Chapter 9
Biofuels from Microalgae: Energy
and Exergy Analysis for the Biodiesel Case
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Abstract Nowadays, the microalgae have been gaining importance due to their
different applications in the biofuel, food, and pharmaceutical industries. One of the
applications that is commonly proposed for microalgae oil is the transformation into
biodiesel through transesterification. This biodiesel is a biofuel that present energy
yields similar to traditional diesel, generating an alternative to replace a fuel from
petrochemical origin. The objective of this work is to analyze deeply a process for
biodiesel production from microalgae oil. The process includes the cultivation,
harvesting, and extraction stages for the oil. In this case, the software Aspen Plus is
employed for simulation. From the results obtained (mass and energy balances), the
energy, exergy, and economic and environmental analysis of the process are carried
out through the development of different scenarios. Last allow to evaluate the
energy, economic and environmental viability of this type of processes. As a result,
this work shows the challenges to be overcome to make possible the real intro-
duction of microalgae fuels.
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Overview

In the development of green processes, it is considered the biofuel synthesis as a
representative example. Due to the growing energetic demand, in especial for the
fossil fuels, the attention for generating new alternatives has increased (Quintero
et al. 2012). In last years, biodiesel has received a great interest by the scientific
community due that its use leads to the reduction in harmful emissions like carbon
monoxide, carbon dioxide, and particles like SOy that are responsible of greenhouse
effect (Gouveia and Oliveira 2009). Additionally, biodiesel is the only one biofuel
that can be used in a conventional diesel engine without needing great modifications.
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Despite these characteristics, biodiesel presents certain disadvantages like a major
consumption due to a less calorific power and less stability than diesel, making no
possible to store it for a long time.

The biodiesel is obtained through the transesterification reaction between bio-
logical renewable sources such as vegetable oils, animal fats, and microalgae oil
with an alcohol (Ma and Hanna 1999). The biodiesel production can be developed
using different alkaline and organic catalysts as well as lipases obtained from
animals, vegetables, or microorganism sources (Shahid and Jamal 2011). The
microalgae are photosynthetic organisms that have the ability to grow very fast and
live in adverse conditions. These microorganisms are present in all existent
ecosystems, representing a great species variety (Shahid and Jamal 2011).

It is estimated that 50,000 microalgae species exist (Richmond 2004). Species
like Chlorella vulgaris have aroused a major interest, due to its high protein, lipid
(14-22% dry basis), and other products (Becker 1994). This specie has the ability to
accumulate a great lipid quantity in absence of nitrogen, generating a fatty acid
profile that can be used for biodiesel synthesis (Converti et al. 2009; Fradique et al.
2013). An advantage of microalgae is the capacity of growing in different condi-
tions of cultivation due to its different types of growing: autotrophic, heterotrophic,
and mixotrophic.

The microalgae growing includes the adaptation of its metabolism to different
cultivation hostile mediums (Bumbak et al. 2011). Desmodesmus gene, for example
has demonstrated an ordinated reproduction that exposes morphological changes in
response to environmental changes like the nutrient availability, temperature an
illumination (Trainor 2009).

In the present work, the use of Chlorella protothecoides in the biodiesel pro-
duction was analyzed. For this, four steps were considered: culture and harvesting
of microalgae, oil extraction and biodiesel production. To carry out the simulation
of this process was used the Aspen Plus to obtain the mass and energy balances
(Cero6n-Salazar and Cardona-Alzate 2011), which was used in the energy, exergy,
and economic and environmental analysis to understand the real viabilities of this
process.

1 Microalgae Today: Applications and Uses

Microalgae have been used by indigenous populations to supply their food needing
2000 years ago. Microalgae species like Nostoc, Arthrospira (Spirulina), and
Aphanizomenon were used with that aim (Spolaore et al. 2006). An example is the
Azteca culture, which used microalgae like a high important food source
(Venkataraman 1997). Due to the high protein content of various microalgae spe-
cies, they are a non-conventional source of these proteins that can be used in foods
to increase its nutritional value (Guil-Guerrero et al. 2004).

