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Abstract

In recent years, the use and approach of biomass for energy production has been the
basis of many researches due to it has been estimated that 80% of the global energy
is derived from the fossil fuels burning. Therefore, it is important to seek a new
renewable and environmentally friendly energy source. In this sense, studies based
on the process optimization can lead to a more economical and efficient biofuels
production. In this paper, a bio-crude production process from microalgae Chlorella
sp. via hydrothermal liquefaction (HTL) is evaluated using exergy analysis
methodology in order to quantify the physical and chemical exergies of the species
involved, total irreversibilities, exergy from utilities and wastes generated, and
overall exergy efficiency of the process. Results show that for an 87,600 t/year of
Chlorella sp. algae plant, the HTL has a great improvement opportunity since the
use of its waste stream can increase the exergy efficiency from 24.2 to 84.0%. An
improvement associated with the reuse of a residual hot stream reach in Vapor and
Methane would allow a reduction in energy services and a decrease in the operating
costs.
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1. Introduction

In recent years, biofuels have become very important due to the rapid depletion of
oil reserves [1] as well as its similar combustion properties, which allow them be a
easily substitute of petrol and diesel with a minimal modification to engines. In the
national context exists a great opportunity, since the Colombian Petroleum
Association exclaimed that “by 2022 production could be below the average
400,000 barrels daily, which means that to complete the charges of national
refineries would be needed to import crude” [2]. Among the organisms proposed
for biofuel production, microalgae takes an important position because of can
reduce the CO- concentration and have the capacity to grow under conditions that
are not suitable for conventional harvests such as seawater and wastewater [3]. The
biomass transformation into bio-crude can be carried out by a hydrothermal
liquefaction process in a reactor operated at high conditions, where the biomass
organic components are completely decompose [4][5]. However, due to high
operating cost it is necessary to seek and implement optimal processes that can
ensure a better use of raw materials and high yields. In this work, authors analyses
an bio-crude production process from Chlorella sp. using exergy analysis
methodology to quantify the total irreversibilities, exergy from utilities/wastes
generated and overall exergy efficiency. Finally, it is presented a sensitive analysis
of exergy efficiency based on the use of some residual streams on the process in
order to identify the improvement point that can lead to better and optimizations
possible thereof.

2. Materials and Methods
Process Description

Figure 1 shows the diagram for a plant that process 87,600 t/year of Chlorella sp.
In the first stage the microalgae are cultivated by the supply of carbon dioxide and
nitrogen rich waters, taking into account that a proportion of 3.5 tons of microalgae
per hour allows obtaining a concentration of 3 g/L per ton of bio-crude produced
per hour. Then the sludge cultivated is centrifuged to increase the concentration
from 3 to 10 g/L of water. In the third stage, the concentrated algae mixture enters
to the hydrothermal liquefaction reactor (HTL), where by means of more than 600
reactions at 648.15 K and 177 atm, a bio-carbon is obtained. Then this impure
mixture is cooled to 298.15 K to pass it through a 5.5 KW filter press. In the sixth
stage, the bio-crude is extracted from the aqueous phase using dichloromethane to
be separated by decanting. Finally, the bio-crude is separated from the solvent by
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distillation taking into account the boiling point of dichloromethane, where the first
product obtained is ready to be used in the production of other by-products such as
gasoline, and the latter is recirculated to the mixing stage.

Evaporation

Figure 1. Block diagram for bio-crude production process from Chlorella sp via
HTL

Biomass and Product Composition

The biomass composition used in this research (Chlorella sp.) as well the product
obtained (bio-crude) is found in Table 1, based on the data reported by Peralta-Ruiz
et al. (2013) [6] and Biller et al. (2015) [7].

Table 1. Composition of Chlorella sp. and bio-crude used for the exergy analysis

Component Composition, %
Aspartic Acid 4.49
Glutamic acid 5.47
Lysine 7.15
Proline 5.05
Leucine 4.28
Valine 3.86
Aniline 5.4
Chlorella sp. Cill)lllfllgse 47'315
Lignin 6.55
Hemicellulose 16.3
Myristic Acid 0.14
Palmitic Acid 0.38
Palmitoleic Acid 0.18
Stearic Acid 0.15
Oleic acid 0.08
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Table 1. (Continued): Composition of Chlorella sp. and bio-crude used for the
exergy analysis

