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INTRODUCTION 
 
Glycerol, sometimes called glycerine or propane-1,2,3-triol, 
has many uses in the pharmaceutical, cosmetic, and food 
sectors industries (Chilakamarry et al., 2021). The global 
glycerol market is projected to grow at a 15% Compound-
Annual-Growth-Rate (CAGR) to reach 12 Billion USD by 2030 
in terms of value (Future, 2022). As a result, the need for 

refined glycerol is rising in various industries, including food 
production, chemical production, medicines, personal and 
home care, and other specialized uses with other 
oleochemicals such as fatty alcohols, fatty acids, and esters 
(Attarbachi et al., 2023). Glycerol can be produced using 
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 Glycerol constitutes a pivotal component within various industries, with a 
projected value of USD 12 billion by 2030. In response to the global paradigm 
shift towards zero-waste manufacturing, waste cooking oil has emerged as a 
sustainable and environmentally friendly feedstock for production of glycerol 
via enzymatic hydrolysis, offering environmental benefits compared to acid 
and alkali hydrolysis method, characterized by lower energy intensity, no 
organic solvent, and higher product qualities. Despite the current research 
limitations at the laboratory scale, hindered by scarce data for manufacturing 
processes, computational modeling and simulation stands as an invaluable 
tool, providing accurate predictive insights without incurring additional costs. 
This study employed SuperPro® Designer software package to assess glycerol 
production from enzyme hydrolysis using palm oil waste cooking oil (PWCO) 
and sunflower waste cooking oil (SWCO). The objectives are to identify 
suitable unit operations for both pre-treatment and downstream processing 
stages, in achieving 99.5% glycerol purity and to evaluate technoeconomic 
feasibility of producing 30 MT/year of glycerol. Simulation outcomes 
indicated that plate and frame filter press represents the optimal pre-
treatment while combination of centrifugal extractor and distillation offers 
the most efficient downstream processing approaches, retaining high yield 
with minimized process costs. Notably, the technoeconomic viability of 
glycerol production from PWCO surpasses that of SWCO, attributed to lower 
capital cost and operating cost, higher return of investment (34.45%) and 
shorter payback period (2.90 years). In conclusion, the application of 
SuperPro software successfully quantifies the potential of waste cooking oil 
hydrolysis as a viable method for glycerol production.   
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different types of feedstocks and process routes (Baena et 
al, 2022, Nitbani et al., 2020). Among these is the enzymatic 
hydrolysis of waste cooking oil using lipase enzyme (Souza 
et al., 2022; Manfaati et al., 2023; Zaharudin et al., 2017). 

The abundance of waste cooking oil in Malaysia could 
provide a consistent and sustainable feedstock to meet the 
glycerol production demand. Malaysia produces 5000 tons 
of waste cooking oil from fats and oils, which is then dumped 
into landfills without proper treatment (Zaharudin et al., 
2017). Waste cooking oil is the oil that has been previously 
used for frying or cooking food. It is generated as a 
byproduct of various cooking processes in households, 
restaurants, and food processing industries (Souza et al., 
2023). Once cooking oil has been used for frying, it 
undergoes changes in its composition and quality but it is 
mostly made up of triglycerides (Khodadadi et al., 2020). 
With so many different types of oil generated around the 
world, managing these oils presents considerable concerns 
due to disposal issues and the potential for contamination 
of water and land resources (Loizides et al., 2019). 

The hydrolysis of oils into fatty acids and glycerol offers 
potential solutions to these issues. Fatty acids and glycerol 
are critical raw materials for a wide range of uses, including 
the production of oleochemicals such as fatty alcohol 
(Zaharudin et al., 2017). Oil hydrolysis is generally classified 
based on the catalyst used: acid method, alkali 
saponification (NaOH and KOH), and lipase catalysis (Costa 
et al., 2020). Among of these methods, lipase catalysis is the 
most promising alternative in terms of low energy 
consumption (reaction can be carried out under mild 
condition), water as the mother solution, and offer cleaner 
products qualities of green chemistry (Zaharudin et al., 
2017). Ferreira et al. (2019) conducted a lipase hydrolysis 
reaction to break down the fatty acids link in cotton-seed, 
olive and palm kernel cooking oils. Reactions were carried 
out in a 200 mL stirred tank reactor at 30 oC for the duration 
of 3 hours and managed to hydrolyse more than 95% of the 
oil content. On the contrary, Souza et al. (2023) hydrolysed 
a waste cooking oil using lipase to produce glycerol and fatty 
acids in a small-scale glass reactor at 40 oC for the duration 
of 8 hours where 97% conversion rate was achieved. 

