-
ruption technology was proposed for increasing the generation of
biogas, specificallywith ultrasound, operating at 30MJ/m3 of treated
sludge [76,77]. This value is assumed as constant for all species of
microalgae evaluated, and recognizes that, in fact, it is necessary to
have information regarding the energy consumption of the cell dis-
ruption for each species, according to its physiological characteris-
tics. Samson & Leduy (1983) have compared ultrasound disruption
with thermochemical disruption, concluding that the former is
more effective and less toxic for anaerobic microflora [73]. Despite
the aforementioned, in recent years the use of thermochemical dis-
ruption has achieved positive results in relation to biogas generation
[74,75]. This scenario is similar to direct AD, except that the digesters
are preceded by a cell disruption stage.

Since CoD is not an exclusive route for biomass, this recovery alterna-
tive can be combinedwith the other aforementioned pre-treatments. Ac-
cordingly, the following four evaluation scenarios are applicable:

8) Cell disruption followed by co-digestion (CDisr + CoD).
9) Protein extraction followed by co-digestion (PE + CoD).

10) Lipid extraction followed by co-digestion (LE + CoD).
11) In situ transesterification followed by co-digestion (TiS + CoD).
2.1.6. Processing
The pre-treatments will generate two distinguishable biomass frac-

tions: one directed towards AD, and the other which is used for
obtaining additional products with commercial value. The latter is the
one which drives processing, with the aim of obtaining biodiesel,
fishmeal for animals in the aquaculture industry andmicroalgae protein
supplements. Only the BL, PE, LE, PE + CoD and LE+ CoD scenarios are
associated with biomass processing.

• BL: This includes stages of dehydration (bringing biomass to 5%mois-
ture), cell disruption (ball mills) and phase separation (lipids from cell
debris). Subsequently, the lipids are sent to transesterification pro-
cesses to form methyl esters (biodiesel), while the cell debris is sent
to packing to be sold as animal feed.

• LE: Only extracted lipids are processed and sent to the
transesterification process to produce biodiesel.

• PE: Proteinsmust be neutralized, dehydrated once more (4–5%mois-
ture) and sent to packing to comply with the marketing standards of
protein supplements. This type of product is similar to the supple-
ments obtained from soybean and milk (casein).

• Transesterification [78,79]: Lipids or triglycerides are submitted to a
process of traditional alkaline transesterification to produce methyl
esters (biodiesel or FAME). The process consists of different stages
of pre-mixing with reagents (MeOH and NaOH), a transesterification
reactor with stirring and controlled temperature, flash distillation,
phase separation (glycerol and biodiesel), a neutralization reactor
and biodiesel washing with water, phase separation or dehydration
and biodiesel storage.

• Packing: This consists of bagging and subsequent assembly of pallets
for commercialization.

2.1.7. Anaerobic digestion
The AD process is modelled as a wet fermentation technology with

scaling capacity, capable of Combined Heat and Power [CHP] generation
and of taking advantage of the digestate produced. This process is dem-
onstrated in Fig. 4, as follows:

A scheme with two digesters in series was chosen, with a covered-
lagoon reactor type, insulated by concrete and other impermeable ma-
terial in walls and a base, with a biogas holder at the top [27,83].
These reactors would operate with an average feeding rate of 2.4
kgVS/(m3·d) [29,36,42], and specifically, the fermenter would bemain-
tained at 35 °C (mesophilic) [84,85], with an occasional stirring system
of 3.5 h/day [86] andwith a HRT (hydraulic residence time) of 19 d. The
post-fermenter is also conditioned to operate at 35 °C (mesophilic),
with no stirring, with a HRT of 11 d and decantation for generating a
digestate purge. The sum of both HRT should be approximately 30 d; a
number defined by numerous studies into the optimum degradation
of microalgae in a mesophilic state [73,87–89].

The biogas generated in the anaerobic reactors (5.5 kWh/m3 of heat
power) [28], is usually dehydrated and desulphurized [80]. Subsequent-
ly, the biogas is stored in a biogas holderwith special safetymeasures. A
blower introduces the feed flow to the CHP system, in which the gener-
ated electricity (35%) and thermal energy (40%) [82] can be used either
for internal processes or for commercialization, considering combustion
losses (25%).