Linoleic acid 0.6
Trimyristin 2.56
Tripalmitin 7.15

Tripalmetholein 3.42

Triestearin 2.82

Triolein 1.42

Oxygen 14.9

Nitrogen 6.5

Biocrude Carbon 68.9
Sulfur 0.8

Hydrogen 8.9

Exergy Analysis

Exergy is defined as the maximum amount of theoretical work that can be obtained
from the interaction between a thermodynamic system and a stable reference
environment, while there is a difference between them. In this sense, the exergy
analysis becomes a powerful thermodynamic tool to quantify the major
inefficiencies and system performance[8][9]. In steady state, exergy destruction is
related to net mass transfer, work and heat irreversibilities. The exergy associated
to work where there is no volume change is equal to the own work of the system.
Regarding exergy heat, Equation 1 shows that this represents the fraction of energy
transferred from a heat source at temperature T to the reference temperature To.
The exergy related to the mass flow in the absence of electrical, magnetic, nuclear
and surface tension effects is defined as the sum of physical, chemical, kinetic and
potential irreversibilities. However, in most processes, the last ones tend to be
neglected while the physical and chemical are given by Equations 2 to 4. In
Equation 3, the chemical exergy is determined by the standard free energy of
formation more the standard chemical irreversibility of its constituent elements. In
the case of a mixture, it will be defined by the component compositions as shown
in Equation 4. On the other hand, the total exergy input to the system is associated
with the input process streams and industrial services required, while the total
exergy output is associated with product flows and waste streams. Exergy losses
are calculated by subtracting total input and output exergy. Finally, the process
exergy efficiency is calculated by Equation 5 and irreversibility percentage in a
stage i using Equation 6.

EX jouy= Z (1%) 0, 1)

1

Exphysical = (H - HO) —To(S = Sp) (2)
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NRTL solution model was chosen for thermodynamic properties calculation due to
the presence of polar and non-polar mixtures, and the Peng Robinson state equation
was used to represent the liquid-vapor equilibrium.

3. Results and Discussion

Exergy Analysis

Table 2 presents the results of chemical and total exergy for each stream. It is
observed that bio-crude stream has a higher exergy compared to the raw material
used (103,593 and 74,231 MJ/h, respectively), which is an optimal scenario due to
it signifies that the process increases its own energy performance via products

exergy.

Table 2. Chemical and total exergy flows of main process streams

Stream Chemical Total mass
exergy (MJ/h) | exergy (MJ/h)

Algae (1) 74,231 74,231
Vapor (4) 5,619 10,305

Bio-oil mixture hot (5) 101,440 114,705
Bio-carbon (7) 6,831 6,831

Bio-o0il / DCM (10) 132,674 132,674
Aqueous phase (11) 1,101 1,101

Product mixed (12) 131,079 131,079

Bio-crude (13) 103,380 103,593
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Exergy Analysis per Stage

Figure 2 shows the exergy analysis for each of the stages of the process. It is
observed that the most critical stage is Cooling with 80,309 MJ/h of irreversibilities
related to the energy loss in the form of heat retired from the inlet stream. However,
this stage does not represent any waste energy but HTL Reactor (10,305 MJ/h); so
there is a need to find alternatives to take advantage of the vapor release, which
represents the 55% of exergy for recoverable waste. One option is the use thereof
for the solvent evaporation at the end of the process. Finally, most of stages had
high exergy efficiency (between 87 and 99 %) due to there are no variations in the
temperatures and operating pressures of these steps; except the Cooling stage,
possibly associated with a high demand of industrial services. However, the most
efficient stage was Evaporation (99.89%) due to the low boiling point of DCM,
which allowed less energy to separate the mixture.
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Figure 2. Exergy analysis per stages of bio-crude production process from
Chlorella sp.

Global Exergy Analysis

Similarly, Figure 3 presents the overall results for the production process, based on
the inputs and outputs thereof. It is observed that in the process were lost 110,491
MJ/h as irreversibilities, where 17% of these correspond to residues (18,666 MJ/h).
In addition, comparing this amount with the irreversibilities generated by industrial
services (58,998 MJ/h) can be seen that the last one is less than half, indicating that
efforts should be focus on improving the equipment operation in order to take
advantage of heat residual streams. Finally, the overall exergy efficiency (24.2%)
is less compared to the oil extraction process from macroalgae (51%) [6].
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Figure 3. Total exergy analysis of bio-crude production process from Chlorella
sp.

Sensibility Analysis

For this analysis, some residual streams were considered as useful in the process
based on 4 cases. Case 1 refers to the original process; in Case 2 was considered
stream 7 as raw material to obtain biogas; in Case 3, streams 2 and 11 were taken
into account as feeding to the culture stage; and in Case 4 the stream 4 was
considered due to its high vapor composition and energy content. Figure 4 show
that efficiency increases moderately in Cases 2 and 3; while for Case 4 high
sensitivity is evident, which can be attributed to the fact that the VVapor discharged
represents the second relevant irreversibility and the 55% of total waste exergy.
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Figure 4. Exergy efficiency change in terms of using waste streams of bio-crude
production process from Chlorella sp.

4. Conclusions

Exergy analysis of bio-crude production process from Chlorella sp. was carried
out, where an overall exergy efficiency of 24.2% was obtained. The process has
the potential to increase the overall efficiency by implementing improvements to
take advantages of the residual streams within the same process. All stages
presented exergy efficiencies higher than 87% due to there are no variations in the
temperatures and operating pressures of these steps, except the Cooling stage (13%),



1366 Brahian Rincon et al.

possibly associated with a high demand of industrial services. On the other hand,
an improvement associated with the reuse of a residual hot stream would allow a
reduction in energy services and a decrease in the operating costs.
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