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Supply chains in Creole-Antillean avocado production are not highly efficient in Colombia and large quantities
of this product are wasted due to fruit deterioration. There, it is important to identify alternatives of waste
valorization such as avocado oil production. To assess the viability of large-scale avocado oil production from a
sustainability point of view, related to the quality of energy conservation, decision-making tools such as exergy
analysis must be applied. In this work, an exergy analysis was carried out to identify sources of irreversibilities
within the large-scale production of such oil. The conversion of avocado pulp into oil was simulated through the
software Aspen plus ® to obtain the extended mass and energy balances. The chemical and physical exergies
were quantified and used to calculate the global exergetic efficiency as well as the efficiency by stages of the
process. From this analysis, it was found that the stage with the highest waste exergy corresponds to the
centrifugation stage. Likewise, it is possible to observe that the greatest irreversibilities in the process occur in
the solvent distillation, condensation, and cooling stage 2,754.49 MJ/h. The peel and seed separation showed
an exergetic efficiency of 99.0 %, while the overall exergy of the process obtained was 26.80 %. This work
provided insights into the energetic performance of avocado oil production.

1. Introduction

The production of tropical fruits in Latin America and the Caribbean represents approximately 70 % of world
production, the avocado being the fifth most important tropical fruit in the world, measured in terms of volume
and cultivated area. Colombia is the fourth producing country and the third in terms of area harvested worldwide
for avocado. The Antillean, Guatemalan, and Mexican avocado races and hybrids between them, are those that
are cultivated in the country (UGRA, 2018). This fruit is grown mainly in the departments of Bolivar, Cesar,
Caldas, Valle del Cauca, Antioquia and Tolima, representing 86% of production (Granados Perez and Valencia
Rincon, 2018). Due to the climatic conditions of the department of Bolivar, in the Montes de Maria avocados of
the Creole-Antillean variety (Laurus Persea L) are grown. The largest avocado production area is concentrated
in El Carmen de Bolivar and San Jacinto. The Montes de Maria region has an abundant avocado production;
in recent years, the deterioration and accumulation of the fruit have been observed, due to the poor state of the
access roads for transport, the presence of fungi, and the lack of harvesting strategies, among others. According
to this, more and more ways of using this fruit are known. Industrially, the pulp is contacted with an organic
solvent through different stages, obtaining an oil that, due to its qualities, can replace olive oil. Its fats are also
used in the manufacture of cosmetics, creams, and soaps, this being one of the forms of industrial use of
avocado (Amortegui, 2001; Martinez Nieto et al., 1992).

To obtain avocado oil, different methods can be used. Some of them involve the presence of organic solvents
and the application of high temperatures, accompanied by refining processes called bleaching and
deodorization. Solvent extraction can be performed with petroleum ether, ethyl ether, benzene, among others.
Due to the high moisture content of avocado pulp, extraction techniques with hydraulic pressing (cold pressing)
or extraction methods or organic solvents require conditioning of the raw material, requiring a drying process
before submitting the pulp to the oil extraction process. Centrifugation is another method to obtain oil, especially
when a product is required for food use. The highest oil yields are obtained using organic solvents, with an
extraction between 60 and 90 % of the oil. While using production techniques such as centrifugation, yields from
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30 to 80 % can be obtained (Yepes Betancur et al., 2017). This study seeks to evaluate the Creole-Antillean
avocado oil production process (Laurus Persea L), taking advantage of the pulp of this fruit grown in the Montes
de Maria region, the conversion of the pulp into oil was simulated in the Aspen plus software. An exergy analysis
was performed to identify irreversibilities within the process. In addition, chemical and physical exergies were
considered, so that they help in the calculation of the global exergetic efficiency, as well as the efficiency by
stages of the process. In the same way, this study aims to find currents that can be used, which allow reducing
the losses due to existing exergy. With this work, we want to obtain information about the performance of the
process from the energy point of view and propose the improvements that it requires to increase its exergetic
efficiency.

2. Materials and methods

The operation was simulated in the Aspen Plus software where the physical exergy values of the streams were
obtained considering the composition, pressure, and temperature. The UNIQ-RK model (Uniquac and Redlich-
Kwong) was used to simulate the thermodynamic properties of compounds, where the Redlich-Kwong equation
of state was used as a model of the vapor phase. Table 1 shows the flowrate, pressure and temperature of main
streams of the process.