The final product generated in themicroalgae bioenergy plant is the
digestate stemming from AD. At this point there is certain industrial
equipment, such as digestate separators [82], capable of separating the
liquid parts (2% VS) from the solid (25% VS). A fraction of the liquid
(21%) is recirculated to the beginning of the AD to be mixed with the
feedstock microalgae in the pre-mixing tank. Accordingly, the total
from the solid phase is sent to drying fields. Both products remain
nutrient-rich, and can therefore be used as fertilizer or soil enhancer.

2.2. Economic evaluation

A project located at Norte Grande of Chile [55] was considered for
this study, with daily operations of 12.5 h/day (07:00 to 19:30), and in-
cluding the necessary work shifts and personnel required (human re-
source capital). The plant operates for 360 days a year, stopping only
for coordinated maintenance to equipment and facilities, and for



Fig. 4. Conceptual diagram of the modelled AD.
Source: Own research based on Refs. [80], [81] and [82].
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15 years (the period of economic evaluation). Due to certain costs esti-
mated at the local level, it should be noted that the exchange rate of the
national currency (CLP) to the US dollar (US$) was CLP620/US$ as of
February 2015.

2.2.1. Capital costs
Capital costs or investmentwill take place over the course of the first

two years, depending on construction times. Amounts depend on the
microalgae used, given that biomass productivity and composition of
each species will require a different number of PBRs and ponds to be
in operation.

For scaling equipment costs, an exponential formulawas used in line
with specific attributes [90]:

CA

CB
¼ EA

EB

� �n

:

EA: Attribute scale of known equipment. EB: Desired scale for evalu-
ation. CA: Cost of known investment. CB: Desired cost for estimation. n:
Exponential scaling factor (n = 0.6, except when the literature stipu-
lates a different exponent value or a different cost function). Within en-
gineering companies, the exponents have been seen to depend on the
type of equipment, but in this study, 0.6 will be used as the most com-
mon value.

Biorefinery equipment must be installed within conditioned infra-
structure for its correct and safe operation. In this area, three scales of
biorefinery (2000, 5000 and 9000 m2) were assumed and constructed
according to a fixed estimated per m2 construction cost, using informa-
tion from theMinistry of Housing and Urban Planning relating to the cat-
egory of A2 construction (storehouse type) (US$353/m2) [91,92].
Furthermore, investment also considers certain additional costs, both di-
rect and indirect, for each one the microalgae production process stages
(laboratory, preparation of medium, farming, harvesting, pre-treatment,
processing, and AD). Due to the coordination and synchronization
required between the unit operations, an automatic monitoring and con-
trol system is needed, which was considered as 10% of the sub-group in-
vestment in the evaluated equipment [90]. In addition, all industrial
projects must consider the indirect costs of engineering, hiring and con-
tingencies, which represented 20%, 5% and 10% of investment, respective-
ly [90].
2.2.2. Unit and operational costs
Operations at the plant, in conjunction with its associated costs,

would begin in the third year, and their scale would depend primarily
on production levels. Energy and reagents are undoubtedly the main
components of operational costs, forwhich constant values are assumed
throughout the entire evaluation period. Electricitywas estimated in ac-
cordance with contracts with the Chilean Norte Grande Interconnected
System (SING) at US$0.1/kWh [93]. Similarly, heat energy was defined
using the costs of steam processes and natural gas in Chile at US$0.04/
kWh [77,94]. Prices of the reagents used in the different unit operations
depend on the product in question and are calculated in accordance
with local market analysis.

Acquisition of land was not considered as part of the capital costs, as
a project of this type can be implementedwith a land lease fromNation-
al Assets. The lease was estimated at approximately US$775/ha/year,
adjustable in line with the Unidad de Fomento (Unit of Account) (UF).

Human capital is diverse and depends on the scale of the project. The
recruitment of university-trained professionals is deemed necessary
(i.e., researchers, civil engineers, business graduates, accountants and
lawyers), in addition to individuals with technical degrees (administra-
tive staff, technicians and chemical plant operatives), as well as non-
skilled labour (grooming and security staff).

All plant equipmentmust be subject to regularmaintenance in order
to ensure its correct working. This generates annual operational expen-
diture associated with maintenance, equivalent to 5% of the original
equipment capital costs.



Fig. 5. Comparison of total investment and operational costs by selected farming technology (MM= millions).
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Finally, as is the case with other techno-economic feasibility studies,
the issues of income tax and interest accrued as a result of financing
were not considered [34].

2.2.3. Income
Income depends on the scenario evaluated, with a total of six possi-

ble marketable products: electricity, heat, biodiesel, microalgae
fishmeal, digestate, and proteins.