One of the markets reason for microalgae is as a source of carotenoids, being
used mainly as natural food colorants and as additives for animal feed. Although the
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synthetic forms are less expensive than the naturals, microalgae carotenoids have
the advantage of supplying natural isomers in their natural ratio (Guil-Guerrero
et al. 2004; Waldenstedt et al. 2003). D. Salina is the microorganism most used for
the production of B-carotene due to the possibilities of reaching 14% in dry weight,
and its cultivation process is easy to implement (can be realized in raceway sys-
tems) (Spolaore et al. 2006). Due to the photosynthesis capacity, these microalgae
are able to incorporate stable isotopes like '*C, "’N y *H from inorganic chemical
compounds such as '*CO,, ’NO;, H,O that are used for protein quantification
(Spolaore et al. 2006).

In recent years, due to oil crisis the studies are concentrated in the obtaining and
use of microalgae lipids for energy generation, transforming it to biofuels, mainly to
biodiesel (Chisti 2007). From this perspective, the microalgae cultivation has been
focused on the biotechnological point of view, analyzing their implementation in
biorefineries.

2 Process of Culture

2.1 Autotrophic Growth

Microalgae can implement oxygenic photosynthesis and carbon dioxide fixation
through Calvin cycle. In other words, they can capture energy from light and use
carbon dioxide like carbon source (Yang et al. 2000). Therefore, microalgae have
the ability to mitigate carbon dioxide emissions that are produced by industry,
generating high-value products (Chen et al. 2011).

2.1.1 Open Ponds Systems

The open ponds systems is the most commonly used configuration for microalgae
production, due that these cultivation methods are economically feasible for
high-scale biomass production (Safi et al. 2014). The cells grow under sunlight and
carbon dioxide supply (Slegers et al. 2013).

These systems have some limitations due to a strict environmental control with
the aim to avoid biological contaminations like bacteria or not desired species, also
neutralizing pollution in the systems and water evaporation (Safi et al. 2014).

2.1.2 Photobioreactors

Although the initial investment is the highest in comparison to open ponds systems,
photobioreactors permit a better contamination control, as well as better use and
control of light intensity, carbon dioxide, and nutrients supply (Sforza et al. 2012).
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These systems are more appropriated for cells that cannot compete and grow in
difficult environments and for the obtaining of pharmaceutical and food products
(Safi et al. 2014). To increase lipid productivity in microalgae, growth conditions
like nitrogen on nutrients limitation are applied (Mata et al. 2010).

2.1.3 Heterotrophic Growth

The heterotrophic culture of microalgae is interesting, due to the fact that it is
expected that growth rates and productivity are major in comparison with auto-
trophic growth. Additionally, the biomass production using these systems allows a
simple and low-cost harvesting (Chen 1996). Nevertheless, one of the main limi-
tations of this type of cultures is the high-cost attached to carbon source (glucose or
acetate), in comparison with another nutrients in the medium, added to the com-
petition of these sources with food sector (Liang et al. 2009). Given this situation, it
is of great interest to find a cheap carbon source, with the aim to make these cultures
competitive when used on a commercial level (Abad and Turon 2012). For this
reason, many studies have been focused on the analysis of microalgae growth in
agroindustrial residues such as molasses, glycerol, and pig manure (Leesing and
Kookkhunthod 2011). Almost it has been demonstrated that microalgae culture can
be used for wastewater treatment with high organic and salt levels (Perez-Garcia
et al. 2011).

2.1.4 Mixotrophic Growth

In this type of cultures, microorganisms as microalgae can be able to get metabolic
energy from both, photosynthesis and carbon organics sources (Chen et al. 2011). It
has been reported a high cellular density in mixotrophic cultures for C. vulgaris,
demonstrating that these microalgae can grow in this type of cultures (Liang et al.
2009).

3 Process of Harvesting

To consider the lipids obtained from microalgae a viable raw material, it is nec-
essary to have in mind the harvesting method to use. This stage can represent a
20-30% of the total cost for biomass obtaining (Rawat et al. 2011) that implies a
cumulative high energetic demand for biodiesel production (Dassey and Theegala
2012). These difficulties are mainly associated to the small size of the microalgae
and their suspension stability in aqueous media, as a result of negative charges.
Additionally, the organic material and low concentration of the streams treated that
come from diluted cultures makes difficult this stage (Liu et al. 2013). The har-
vesting process can be classified into physical, chemical, and biological methods.
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The selection of the best method depends on several factors like the final products’
characteristics (Molina Grima et al. 2003), the deformation—destruction level of the
algae after harvesting process thinking in posterior procedures and the economic
and energetic costs (Barros et al. 2015).