2.1 Process description

Table 1: Main streams process-operating conditions.

Streams 1 2 12 16 20 23 25 27 32
m (tly) 10,605 11,967.36 4,200.00 5,784.74 6,471.05 5,383.62 4,649.57 1,000.67 309.21
T (K) 298.15 298.15 298.15 298.15 343.15 326.70 326.70 298.15 298.15
P (bar) 1 1 1 1 0.30 1 1 1 1

Figure 1 shows the order of the steps described above for the avocado extraction process. For stage 1, the ratio
of washing water and sodium hypochlorite avocado disinfection was reported in the literature (Acosta, 2011).
10,605 t/y of avocado feed the operation, which is processed to obtain 1,000.66 t/y of avocado olil, this is
achieved through the extraction that requires 3,848.65 t/y of solvent, hexane for this case. Hexane as solvent is
easy to recover has selectivity towards neutral lipids and is inexpensive (Gonzalez et al., 2009). 309.21 t/y of
fresh hexane are fed to the process in stream 32, and 109.47 t/y are purged in stream 29 in order to avoid
solvent saturation. The process occurs at one atmosphere of pressure; however, the temperature varies in the
different stages. The drying stage was set in 70 °C to conserve the properties of the pulp, oil extraction yield
obtained was 65.19 % on a dry basis.

Solution
MNaClo Water

TAGE 2 12

T 5 | %y Cioanpes

Avocado Hexane

feed
STAGE 1 STAGE 5

4 STAGE 11
Wa(erl 5 STAGE 7
e T 18
Solution d >< 31
O e )
impurities N STAGE 3
8 13 19

32
22
Water 2 10 Y

STAGE 8

Hexane

2
l purgue

STAGE 4
"

Clean Steam
seed e
STAGE 1

Water

26
STAGE 12
27
Avocado oil

Figure 1: Process flow diagram of Creole-Antillean avocado oil extraction.
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For avocado oil production via solvent extraction, there are 8 stages named and described in the table 2. These
stages are defined to facilitate the development of the exergetic analysis. According to this, it is possible to
observe in one stage two or more conditioning processes of the raw material or unit operations that intervene
in the process of extraction avocado oil.

Table 2: Process stages description.

Stage Name Description

1  Avocado washing Avocado is washed with a sodium hypochlorite solution to remove impurities.

2 el §eed The pulp of the fruit is separated from the skin and seed.

separation
This washing is used to remove the pulp remaining in the seed and then can be
used as raw material for other processes.
This washing is used to remove the pulp remaining in peel and then can be used as
raw material for another process.
5  Water separation Water from the washing stages is separated by centrifugation.

Homogenization A uniform paste is formed from the pulp, then the pulp is dehydrated to obtain

3 Seed washing

4 Peel washing

6 and drying better results in the extraction.
7 Oil extraction and The dehydrated pulp is mixed with hexane (solvent) to obtain the oil. Following that,
centrifugation  the mixture is centrifuged to remove suspended solids as pulp waste.
o Avocado oil and hexane are separated by a difference in boiling points; part of the
Distillation, . b . .
. solvent is purged, and the rest is recirculated. The temperature reached by oil in the

8 condensation, and . .= . . . s . .

cooling distillation stage is lowered; the storage conditions must be taken care of since high

temperatures favours oxidation processes. (Robayo, 2016).

2.2 Exergy analysis

An exergy analysis makes it possible to quantify the energy quality of a process, in the same way, with this type
of analysis modifications can be proposed to make the most of the energy involved in the system or process
(Gorozabel-Chata and Carbonell-Morales, 2016). Exergetic analyzes apply the principles of the first and second
laws of thermodynamics. The purpose of this type of evaluation is to identify what causes the losses or
destruction of the exergy, which allows proposing opportunities for improvement in the processes (Avilés et al.,
2020; Li et al., 2019). For the development of the exergetic evaluation, it was necessary to know the properties
of the substances that intervene in the avocado oil production process, such as chemical exergies, molecular
weights, compositions. Likewise, for currents, it is required to know physical exergies, temperatures, pressures,
mass flow, among others. All these values were used in the determination of specific exergies for currents,
exergies of residues. The data obtained allow the exergy analysis of the process to be carried out, through
which it is possible to determine the irreversibilities in the process and the adjustments that must be made so
that the streams and energy losses are used in the avocado oil production process minimal.