To date, investigation on enzymatic hydrolysis reaction 
for production of glycerol by using waste cooking oil as the 
main substrates has only been done in lab scale operation. 
Data at lab scale is rather limited to be used for techno-
economic analysis on the potential of such production scale 
operation. In this paper, we explored the possibility for a 
large-scale glycerol enzymatic hydrolysis production and 
assess the economic potential of such process through a 
simulation work using the SuperPro® Designer (SPD) 
software package. The simulation work is carried out for two 
main reasons. The first aimed at choosing suitable unit 
operations for the pre-treatment and the downstream 
processing stage. Evaluation is performed at various unit 
operating conditions to select unit with a high recovery 
yield. In the second phase of the simulation work, focuses 
will be on attainment of the plant’s mass and energy balance 
(for production of 100 000 kg of glycerol per annum) and 
evaluation of the economic parameters namely operating 
costs, materials cost, utilities cost and overall capital cost for 
the designated plant operation. It is indeed a common 
practice to utilize software package such as SuperPro 
Designer for carrying out techno-economic analysis of 
specific process for production at industrial scale operation 
(Bharathiraja et al., 2022; Foo et al., 2022). Data generated 

from various research work i.e. at lab scale level is often 
used as feeder to the key operating variables needed to 
perform the simulation work. 

Lok et al. (2020) utilized SuperPro software for 
optimization of biogas production in a covered lagoon 
system of palm oil mill effluent treatment plant. Their 
simulation results revealed the possibility of the production 
of 29 m3 of biogas with net present values of USD 2, 830, 000 
at payback period of 4.66 years. On the contrary, Shi et al. 
(2022) used the SuperPro simulation tool to investigate and 
optimize the continuous mode operation of downstream 
processing for mAb production. The aim was to maximize 
time consumption for each equipment used while 
minimizing the idle time of the entire process operation. 
Moreover, Pustulka et al. (2020) demonstrated the 
usefulness of SuperPro Designer software at scaling up 
erythritol production process from laboratory scale (0.002 
m3) to pilot plant scale operation (0.5 m3). A model was 
developed for industrial scale settings for the production of 
1075 MT/year of erythritol where installation was simulated 
to work for batch throughput of 31 batches of operation per 
year (24 hour a day for 350 days a year). It is obvious that 
SuperPro designer software is indeed capable not only for 
predicting mass and energy balance for industrial scale 
setting operation but also beneficial on scaling-up strategy 
and assessment of different combination of unit operations 
(either for downstream processing or production phase) to 
achieve the most economical production route in terms of 
overall product yield and operating cost. 

In the present work, a process flow diagram (PFD) for 
simulation of glycerol manufacturing from waste cooking oil 
was developed to evaluate on its economic potential for 
large-scale production. Waste cooking oil is chosen as the 
main substrates for the simulation work. Given the fact that 
waste cooking oil is a second-generation feedstock for 
renewable energy production (Monika et al., 2023) and can 
easily be attained in abundance without incurring any 
additional cost, it is indeed an efficient solution. Moreover, 
it is also environmentally friendly and it is in the direction for 
creating green industry processes. For comparison 
purposes, palm-oil based waste cooking oil (PWCO) and 
sunflower waste cooking oil (SWCO) were selected. Palm-oil 
based cooking oil is a locally produced oil and is the main 
preferences by many local communities for frying and 
cooking activities. The price of palm oil-based cooking oil is 
also cheaper as it is being subsidised by the Malaysian 
government (Maegala et al., 2020; Zaharudin et al., 2017).  

Sunflower oil on the other hand is an imported product 
and the cost of the oil in the current market in Malaysia is 
nearly 20-30% more expensive than palm oil-based cooking 
oil. Fatty acids composition of both cooking oils is very 
difference but both are equally suitable to be used as 
substrate for production of glycerol via enzymatic reaction. 
The conceptual PFD of the glycerol manufacturing plant 
simulated inclusive of the pre-treatment stage of the waste 
cooking oil, hydrolysis step and finally, the downstream 
processing for recovering of glycerol. Mass and energy 
balance were solved by the simulator for batch (continuous 
sequential) operation at 7920 hours of operating time. Aside 
from assessing the recovery yield of various unit operations 
for the pretreatment and downstream processing stages, 
capital investment cost and total operating cost for utilizing 
PWCO and SWCO as the main source of substrates for 
glycerol production were calculated as well. Based on the 
reports generated by the software, overall recovery yield 
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and economic feasibility of various separation and 
purification schemes of the glycerol production is discussed. 
 