3.1 Physical Methods

3.1.1 Filtration

Filtration is a dehydration method in which a pressure drop is required along the
system with the object to force the fluid through a membrane (Barros et al. 2015).
Certain types of filters have been used for the microalgae harvesting, depending on
the cell or colonies size. Usually, a high recovery is reached if they are used in big
cells, but it fails in the recovery of organisms near to bacterial size (Mohn 1980).
Systems like microfiltration can be used for microalgae recovery of common
microalgae with a size order of 5-6 pm (Edzwald 1993). Process like macro-
filtration can be used if a previous process of flocculation is performed (Milledge
and Heaven 2013). In this type of process, microalgae have the tendency to deposit
in the filtrate medium, growing its thickness and flux resistance (Show and Lee
2014). Micro- and ultra-filtration processes are possible alternatives to conventional
filtration, but these methods are not usually used at large-scale (Molina Grima et al.
2003).

Methods like dead-end filtration have been evaluated giving as a result that this
type of processes can be energetically competitive in comparison with other har-
vesting methods like flocculation or vacuum filtration (Bila et al. 2012).

Cross-flow filtration methods have demonstrated to be an alternative for
microalgae concentration (being concentrated at about 150 times) using less energy
that required for other methods like flocculation, centrifugation, or vacuum filtration
(Drexler and Yeh 2014).

3.1.2 Centrifugation

In centrifugation, forces higher than gravity are generated with the aim of per-
forming the cell separation, allowing the separation of almost all types of
microalgae (Mohn 1980). Disk stack centrifuge are the most common centrifuga-
tion systems applied in the commercial plants for the production of high-cost
derived products and in the production of pilot-scale biodiesel (Molina Grima et al.
2003). The centrifugation methods are very expensive and energetically no viable if
used for low-cost products like biofuels due to the volume to be processed. An
alternative for the energetic consumption diminution is the application of floccu-
lation process before decreasing the volume to be treated for centrifugation in 65%
(Barros et al. 2015, Wilson 2012).
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3.1.3 Flotation

The flotation technique consists in making that the microalgae float up in the water
surface through air bubbles. These bubbles catch the cells making they float up with
the aim to be recollected in the surface (Sharma et al. 2013). This technology has
the advantage to separate low-density microalgae cultures. In some cases, it is
necessary the addition of a flocculating agent to perform an effective flotation
(Edzwald 1993). It has been found that for a flotation system like dissolved air
flotation, the energy demand is high due to the high pressure required for the
bubbles’ formation (Hanotu et al. 2012).

3.1.4 Ultrasound

This method consists in the cell concentration or flocculation due to acoustic forces,
without generating shear strength in the microalgae, and then the cells are recol-
lected by methods using gravity forces like centrifugation or sedimentation. As
disadvantages, the low concentration factor in comparison with other methods, and
operative costs make this method unsuitable yet (Bosma et al. 2003).

3.2 Chemical Methods

3.2.1 Chemical Flocculation

Due to the negative charge present in microalgae, it does not permit the aggregation
of suspended cells. These superficial charges can be neutralized adding flocculating
agents, allowing the increment in particle size due to cell aggregation, increasing
the sedimentation or flotation rate (Mata et al. 2010). The ideal flocculating agent
must have some characteristics like non-toxic, inexpensive, and effective in low
concentration compound (Molina Grima et al. 2003). For this reason, inorganic
flocculating agents like FeCl; and Al,(SOy4); that are very effective are not ideal for
an environmental suitable process (Lee et al. 2014). Another disadvantage for
chemical flocculation is the possibility of cell alterations generated by flocculating
agents that can interfere in the final processing of biomass like lipid extraction
(Uduman et al. 2010).

4 Process of Qil Extraction

Lipid extraction from microalgae and its efficiency are an important factor in the
biodiesel production process (Adam et al. 2012). Two options for lipid recovery are
available, dry algal biomass and wet algal biomass extractions. In the dry algal
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biomass extraction, the yield is higher, but the associated cost due to biomass
drying is considerable (Taher et al. 2014). On the other hand, if wet biomass is
used, the cell rupture is realized in the solution where the microalgae were culti-
vated (Ghasemi Naghdi et al. 2016) and better energy efficient is achieved, but lipid
extraction yield is low (Taher et al. 2014).