Table 2: Equations used in exergy analysis

Name Equation Number
Exergy loss EX1oss = EXmassper T EXneatner T EXwork et 1
Exergy by work Exyorr =W 2
Exergy by heat Ty 3
gy By EXneat ZZ(l_F)Q
Exergy by mass EXmass = EXch + Expny 4
Chemical exergy Exen = AGY + Z vy Ex%,_ 5
Chemical exergy of process 6
9y P EXch—mixture = ZYiExch—i + RTOZYiln Vi
streams
Exergy total inputs Extotarin = Z EXmass in + Z €Xuytilities in !
Process irreversibilities 8
Extotal loss = Extotal in Z Exout products
Unavoidable exergy losses L0SSer = EXioparin — Z EXtoratont 9
Exergy efficiency 10

Exloss )

Tex EXtotal in
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In table 2, the equations used in the development of the exergetic evaluation are shown. Eq. (1) relates the net
exergies by transfer of mass, work, and heat. For its part, Eq. (2) refers to work in a system in which there is no
change in volume. The exergy related to heat flow involves the Carnot efficiency considering the reference
temperature and is defined by Eg. (3). In most processes, the potential and kinetic exergies are neglected,
considering for the exergy by mass only the effects of physical and chemical exergies, as shown in Eq. (4) (Jiaa
etal., 2017). Eq. (5) is used to determine the chemical exergy of a substance, while Eqg. (6) is used to calculate
the chemical exergies of a mixture. In the present study, some of the chemical exergies were calculated using
the equations and others were obtained from the literature. In Eq. (7), the total input exergy is observed, which
associates the mass flows that enter the system with industrial services (Herrera-Rodriguez et al., 2019).

To identify and quantify irreversibilities, Eq. (8) is used. In the processes some losses cannot be recovered,
these can be determined using Eq. (9) and are called unavoidable exergy losses, which fulfill the second
principle of thermodynamics. The exergy loss is classified as avoidable and unavoidable, which allows
determining the recoverable energy potential of the cycle or process. The inevitable loss of exergy must have a
minimum potential difference as the driving force, which is given by differences in temperature, pressure, and
chemical potential; therefore, the potential difference leads to a loss of exergy, increasing both proportionally
(Cheng et al., 2018). Finally, with Eq. (10) it is possible to calculate the exergy efficiency of the process
considering the exergy destroyed and the total inputs (Peralta-Ruiz and Gonzéalez-Delgado, 2018). For the oil
production process from avocado pulp, exercise analyzes are not reported to allow comparison with the results
obtained in the present study. However, in his research, Ozilgen reports that avocado oil has approximate
exergy of 39.0 MJ/kg (Ozilgen, 2018). The maximum useful work produced from the chemical and physical
equilibrium of a substance with the environment is known as the chemical exergy of the substance (Ojeda et
al., 2009). The chemical exergies of the compounds involved in the process were consulted in the literature or
calculated through equation 5 presented above.

2.2.1Assumptions

To develop a successfully perform exergetic evaluation; the considerations were followed during the calculations:
¢ The reference conditions are 25 °C and 1 atm.
e The process is operated at steady state
¢ Kinetic and potential exergies flow are neglected taking into account that their magnitudes are not
significant compared to physical and chemical exergies (Moreno-Sader et al., 2019).

3. Results and discussion

The material flow corresponds to 10,605.00 ton/y of avocado. Taking into account the process data and the
extended mass and energy balances, the exergy for work and heat, the exergetic efficiency, and the
irreversibilities were calculated. In drying and distillation, condensation and cooling, there is an exergy by heat
shown in table 3.

Table 3: Exergy for work and heat calculated for the stages.