Both electricity and heat energy depend on internal plant consump-
tion. If surpluses are generated, these can be sold at the same prices
mentioned regarding costs. On the other hand, biodiesel should be
sold in conjunctionwith, or compete against, fossil diesel, the global av-
erage price of which is around US$1/L (as of February 2015) [20]. How-
ever, the selling price of biodiesel, whichmakes themicroalgae industry
profitable, is an indicator of costs obtained through sensitivity analysis.

Other valuable microalgae products are less traditional. For the iso-
lated proteins, a value similar to dietary supplements derived from soy-
bean or milk was considered, of US$3.25/kg. The price of fishmeal (for
bivalves, crustaceans and fish) was estimated at US$0.1/kg [95]. Finally,
commercialization of the liquid and solid digestate stemming from AD
rose by 80%, to US$0.9/ton and US$8/ton [96,97], respectively.

2.2.4. Discount rate and economic profitability indicator
The discount rate (dr) was not unique. Rather, it was measured

across different percentages associated with industries that might
showan interest in a project of this type. Specifically, four rateswere de-
fined for calculating the economic profitability of the project (net pres-
ent value, NPV): social (3%); and, private with low risk (8%), medium
risk (14%) and high risk (20%).

NPV ¼ ∑
n

t¼0

Income� Costð Þt
1þ drð Þt

2.2.5. Energy return rate
In order not to lose the goal of producing energy from microalgae

[41], the energy return on investment (EROI) can be calculated for all
Table 3
Quantities of RWP and PBR considered in the different evaluated scales.

Microalgae Scale Farming tech

Species Small Medium Large Unit

Tetraselmis sp. 144.00 1035.00 1854.00 RWP Only RWP
Isochrysis sp. 80.00 575.00 1030.00 RWP
Tetraselmis sp. 10,136.00 278,504.00 1,519,048.00 PBR Only PBR
Isochrysis sp. 6335.00 174,065.00 949,405.00 PBR
Tetraselmis sp. 1016.00 27,568.00 150,304.00 PBR Hybrid

117.00 918.00 1665.00 RWP
Isochrysis sp. 635.00 17,230.00 93,940.00 PBR

65.00 510.00 925.00 RWP
the scenarios evaluated, using the following formula [98]:

EROI ¼ Energy provided to society
Energy required to produce the energy provided

:

As such, although it may be economically profitable to promote the
development of the pre-treatment alternative evaluated, comparisons
will always be possible from the energy perspective and its efficacy
can be evaluated.

3. Results and discussion

3.1. Results presentation

The constructedmodel possesses a huge number of possible dimen-
sions and scenarios. As such, it would be impossible to provide the read-
erwith all the resultswithout outlining a preliminary filter or a strategic
approach regarding the adequate comprehension thereof.

The results help to provide an analysis of themost advisable farming
technology. The alternatives evaluated consisted of the exclusive use of
PBRs, RWPs, or a combination of both options, known as a hybrid sys-
tem. By using PBRs, greater concentrations of biomass can be produced.
Accordingly, the selection of this technology typewould imply less con-
sumption of culture medium, thereby indirectly could reduce, the costs
of pumping, f/2 preparation and harvesting. The use of ponds, in con-
trast, provides less biomass productivity but energy consumption is
less during farming and the unit cost of construction by volume should
be lower.

By producing averages of all the scenarios evaluated and production
scales considered in the model, the following bar charts (see Fig. 5)
show the investment and operational costs according to the farming
technology used (see Table 3 for some scale details). It is worthwhile
comparing farming according to the scenario, since it relates to a pre-
differentiation stage. In other words, all scenarios share the same farm-
ing costs and then differ subsequently according to the treatment ap-
plied to post-harvest biomass.

As Fig. 5 demonstrates, the sole use of PBRswould imply capital costs
almost three times greater than using other technologies, in addition to
operational costs on average 37%higher. The sole use of PBRs could have
been justified if its operational costswere lower than those of the RWPs,
thereby having a positive impact on economic profitability. Unfortu-
nately, this situation is technically impossible. As a result, the sole use
of PBRs can be discarded from future analysis.

However, PBRs do possess an advantage not evaluated or quantified
in themodel: the isolation of the culture regarding the environment for
reducing the risk of contamination. This characteristic, in addition to the
fact that the costs in terms of the sole use of RWPs and the hybrid sys-
tem are similar, allows for discrimination between the farming technol-
ogies. It also means that from now onwards only the results of the
energy-economic evaluation of a hybrid system of microalgae produc-
tion will be presented. This system means that PBRs will be used as



Table 4
Results of the energy-economic evaluation of the multi-scenarios of Isochrysis sp. biomass production, using a hybrid system of farming.