4.1 Organic Solvent Extraction

Lipid extraction with organic solvents is based on the interaction between long
hydrophobic chains of fatty acids and neutral lipids through van der Waals forces,
forming globules in the cytoplasm (Medina et al. 1998), which in presence of a
nonpolar solvent form a solvent—lipid complex, that leave the cell due to a con-
centration gradient (Halim et al. 2012). Similar mechanism is applied for the
extraction of polar lipids when polar solvents like alcohols are used, due to the
interruption of hydrogen bonds (Pragya et al. 2013). An ideal solvent must have
certain characteristics like non-toxic, cheap, volatile, and selective compound
(Rawat et al. 2011).

4.2 Soxhlet Extraction

This method has the advantage that the cells are in constant contact with fresh
organic solvent, avoiding the equilibrium limitation present in batch processes with
solvents (Mubarak et al. 2015). It has been demonstrated that using this method, it
is possible to recover almost all the microalgae lipids, been the reference method to
compare with another extraction methods (Prommuak et al. 2012).

4.3 Bligh and Dyer’s Method

The Bligh and Dyer’s method is one of the most common methods for lipid
extraction, using 1:2 chloroform/methanol (v/v); the lipids in the chloroform phase
are separated (Ranjith Kumar et al. 2015). To upgrade this method, many modi-
fications have been proposed, one of those is the addition of 1 M NaCl to avoid
denatured lipids. With this method, extraction yields upon 95% from total lipid
content had been obtained, with the possibility for using it in both dry and wet algal
biomass (Pragya et al. 2013).
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4.4 Microwave Extraction

Due to the heat generated by the interaction between water (a polar fluid) and the
electric field produced by microwaves, vapor is generated next to the cell. This
action breaks the cell wall and releases the compounds that are inside the
microalgae (Ghasemi Naghdi et al. 2016). The heating with microwaves is very fast
allowing short times for the lipid extraction (Dai et al. 2014).

4.5 Ultrasound Extraction

This method is based on the rupture of the cell through the cavitation produced
from the collapse of microbubbles generated by the ultrasound waves. These
bubbles are near of the cell wall and when they collapse, a shock wave is created,
breaking the cell wall, releasing the internal compounds of the microalgae
(Ghasemi Naghdi et al. 2016). The study of the ultrasound method has been
combined with the use of organic solvents or solvent-free with the aim of has a
clean and environmental process (Adam et al. 2012).

4.6 Supercritical Fluids

The extraction using supercritical fluids is a new green technology with the
potential to substitute other types of extraction like the extraction with organic
solvents. The use of supercritical fluids has a series of advantages due to the fluid
properties like favorable mass transfer that facilities the input to the cell inside, their
property variability with operational conditions and that the extracted lipids do not
require a posterior stage of purification because are solvent-free (Halim et al. 2012).

4.7 Ionic Liquids Extraction

Ionic liquids are salts that have a melting point under 100 °C that due to unique
properties like their thermal stability, high selectivity, solubility, and non-volatile
characteristics, which are called to be an alternative for the use of organic solvents
(Kim et al. 2012). It has been found that the ionic liquids with a high hydropho-
bicity and high acidity have better extraction yields (Yu et al. 2016).
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4.8 Electroporation

Electroporation is a process in which microalgae cell wall is exposed to high
intensities generated by electric fields during certain periods, destabilizing the cell
wall with the object to extract the intern compounds of microalgae (Joannes et al.
2015). Electroporation is one of the most used transfection methods due to high
efficiency and convenience in comparison with other transfection methods (Kang
et al. 2015). This technology is called to be a promising method for cell lipid
extraction due to low energy consumption, economic and possibility to be scaled-up
(Toepfl et al. 2006).

