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ABSTRACT

The study conducted a techno-economic analysis of the enzymatic production of fatty acid ethyl esters (FAEE) using soybean oil
deodorizer distillate (SODD) as raw material. The process involved two stages: enzymatic hydrolysis of SODD to produce free
fatty acids (FFA) and subsequent enzymatic esterification of FFAs with ethanol to produce FAEEs. Modeling and simulation were
based on mass and energy balances using EMSO software. Capital costs for plant installation (CAPEX) and operational costs
(OPEX) were calculated. The calculation basis was 1 kmol/h of SODD consumed, generating 100.24 kg/h of product ~81% in
ethyl esters of fatty acids, and obtained a FAEE's selling price of ~$8.60 / kg.
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1 INTRODUCTION

Bioprocess researchers are incessantly seeking ways to reduce environmental impact while maintaining profitability. Meanwhile,
green chemistry's main pillars are the efficient use of raw materials and the possibility of reducing or adding value to wastes and
by-products!?.

In the biorefinery context, a significant by-product generated during soybean oil refining is Soybean Oil Deodorizer Distillate
(SODD). The oil goes through a distillation at this step to remove the compounds that give it unwanted flavor and aroma3+#. SODD
mainly consists of lipid components, including Free Fatty Acids (FFA) (18 to 80%), mono-, di-, and triglycerides (5 to 65%), and
tocopherols (2 to 20%)57.

The large amounts of FFA and acyl glycerides make this by-product attractive for enzymatic conversion into fatty acid esters, such
as those found in biodiesel*#-1°, biolubricants!?, biosurfactants'?, among others. In particular, enzymatic hydrolysis breaks acyl
glycerides into FFAs, and in sequence, enzymatic esterification using ethanol transforms FFAs into ethyl esters of fatty acids®.
Therefore, SODD, as an alternative raw material to biodiesel, does not compete with the use of vegetable oils employed in food
industries!3. Despite the already experimentally proven alternative, it is necessary to assess viability for any process to become
applicable on a large scale in industry. Some works provide techno-economic analysis for biodiesel using vegetable oils41°, from
microalgae!®17, through biomass fermentation!®1°, but there is no such analysis using SODD. In this context, the present work
aims to conduct a techno-economic analysis of the production process of fatty acid ethyl esters based on hydrolysis followed by
esterification, both enzymatic and using SODD as raw material.

2 MATERIAL & METHODS

The modeling and simulation of the process took place as described in Figure 1, using the open software EMSO. All proportions
of reagents, enzymatic load, temperature, and stirring, among other information, were given by literature®. In the first stage,
corresponding to the R - 101 reactor, SODD-water (1:4 mass ratio), and the free enzyme PFL (Pseudomonas fluorescens lipase)
(5g of enzyme mass for every 100g of SODD) are added at 37° C and 200 rpm for 48 hours. Water at 90°C is combined with the
first reactor outlet (stream 6) in a mixer and goes to a centrifuge, where the oily phase is separated and rewashed. Stream 12
corresponds to the oil phase entering an evaporator to dry the remaining water. Afterwards, the second reaction stage takes place
in R - 102, where a stream rich in FFA's from SODD is added to ethanol (1:3.64 molar ratio), and free Eversa enzyme at 8.5%
(m/v), at 35°C and 200 rpm for 48 hours. Washing occurs in the same way as the previous step, twice, and the oily phase passes
through an evaporator to remove the remaining ethanol, generating a stream with a high content of ethyl esters of fatty acids
(~81% by mass). All mass and energy balances that model the process were described in previous work'?, as well as the equations
to obtain CAPEX (Plant construction cost, equipment, connections) and OPEX (Operational cost that includes reagents, labor,
supervision, and maintenance, among others).
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Figure 1 Process diagram for modeling and simulation of two-step fatty acid ethyl ester production (SODD hydrolysis followed by FFAs

esterification).

3 RESULTS & DISCUSSION

Although the process occurs in batches, the simulation is continuous for calculations. In this scenario, optimizing the use of
available equipment in a continuous operating cycle is possible, reducing plant installation costs. To this end, a Gant chart was
created. Figure 2 shows that the cycle between two outputs of the same process is 48 hours. As other equipment has a shorter
usage time than reactors, reusing them throughout the process is possible.
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Figure 2 Gant chart for equipment costs optimization.

Table 1 shows the values of the process equipment, considering a minimum rate of return of 11% and a 25-year useful life of the
plant. The calculation basis is 1 kmol/h of SODD consumed, generating 100.24 kg of product ~81% in ethyl esters of fatty acids.
Note that mixers (considered agitation tanks) represent the highest costs among other equipment since a 1:1 volume of water is
added to the reactors' exit. Figure 3 shows the operational costs. It can be seen that labor represents half of the OPEX, followed
by energy, while reagent costs are the last. Finally, we obtained an FAEE's selling price of ~$8.60 / kg or $7.74/ L. As seen in
Table 2, the value obtained is below some works, but above other. Compared to the biodiesel market price, the process still needs
to be more competitive. However, with the optimization of plant scale, energy consumption, reaction time, and enzyme, it may be
possible to make this process economically viable.

Table 1 Equipment costs with installation included (CAPEX).

Equipment number  Total cost (US$)
Reactor (R — 101) 1 132,562.00
Reactor (R — 102) 1 42,855.00
Mixer - Agited tank (M — 10x) 2 161,779.00
Heat exchanger (E — 10x) 1 115,643.00
Evaporator (FE — 10x) 1 45,621.50
Centrifuge (FF — 10x) 2 82,779.70
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Figure 3 OPEX costs.

Table 2 Comparison of techno-economic analysis.

Price Price ($/L) Source
1.94-3.35€/L 2.08 - 3.55 20
4 $/kg 3.6 2
49.46 - 75.77 $/L 49.46 - 75.77 2
12.73 - 31.61 $/gal 3.36-8.35 =
0.42-0.97 $/L 0.42 - 0.97 2
1.50 - 3.68 $/kg 1.35-3.31 2

4 CONCLUSION

From the economic viability analysis of the enzymatic production of FAEE's, it was possible to find a FAEE's selling price of
~US$8.60 / kg. When compared to others works, it could be more competitive with a future process optimization. Despite this,
SODD is an excellent source of fatty acids, and its inclusion in the production of biomolecules is fundamental to green chemistry.
In conclusion, the techno-economic analysis presented in this study highlights the potential of enzymatic FAEE production using
SODD as a raw material and further optimization can improve the economic viability of the process.
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