Scenario

MM US$

EROI (%)Total capital costs Total operational costs Total income NPV with dr of 14%

Scale Small Medium Large Small Medium Large Small Medium Large Small Medium Large Small Medium Large

BL 3.47 36.53 165.41 0.96 9.73 44.82 0.24 6.25 34.01 −6.17 −46.32 −186.09 0.51 0.63 0.64
DAD 3.65 43.43 196.71 0.87 7.79 33.97 0.09 2.38 12.94 −6.58 −60.56 −257.41 0.56 0.73 0.77
PE 3.67 45.99 210.63 1.07 12.10 56.89 0.78 20.35 110.71 −4.38 0.56 77.54 0.18 0.20 0.21
LE 3.77 42.71 193.03 1.08 8.56 37.19 0.24 6.16 33.50 −7.00 −46.23 −174.98 0.86 1.92 2.06
TiS 3.96 45.61 208.06 2.32 44.07 230.97 0.22 5.72 31.12 −12.92 −214.37 −1091.98 0.65 0.79 0.81
CoD 3.94 49.14 222.46 0.97 9.72 44.03 0.16 4.09 22.27 −6.96 −65.94 −280.60 0.95 1.23 1.28
CDisr 3.79 45.55 206.07 0.90 8.03 34.94 0.12 3.02 16.41 −6.73 −60.35 −253.06 0.73 0.95 1.00
CDisr + CoD 4.14 52.39 236.90 0.97 9.89 44.84 0.20 5.18 28.21 −6.96 −64.19 −268.07 1.24 1.59 1.67
PE + CoD 3.96 51.63 236.05 1.03 12.26 58.77 0.84 22.05 120.00 −4.10 3.37 92.21 0.35 0.38 0.39
LE + CoD 4.08 48.95 221.20 1.03 8.78 39.38 0.31 8.02 43.62 −6.69 −43.35 −159.56 1.08 2.39 2.55
TiS + CoD 4.18 50.00 227.89 2.25 44.01 231.65 0.28 7.43 40.41 −12.50 −209.57 −1067.50 0.85 1.03 1.06

MM=million (106); NPV=net present value; dr=discount rate; EROI= energy return on investment; BL= baseline; DAD=direct anaerobic digestion; PE=protein extraction; LE=
lipid extraction; TiS = insitu transesterification; CoD = co-digestion; CDisr = cell disruption.
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producers of inoculum and RWPs as the primary technology for farming
and scaling.

As Table 4 demonstrates, all scenarios possess negative economic
profitability (NPV b 0), except those which consider PE on a medium
and large scale. This result was expected, since microalgae production
is currently considered as marketable if the final product is designated
for animal feed or for obtaining specific high-value metabolites, such
as the proteins destined for human dietary supplements.

Regarding EROI, if this indicator exceeds the unit, the alternative
evaluated can be conceived of as providing more energy to society
than the amount it consumes during the production process. Converse-
ly, and if the aforementioned does not apply, this option could be
deemed unfavourable in energy terms. Table 4, outlines the EROI results
for all evaluated scenarios.

Fig. 6 shows only four alternatives that present favourable EROI,
none of which are profitable. Only the scenarios in which PE is consid-
ered are NPV positive. However, and counterproductively, these are
the worst alternatives from the energy point of view. This figure also
demonstrates that the CoD is an alternative that increases the EROI for
any pre-treatment to which it is coupled, without significantly altering
the NPV. Ideally, scenarios with NPV-EROI combinations would be ex-
pected, to be located over zero on the y-axis and to the right of one in
the x-axis.

As Fig. 6 also shows, TiS is an extremely negative scenario in
terms of economic profitability. Its value here even distorts the
graph when compared to the values of the other scenarios evaluat-
ed. The dry TiS evaluated shows overly expensive operational costs
that bring about an excessively negative NPV. In all analysed cases,
the TiS never represented a viable or relatively attractive economic
alternative. As a result, its future analysis will be considerably
Fig. 6. NPV vs EROI for all scenarios evaluated on the ba
reduced and it will be discarded as a feasible alternative, in terms
of the described technologies and considerations regarding its cur-
rent state of the art and modelling.