Stage number Exergy of work (MJ/h) Exergy of heat (MJ/h) Unavoidable exergy losses (MJ/h)
1 14.40 0.00 17.75

2 93.60 0.00 84.06

3 14.40 0.00 16.01

4 14.40 0.00 15.48

5 79.20 0.00 70.41

6 378.00 219.70 54.61

7 414.00 0.00 419.83

8 2,181.60 38.32 2,213.57

The exergy per work was calculated using the power of the equipment selected for the process and applying
equation number 2 from table 2; For exergy by heat, the duty obtained by the simulation was used and the
calculation was developed with equation 2 from the same source. Unavoidable exergy losses were calculated
using equation 9, the greatest losses occur in the distillation, condensation, and cooling stage, where the
operating pressure is close to 1 bar, however, a notable change in temperature occurs. In the drying, distillation,
condensation, and cooling stage there are inevitable losses attributed to temperature increase and operation
pressure variation concerning the reference state. For the others stages it is necessary to consider the difference
in chemical potential in unavoidable exergy losses. The generation of entropy in a process causes losses of
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exergy due to its irreversibility (Mugi and Chandramohan, 2021). For this reason, it is necessary to specify the
reference environment with variables such as temperature, pressure, and chemical composition.

Exergetic efficiency (%) Destroyed exergy (%) M Ireversibilities (MI/h) = Waste exergy (MJ/h) 100% 12000
905
3000,00
a0% 10000
2500,00 70% 2000
60%
2000,00 505 6000 ;
2

1500,00 4000

1000,00 0% 2000
10%
500,00 0% 0

w Overall exergetic efficiency (%)  Total irreversibilities (Mifh)

MI/h

0,00
A) B) Total exergy from waste (MIfh) = Services-input Exergy (MIfh)

Figure 2: A) Process results for each stage and B) Total process parameters.

The study of process stages is observed in figure 2A, where the highest exergy of residues occurs in the
centrifugation stage, due to the amount of pulp residue that comes out of the process, which contains water,
solvent, protein, ash, and a low portion of lipids. On the other hand, the greatest irreversibilities occur in the
distillation, condensation, and cooling stage, given by a big amount of services input exergy. This stage shows
a percentage of exergetic efficiency of 88.5 %, similar to homogenization and drying at 88.3 %. The lowest
exergetic efficiency was peel washing (stage 4) 40.0% and seed washing (stage 3) 66.3 %, attributable to the
waste amount that came out from these stages. The stages with the highest exergy efficiency were peel and
seed separation (stage 2) 99.0 % and avocado washing (stage 1) 98.4 %; these stages presented minor
irreversibilities, associated with the destruction of exergy given by the entropy generated caused by the
operation of the equipment of the stages. Total process irreversibilities are in order of 10,047.79 MJ/h and the
overall process efficiency is 26.80 % as shown in figure 2B, this efficiency is signally lower than reported for
crude palm oil production (Martinez et al., 2016) whose overall exergetic efficiency is 59% and drying the most
efficient step. These results can be associated mostly with a large amount of waste all over the process, also to
factors such as the difference in raw material type, product quantity exploited from the raw material, the
extraction process, the equipment used, as well as the energy requirements and industrial services.

The exergy by industrial services has the highest contributions from the distillation, condensation, and cooling
stage around 64 % of the total, therefore the process requires a total of 3,447.62 MJ/h. The energetic cost of
the process could decrease taking advantage of the heat currents diffused to the environment; For this, it is
necessary to carry out an energetic integration as an additional tool that allows optimizing the use of thermal
energy and in turn, reducing this expense. The exergy due to residues can be significantly reduced if the seed,
peel, and pulp waste are taken advantage of; besides, it could contribute to process overall exergetic efficiency
increase.

4. Conclusions

The exergetic analysis of the process of obtaining avocado oil with solvent was performed, in which the critical
stages with high irreversibilities, consumption of industrial services, and inevitable losses of exergy were
identified. This type of analysis is useful to determine an evaluation of the performance of the process, by
determining the location, type, and real size of waste and losses, contributing to the objective of more efficient
use of energy, providing the possibility of designing more efficient thermal systems by reducing existing sources
of inefficiency. For the transformation of 10,605 t/y of avocado into 1,000.66 t/y of avocado olil, it was obtained
that distillation, condensation, and cooling stage identified the largest unavoidable exergy losses, also showing
high destroyed exergy. The highest exergy of residues was evidenced in the centrifugation stage also in seed
and peel washing. The global efficiency of the process was 26.80%. An energy integration is recommended to
take advantage of the exchange network and reduce energy expenditure.
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