5 Process of Biodiesel Production

Biodiesel production is developed using vegetable oils, animal fats, and short-chain
alcohols. Methanol is the most common used alcohol and presents the best con-
versions, although ethanol is also used (Demirbas 2005). For the transesterification
reaction advance, the use of a catalyst is needed. In last years, the biodiesel pro-
duction has been investigated from the use of chemical homogeneous catalyst like
acids (sulfuric acid) or basics (sodium hydroxide, sodium methoxide, potassium
hydroxide, etc.); chemical heterogeneous catalyst, acids (Amberlyst 15, SO42_), and
basics (KNO;3;, Al,O3;, MgO); lipases from animal, vegetables, or microorganism
sources (Chromobacterium Viscosum, Candida Rugosa, and pork pancreas)
(Shahid and Jamal 2011).

6 Exergetic Analysis in Process

From the analysis of energy and especially of the exergy, it is possible to identify
the zones of the process in which the main energy changes occur. In this way, it is
possible to take measures in order to obtain maximum yields in terms of conversion
or separation processes and above all the energy yield involved in each stage
(Emets et al. 2006; Ruiz-Mercado et al. 2012; Young and Cabezas 1999).

To determine the change of exergy in the streams of a system can be used, the
mathematical model presented in (Zhang et al. 2012):

Ex = EX"" 4 Ex" + EXX 4 Ex"° (1)

where Ex”, Ex" | Ex* and Ex"° denote the physical, chemical, kinetic, and potential
exegetical flows of each stream, respectively. Usually, the kinetic (Ex' = mV?/2)
and potential (E = mhZ) exergy not present significant values for which Eq. 1 is:
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Ex = ExX"" 4+ Ex™ (2)

Physical exergy is defined as:
ExX" = Zn,-ex’i’h (3)
exi-’h = (hj—hy) — T,(s; — 55) (4)

The differences (hj — h,,) and (sj — s,,) can be calculated from Egs. 5 and 6:

(hy— o) = | CpaT (5)
T,
o= Zaw(?) ’

The chemical exergy is calculated to take into account the standard exergy of
each component (exl‘fh)

Ex' =", (exf" +RT,Ln (ﬁ) > 7)

1

For the equipment which presents the need to supply power from an external
source, it considered another source of exergy to analyze. This is calculated by
Eq. 8.

B (1= 200 ®)

T

7 Study Case: Biodiesel from Microalgae: Chlorella
Protothecoides Case

7.1 Process Design

7.1.1 Culture of Microalgae

In this work, it was considered a feed flow of 100,000 kg/h as calculation basis. The
microalgae culture was considered (for simulation purpose) using the conditions
reported by Yoo et al. (2014). The substrate employed was glucose at a
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concentration of 40 g/L. Before to carry out the culture, the medium was autoclaved
at 121 °C for 15 min. Then the inoculum was added.

Cultivation was performed in such a way that an average residence time of
15 days was generated. Then to carry out a concentration of the biomass obtained,
the mixture from the culture step was passed by a centrifugation process
(Luangpipat and Chisti 2016). At this point, a cell disruption stage is carried out, in
which autoclaving was used at 125 °C with 1.5 MPa for 5 min. To carry out the
removal of the lipids from the previous step, a mixture of chloroform—methanol
(1:1 v/v) was added in a ratio of 1:1 (Lee et al. 2010).

For the production of biodiesel, a mixture of ethanol and sodium hydroxide was
realized (Bambase et al. 2007). The resulting mixture is added to the lipids pre-
viously obtained. Heating was carried out to 60 °C and passed to the transesteri-
fication reactor. This reactor is designed based on kinetics reported by Mussatto
et al. (2014). In order to recover the ethanol which not reacts, a distillation step was
carried out. The bottom product is mixed with hot water in a 1:3 v/v ratio. The
mixture was decanted allowing the separation of the unreacted oil and a mixture of
biodiesel and glycerol. This mixture was brought to a separation train in which a
purity of 95% biodiesel was achieved. The obtained glycerol was mixed with the
catalyst, which was sulfuric acid, which allows the precipitation of the salt gen-
erated obtaining a glycerol with a purity of 80%.

7.2 Energy and Exergy Analysis

The energy and exergetic analyses are performed from the data obtained in the
simulated Aspen Plus. For the energy analysis, a quantification of the energy
required by each equipment involved in each processing step was performed.
Similarly for the exergetic analysis, the exergy consumed in each stage is quantified
and additionally the calculation of the exergy of the currents involved in each stage
of processing was carried out in order to determine the energy efficiency of the
process as mentioned above. To carry out the energy and exergetic analyses of
biodiesel production from microalga oil, three stages of processing are considered:
culture and harvesting of microalgae, oil extraction, and biodiesel production (see
Fig. 1). From this, the following results can be obtained for the analyzed case.