This study presents the NPV and EROI indicators as two tools for
analysing the project from independent perspectives: economic and
energy-related, respectively. However, it is possible to submit the
EROI to economic evaluation by incorporating the results of a social
evaluation of similar projects. It may be the case that scenarios with
an EROI b 1 or with values unattractive to the energy industry, due to
the displacement of fossil fuels generated, might provide social benefits
greater than the projected economic returns. The EROI is reflected by
the economic, environmental and social evaluation, because the nature
of input and output energy transfer is not the same. For example, cur-
rent electricity generation has an EROI b 1 due to the second law of ther-
modynamics. Nevertheless, it is currently accepted by society because
the usefulness of electricity is greater than coal, diesel or natural gas.
Similarly, if biofuel can be produced by consuming primary energy
that is less costly to humanity (eventually, for example, solar heat,
tides, wind, etc.), located in or near to deserts, this biofuel could be pro-
duced because its usefulness would be greater than the forms of energy
used as an input in the process. It is clear that the cost of input energies
can only be established through comprehensive research, using tools to
conduct lifecycle analysis of the process, and attempting to avoid the in-
corporation of a simple idea about the type of energy being used.

Due to the fact that a large majority of the results produced NPV b 0,
analysis will now turn to seeking critical variables which have a more
substantial influence on NPV and EROI in each one of the scenarios
and scales evaluated. The idea is to identify arbitrary configurations of
these variables via an in-depth sensitivity analysis, which affords profit-
ability to certain scenarios distinct to PE.
sis of average production scales (MM= millions).



Fig. 7. Pie charts of the breakdown of investment by average scenarios and stages of microalgae production using hybrid farming (MM = millions).
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3.2. Sensitivity analysis

In order to conduct a robust and significant sensitivity analysis, it
was decided to first analyse the breakdown of costs (capital and op-
erational). This approach helps to identify the stages of the produc-
tion process with a greater average impact on NPV and, therefore,
allows a definition to be devised of the variables and levels due to
be measured.

As Fig. 7 shows, there are three main components of capital costs:
farming, harvest, and anaerobic digestion. The particular microalgae
species produced have a direct impact on farming capital costs. As
such, a second analysis allows the lipids percentage of the microalgae
to be seen, as well as the biomass productivity and the farming technol-
ogy costs. These may represent high-impact variables in the sensitivity
analysis, as they help to modify capital costs in the three main compo-
nents detected.

Choosing the correct microalgae species for production is a key fac-
tor in achieving economic profitability. As Fig. 7 shows, there is a signif-
icant difference in the capital costs using Tetraselmis sp. (35% greater)
with that of Isochrysis sp. The difference in the cost structure of usingdif-
ferent microalgae is largely the result of the fact that scaling is depen-
dent on a minimum level of generation of marketable products. For
example, if the scenario relates to the production of biodiesel, changing
the microalgae for another species with a different lipids percentage
will change the number of farming ponds, harvesting systems and pro-
cessing equipment required to obtain the annual volume of biodiesel
established by that particular scale.

From the pie charts shown in Fig. 8, fourmain components of the op-
erational costs can be seen: culture medium production, farming stage,
Fig. 8. Pie charts of the breakdown of operational costs by average scenarios an
harvest, and selected pre-treatment. These four stages entail intensive
electricity consumption. As such, in order to modify the operational
costs, the energy efficiency of the plant could be measured, as well as
the energy cost, the percentage of lipids, and productivity from the
farming technologies.

While the effect caused by the microalgae species being produced
was analysed in the capital costs, this difference is not so clear or signif-
icant regarding the operational costs (8% greater for Tetraselmis sp.).

By adding the selling price of biodiesel to the variables already de-
tected through the breakdown of capital and operational costs (lipids
percentage, biomass productivity, farming technologies cost, energy ef-
ficiency of the plant, and electricity cost), modifications and measure-
ments of income are also expected. This allows the following Table 5
to be devised, which demonstrates the variables to be measured in the
sensitivity analysis, in conjunctionwith their respective levels of change
considered technically feasible.

The aforementioned sensitivity analysis involved the generation of
10,692 combinations in order to obtain the same amount of results for
both the NPV and EROI. Among all these results, only the PE and
PE + CoD scenarios considered for medium and large scales of any
given microalgae produced positive NPV values. Subsequently, the BL,
LE y LE + CoD scenarios only achieved positive NPV under specific
Isochrysis sp. production conditions, on the medium and large scales.
The remaining scenarios (DAD, TiS, CoD, CDisr, CDisr + CoD and
TiS + CoD) and the use of Tetraselmis sp. always produce negative eco-
nomic profitability, under any possible combination of the levels and
variables submitted to the sensitivity analysis.

As a result of the aforementioned, scale is a key determining factor
for the NPV. On the small scale, all scenarios and combinations of
d scales of microalgae production using hybrid farming (MM= millions).



Table 5
Variables detected with greater potential impact on the NPV and submitted to sensitivity
analysis.

Variable %Lipida Prod.CTb $CTc %EffEd $EEe $BDf

Level Δ% Δ% Δ%capital cost Δ%consumption US$/kWh US$/L

Small −50% −20% −15% −15% 0.05 0.8
Medium 0% 0% −7.5% −5% 0.1 1.1
Large +70% +20% 0% 0% 0.15 1.4

a %Lipid = percentage of change to the composition of biomass lipids; the percentage
change applies to the base lipids of each microalgae species.

b Prod.CT = biomass productivity in farming technologies; the percentage change ap-
plies to the base value of g/L/day, in both RWPs and PBRs.

c $CT = cost of investment in farming technologies; the percentage change applies to
the total value of investment in RWPs and PBRs.

d %EffE = percentage of energy efficiency achieved; the percentage change applies to
the total energy consumed in the plant.

e $EE = cost of electricity.
f $BD = selling price of biodiesel.

302 C.P. Bravo-Fritz et al. / Algal Research 16 (2016) 292–307
variables measured are negative, including the PE. From the medium
scale, theNPV begins to turn positive for certain scenarios under specific
combinations of the variables measured. The best results were achieved
on the large scale. This makes sense, as the model considers economies
of scale for both capital and operational costs.

On the other hand, the species of microalgae considered is also a rel-
evant factor in economic profitability. The choice between Tetraselmis
sp. and Isochrysis sp., as will be demonstrated below, can significantly
determine the economic attractiveness of this industry; primarily be-
cause of their biomass composition (see Fig. 9). Slight changes to the
biomass composition can mean the success or failure of the business.

While this model presents a comparison of two particular species, it
allows for the evaluation of any particular marine microalgae species.
However, in order to analyse the production of freshwater species,
and in relation to the considerations posed by this research, themodifi-
cation of processes and associated costs of the culturemediumprepara-
tion is recommended. Furthermore, such projects should ensure an
abundant and local supply of freshwater, as well as reconsider the
pumping methods used within the farming technologies.

To summarize the results of the sensitivity analysis, three contexts or
scenarioswill be devised regarding combinations between the variables
measured (see.

Table 6). The first is the “moderate” context, in which the variables
have conservative values in relation to the state of the art practices.
The second is the “intermediate (lipids)” context, which consists of
values similar to the base level, except for an optimistic percentage
change regarding the lipid composition of the biomass (+70%). The
final scenario is the “optimistic” context, which combines all the mea-
sured levels that favour economic profitability.

A frequently used indicator is the biodiesel minimum selling price
that makes production economically profitable (NPV = 0). As shown
by Fig. 1, an average price of US$3.7/L was provided, in accordance
with data collected from the literature review. The graphs in Fig. 10
are explained in the same manner, in that they represent the main re-
sults of the contexts measured in the sensitivity analysis (moderate,
Fig. 9. Biomass composition of the microalgae considered by the model.
intermediate and optimistic), regarding the biodiesel minimum selling
price for the most attractive scenarios from an economic point of view
(BL, LE and LE + CoD), as well as for both microalgae species.

Fig. 10 shows that a change in the lipid percentage (%Lipid) of the
biomass, either through an increase (an effect of the intermediate con-
text) or a change of microalgae, reflects an important reduction in the
biodiesel minimum selling price. Specifically in the aforementioned in-
termediate context, the microalgae is considered to increase its lipid
composition by 70%, which for Isochrysis sp. means achieving 40% lipids
in the biomass. However, this is insufficient in approaching competitive
prices in terms of fossil diesel (US$1/L). In order to achieve this, a com-
bination of key variables is required, defined according to the optimistic
context, in which only large-scale Isochrysis sp. generated a price of
US$1.01/L, for both BL and LE.