7.3 Economic Analysis

Using the mass and energy balances obtained by simulating the process of
obtaining biodiesel, an economic analysis was carried out. For this purpose, Aspen
Process Economic Analyzer software was used. In this analysis, the method of
depreciation of straight line is considered. This allows to determine the economic
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Fig. 1 Stages considered in the analysis of this work

viability of this type of processes. In Table 1 can be found economic parameters
and costs of raw materials used in performing the analysis under Colombian
context.

7.4 Environmental Analysis

By the determination of the environmental impact caused by the proposed process,
the software developed by the Environmental Protection Agency (EPA): Waste
Algorithm Reduction (WAR) was used. It allows to evaluate the environmental
impact through eight categories: Human Toxicity Potential by Ingestion (HTPI),
Human Toxicity Potential Exposure (HTPE), Terrestrial Toxicity Potential (TTP),
Aquatic Toxicity Potential (ATP), Global Warming Potential (GWP), Ozone
Depletion Potential (ODP), Smog Formation Potential (PCOP), and Acidification
Potential (AP) (Young et al. 2000).

7.5 Results and Discussion

For the production of biodiesel from microalgae, there is an energy requirement of
1,003,967 MJ/h (taken into account a calculation base for feed flow of 100,000 kg/h).
Here the percentage distribution of this energy is presented in Fig. 2. In this figure, itis
possible to observe how the extraction of the oil of the microalgae has the highest
energy consumption. One of the causes for this situation is due to the energy required
for solvent evaporation once the oil extraction has been performed. On the other hand,
there is the energetic requirement of the bioreactor where microalgae cultivation is
carried out. Under the conditions analyzed, it is necessary that the culture and
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Table 1 Investment parameters and prices used in the economic analysis
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Item Unit Value Ref.

Investment Parameters

Tax rate % 25 Davila et al. (2014)
Interest rate % 17

Raw materials

Potassium dihydrogen phosphate USD/kg 161 Sigma-Aldrich (n.d.)
Dibasic potassium phosphate USD/kg 199.5

Magnesium sulfate heptahydrate USD/kg 127.9

Iron (II) sulfate heptahydrate USD/kg 117.9

Boric acid USD/kg 92.4

Calcium chloride dihydrate USD/kg 149.5

Manganese (II) chloride tetrahydrate USD/kg 198.4

Zinc sulfate heptahydrate USD/kg 142.4

Cupric sulfate pentahydrate USD/kg 144

Molybdenum trioxide USD/kg 581.9

Thiamine hydrochloride USD/kg 426.5

Glucose USD/kg 165

Glycine USD/kg 94.3

Sodium hydroxide USD/kg 111.6

Chloroform USD/L 87.1

Methanol USD/L 65.4

Ethanol USD/L 0.55 ICIS (n.d.)

Utilities

LP steam USD/tonne 1.57 Moncada et al. (2015)
MP steam USD/tonne 8.18

HP steam USD/tonne 9.86

Potable water USD/m® 1.25 Davila et al. (2014)
Fuel USD/MMBTU 7.21

Electricity USD/kWh 0.1

Operation

Operator USD/h 2.14 Davila et al. (2014)
Supervisor USD/h 4.29

harvesting stage presents a consumption of 35.37% of the total energy required for the
process. Finally, it is observed that the production of biodiesel presents the lowest
energy consumption for this case. Thus, in energy terms, the production of microalgae
oil presents a high energy consumption, due to the low yields obtained in the pro-
duction of microalgae oil.

Similarly, as observed in the energy analysis, in the exergy analysis, an
exergetic consumption of 19,601,822.14 MJ/h (taken into account a feed flow of



194 D. L. Restrepo-Serna et al.

Fig. 2 Percentage
distribution of energy
consumption

"' Culture and harvesting
_ Oil extraction
| Biodiesel production

47.64% e

100,000 kg/h) was evidenced, where the exergy present in the form of energy
contained inside of reagents used throughout the process represents 98.88% of this
percentage (see Fig. 3). On the other hand, the stage of the process that presents a
greater exergetic consumption is the culture and harvesting of the microalgae. This
factor is presented by the high duration of microalgae cultivation, which is why an
exergetic consumption of 39.53% is present at this stage. The extraction of oil and
the production of biodiesel present a percentage of 43.77 and 16.7%, respectively.
Thus, the most inefficient stage of the process is the cultivation and harvesting of
the microalgae. Under the process conditions analyzed, an exergetic efficiency of
37.08% was presented.