It is therefore clear as to the significant effect of %Lipid on NPV in the
three contexts evaluated in Fig. 10. However, it is difficult to quantify
the parallel impact of the other variablesmeasured. Therefore, the effect
of all the factors measured on the NPV and EROI was evaluated by
means of a statistical regression analysis which considered a fixed ef-
fects model. Fig. 11 summarizes part of the results of this analysis
(only for medium scale), demonstrating the average weight of the fac-
tors or percentages associated with each of the variables measured for
modifying the NPV. Fig. 11 also shows a variable called Int.Fact, which
represents the sum of all the interaction effects between the factors.
However, these interaction effects are usually minimal (less than 14%)
in the NPV variations. Since the changes to the weight of the effects
are extremely subtle between the evaluated scales, incredibly similar
charts are produced. Consequently, the decision was taken to show
the full results in the Appendices section of this study (NPV in Appendix
B and EROI in Appendix C).

Fig. 11 confirms that %Lipid is the most relevant factor for the BL,
LE, LE + CoD, PE and PE + CoD scenarios, followed by $BD. Both var-
iables are directly linked to the production and commercialization of
the biodiesel produced, and indirectly linked to obtaining a different
volume of proteins. However, there is an additional and more inter-
esting factor which is particularly evident from this analysis. Since
%Lipid has a greater impact on NPV than $BD, this suggests that
subsidies for the selling price or distribution conditions of biodiesel
are less attractive options than finding a new species of microalgae
with lipid hyperaccumulation or farming conditions which ensure
a greater production of oils.

Alternatively, analysis of Fig. 11 allows for a more in-depth enquiry
into the scenarios that failed to achieve economic profitability. As previ-
ously mentioned, the operational costs of TiS make it economically un-
feasible, which is also the case for TiS + CoD. However, regarding DAD,
CoD, CDisr and CDisr+CoD, it can be seen that the biomass productivity
of farming technologies (Prod.CT) is the most influential factor on the
NPV, followed by variables including $TdC and %EffE. As such, in order
to enhance the economic profitability of these scenarios, efforts must
be focused on developing improvements to the aforementioned vari-
ables, exceeding the levels proposed in the sensitivity analysis. In
these scenarios, the %Lip and $BD factors have nomeaningful influence,
since they are scenarios with no biodiesel commercialization.

The effect of the electricity price ($EE) on NPV is more uniform
across all evaluated scenarios. It is possible to explain its variations
throughout the scenarios that rely on technologies with intensive elec-
tricity consumption or which possess EE as a primary product for
commercialization.

Regarding the effect on EROI, the situation is very different. Fewer
variables are measured that impact on EROI (%Lipid, Prod.CT, %EffE
and interaction between the factors), since the others are clearly eco-
nomic in nature.

As Fig. 12 shows, %Lipid and %EffE are the variables with the largest
influence on EROI across all scenarios evaluated. This means that these
factors are mutually exclusive. When one is determinant in a given sce-
nario, the other has little influence on the changes to the EROI.



Table 6
Definition of the contexts for comparison, following the sensitivity analysis.

Variable %Lipid Prod.CT $CT %EffE $EE

Context Δ% Δ% Δ%capital cost Δ%consumption US$/kWh

Moderate 0% 0% 0% 0% 0.1
Intermediate (lipids) +70% 0% 0% 0% 0.1
Optimistic +70% +20% −15% −15% 0.05

303C.P. Bravo-Fritz et al. / Algal Research 16 (2016) 292–307
4. Conclusions

From the results of this study, it seems that microalgae are still not a
sustainable source of bioenergy capable of competing against fossil die-
sel; including addressing their production by means of a biorefinery
able to value all biomass fractions. Considering the use of different
aforementioned treatment technologies and moderate values of the
most significant or critical variables, none of the scenarios evaluated in
this study were capable of producing more energy than it consumed
(EROI N 1) while simultaneously achieving economic profitability
(NPV N 0).

As expected, the PE is the most profitable scenario. However, it had
the worst energy evaluation. This result produces a warning which
must be heeded by the industry agenda, since it could be economically
attractive in terms of entering the pharmaceutical market and the com-
mercialization of proteins, which would mark a departure from the
bioenergy approach. However, the interest in studying microalgae is
based on a need to find sustainable energy sources. As such, future re-
search and business in the area of microalgae depends on its ability to
remain motivated with the issue of energy as its guiding principle.