In production processes, different sources of expenses are presented, such as
operating expenses, operating expenses, or operational expenses (OPEX) together
with the costs of equipments (CAPEX). Similarly, another expense is the acqui-
sition of the raw materials needed to obtain a final product such as biodiesel.
Figure 4 shows the percentage distribution of expenses. In this figure, it can be

Fig. 3 Total exergy
consumption by the
production of biodiesel from
microalgae

eagents
| Process
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Fig. 4 Results of economic 1.53%
analysis by the biodiesel
production from microalgae

“ Raw Materials

observed that the greatest expense presented in this productive process is associated
with raw materials. This is because it was necessary to use a high feed flow in the
growing stage to obtain an amount of oil such that it could be used for the pro-
duction of biodiesel. But even with this consideration, only the production of
biodiesel does not provide a profit so that it can meet the expenses incurred
throughout the process allowing a positive a profit margin. In this sense, other
processes can be implemented which allow the production of other value-added
products from the waste generated within the process. This alternative may lead to a
decrease in OPEX, which is mainly represented by 76.14% of the cost of utilities
required in the process. For this, it is necessary to carry out an energy integration of
the different stages of the process, thus allowing a higher use in the energy and
exergetic resources.

As for the environmental analysis, it is obtained that given the amount of waste
generated in this process, a negative impact on the environment was presented. That
is, the waste generated presents a higher index of contamination than the reagents
used. The above can be seen in Fig. 5. Among the wastes generated are those

Fig. 5 Results of 0.6
environmental analysis by the
biodiesel production from 0.5
microalgae
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2
w
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obtained from the extraction of the oil, which still have a potential for its use in
obtaining other products through fermentation processes or chemical synthesis. On
the other hand, these types of processes present a high acidification potential, which
is mainly due to the high energy demand that is presented. For this, it is necessary to
use a large amount of fuel to supply it. During the combustion process to obtain the
required energy, there is a high release of carbon dioxide, which has a negative
impact on the environment by altering the acidity of the air. As a consequence of
this process can cause acid rain among other phenomena caused by the high
concentration of this type of gases in the atmosphere.

8 Energy Production from Microalgae Chlorella
Protothecoides Through the Biorefinery Concept:
A New Proposal

Microalgae present a high potential to be used to obtain different value-added
products, which can lead to a more sustainable production of bioenergy. For this, it
is necessary to apply concepts such as biorefinery (Moncada et al. 2013; Mussatto
et al. 2013). From this concept, it is possible to use the different residues that are
presented in a stand-alone case of biodiesel production in other processes. Among
the products with great potential to be obtained under this concept is energy from
the biomass resulting from the process of lysis. In this same process, it is possible to
obtain both glucose and lipids. The glucose obtained can be used in ethanol pro-
duction (Quintero and Cardona 2009). Where it can be used in conjunction with
lipids for the biodiesel production. Figure 6 presented this idea.

Biomass > Energy

Chlorella . . | o
protothecoides Lipid Biodiesel

Glucose Ethanol

Fig. 6 Application of the Chlorella protothecoides under biorefinery concept
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9 Conclusion

Given the high energy requirements presented by this type of processes, it is
necessary to look others alternatives that allow the reduction of energy consumption
in the culture and harvesting of microalgae and oil extraction stages. This can be
achieved through the implementation of other technologies that allow carrying out
the same process, but which require low energy consumption. In this way, a
reduction in the energy requirements of the process and thus in the costs of profits
can be achieved, which is reflected directly in the cost of production.

The application of energy and exergetic analysis was presented as a powerful
tool for the determination of inefficiencies in this type of processes. Here the major
irreversibilities are presented in the extraction of the oil due to the cellular lysis that
must be made for the obtaining of the same, which makes this stage of the process
present the greatest irreversibilities.
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