The sensitivity analysis conducted in this study allows the critical
variables to be detected for the entire process of bioenergy production
based onmicroalgae, in addition to certain optimistic scenarios, through
which economic profitability can be achieved. Throughout the entire
Fig. 10.Minimum selling price of biodiesel for scales and scenarios showing positive econ
process, reference has been made to the evaluation of stages prior to
farming and up to the commercialization of the final products. This al-
lows comparisons to be made of the magnitude of the investment and
operational costs of the different technologies used throughout the pro-
duction process. Other economic evaluation studies adopt a “door to
door”methodological approach, which limits analysis of the results ob-
tained. This model, however, proposes a “cradle to door” analysis
(i.e., from the extraction of the raw material to its positioning on the
market), allowing a broader and more holistic view to be generated to
the advantage of the industry.

Other research contends that costs associated with the concentra-
tion and oil extraction stages represent the greatest percentage within
the breakdown of biomass production costs, thereby becoming an im-
portant factor and limiting economic profitability in the process. How-
ever, from the results of this research, it can be observed and
concluded that both the farming stage and the particular characteristics
of the chosen species are the most influential factors in terms of eco-
nomic profitability and energy use.

The costs incurred during farming are primarily explained by the ex-
cessive transport andmanagement of water involved in the production
ofmicroalgae using RWPs. Considering that themaximumpossible con-
centration in the ponds is 1 g/L, this means that 99.9% (in mass) is just
water that requires pumping, enrichment and subsequent separation
from the biomass. Figuratively, it can be said that the initial process
omic profitability, microalgae species, and contexts defined by measured variables.



Fig. 11. Chart of the weight of factors measured on the NPV for the hybrid farming of Isochrysis sp. on the medium scale.
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unit operations work with water and not microalgae. Consequently, a
change to the farmed species (an improved biomass productivity and
increased lipid accumulation) has a significant impact on NPV. This is
because it helps to reduce the volume of water circulating in the plant
and the amount of equipment required to maintain the operation.

The AD is undoubtedly an attractive energy recovery alternative
applicable to the different fractions of the microalgae biomass obtained
from a biorefinery. In all scenarios evaluated, the EROI improves by cou-
pling the CoD with other recovery alternatives. However, its direct and
sole application is not profitable after the energy-economic evaluation.

The results of the multi-scenario economic evaluation of a
biorefinery, despite being largely negative, allowed the authors of this
Fig. 12. Chart of the weight of factors measured on the EROI fo
research to approach the threshold of US$1/L of biodiesel (the price of
fossil diesel). This was possible due to the optimistic contexts or consid-
erations applied to the critical variables detected. This allows for contin-
ued hope regarding the microalgae bioenergy industry and helps to
determine future fields of study in which effort and resources can be
placed in Research and Development.

By addressing in detail the critical variables detected with the
greatest impact on the NPV and EROI, it can be concluded that farming
technologies need to keep reducing their capital costs (reaching im-
proved economies of scale), while obtaining greater maximum concen-
trations and higher productivity. Simultaneously, regarding the study of
different microalgae species, the hyperaccumulation of lipids seems to
r the hybrid farming of Isochrysis sp. on the medium scale.



Fig. 13. Theoretical example of the view of the results of three energy alternatives or
projects following a standardized multi-dimensional analysis.

305C.P. Bravo-Fritz et al. / Algal Research 16 (2016) 292–307
be key to the alternatives that consider biodiesel commercialization.
However, it is also necessary to keep searching for species which
might have not yet been discovered and which possess characteristics
attractive to bioenergy. Effort should also bemade to improve the resis-
tance of microalgae to environmental variables during farming, as well
as the biomass productivity of already known species.

Throughout this study, the evaluation of bioenergy microalgae pro-
jects has been addressed from the economic (NPV) and energy (EROI)
perspectives. However, this analysis could be more comprehensive
and sustainable by adding new dimensions of evaluation. For example,
an environmental evaluation could be incorporated to measure the car-
bon footprint in CO2e emitted into the atmosphere.

A methodology is required that allows the evaluation and compari-
son of different energy alternatives using a homogenous standardized
multi-dimensional criterion, as shown in Fig. 13. Research into the eval-
uation of related projects usually only shows or promotes certain char-
acteristics favourable to that particular evaluation, concealing the
overall impact of the project and making its direct comparison with
other alternatives impossible. It would be interesting to be able to ob-
serve and compare projects using just one methodology that ensures
an evaluation process which is clear, reproducible and sustainable.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2016.03.028.
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NPV net present value
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CDisr cell disruption
%Lipid lipids percentage change in biomass composition
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%EffE reached energy efficiency percentage
$EE electric energy cost
$BD biodiesel selling price
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