MATERIALS AND METHOD 
 
Simulation of Batch Production of Glycerol  
SuperPro® Designer software – a process simulator 
developed at Intelligent (Scotch Plains, NJ, USA) was used to 
run the simulation work. It is an integrated platform for 
process development, manufacturing process modeling, 
economic evaluation, scheduling, and optimization; 
designed specifically for bioprocessing plant operation 
(Vacharakis et al., 2018). In the present work, a process flow 
diagram (PFD) for large scale glycerol production from two 
different types of waste cooking oil supplies (palm-oil based 
waste cooking oil and the sunflower waste cooking oil) were 
evaluated. The general workflow for the development of 
simulation model via SuperPro software and the PFD of the 
glycerol production is depicted in Figure 1. Refined glycerol 
with purity greater than 99.5% is the final aim of the process 
and thus, the economic assessment from both source of 
waste cooking oil will be based on the plant capacity to meet 
the final aim. Prior to completing the PFD, the following 
scope of work was investigated early on.  
• Investigation on a suitable pre-treatment and/or 

filtration steps needed for removing undesired 
components before utilizing the waste cooking oil as 
substrates for the hydrolysis reaction.  

• Solving of the reaction stoichiometric equation for 
obtaining the desired hydrolysis products. 

• Evaluation of suitable combination of various unit 
operations for the downstream processing operation of 
the plant.  
 

 

 
Figure 1 general workflow for the development of 
simulation model via SuperPro software and the PFD of the 
glycerol production 
 
Filtration Step and Composition of Waste Cooking Oil  
Palm-oil based waste cooking oil (PWCO) and sunflower 
waste cooking oil (SWCO) have been chosen and compared 
as the main substrates for the glycerol production via 
enzymatic hydrolysis step. Both substrates are vegetable oils 
that are generally made of triacylglycerol components 
(Baena et al., 2022; Hasan et al., 2017). Triacylglycerol is a 
glycerol triester whereby three fatty acid components are 

linked through an ester linkage to three glycerol hydroxyl 
(Baena et al., 2022; Hasan et al., 2017). In the context of 
waste cooking oils, the degree and rate of usage of the oils 
often are not monitored. It is however obvious that it has 
been used several times for frying at high temperatures and 
the composition and distribution of the fatty acids are differ 
from one waste cooking oil to another depending on the 
type of oil and sources from where it was collected (Baena 
et al., 2022; Hasan et al., 2017). This will directly reflect the 
quality of the feedstock. Table 1 shows the main fatty acids 
composition of fresh and used palm-oil based cooking coil 
and sunflower cooking oil used in the present simulation 
work (Zaharudin et al., 2017; Awogbemi et al., 2019). 
 
Table 1 Fatty acid composition in palm-oil based waste 
cooking oil (PWCO) and sunflower waste cooking oil (SWCO) 
used in the simulation work. 

 
 

Data from Table 1 shows that the percentages of the 
major fatty acids (oleic, palmitic and linoleic acids) identified 
in PWCO is higher than that of SWCO. Additionally, it was 
reported that WCO may also contain solid impurities, ash 
content (~0.03%wt) and small portion of water (~0.25% wt) 
that needs to be removed (filtered) prior to the hydrolysis 
step for glycerol production (Contreras Andrade et al., 
2014). In order to filter (remove) these undesirable 
impurities, performance of three most commonly employed 
filtration units in bioprocessing is evaluated in terms of the 
unit maximum filtrate yield, operational cost and main 
capital cost investment needed. These filtration units 
include the plate and frame filtration (or filter press), 
centrifugal filtration, and dead-end filtration. Figure 2 
presents the operational parameters of each filtration units 
compared for the simulation work. 
 

 
 

 
 
Figure 2 Main operational parameters of three different 
solid-liquid unit operations evaluated for pre-treatment of 
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waste cooking oil. Assessment is based on filtrate yield, 
operational cost and main capital cost. 

In the simulation work, 1000 kg of untreated waste oil 
containing 98%(wt) of triglyceride, 1%(wt) of water and 
1%(wt) of solid residues was fed in each cycle of operation. 
Filtration time was set at 240 mins with two operation 
sequence i.e. filter and transfer-out step where the main aim 
was set to completely remove the solid residues (i.e., 100% 
removal/retention of solids). 
 
Enzyme Hydrolysis Step 
In the hydrolysis of oils (or waste cooking oils), a triglyceride 
molecule is generally degraded and/or transformed into the 
form of fatty acids and glycerol in the presence of a 
biocatalyst (in this case lipase) and water. Transformation of 
1 mole triglyceride can be described in accordance to the 
following stoichiometry reaction scheme (Figure 3) (Baena 
et al.,2022; Souza et al., 2023). 

 
Figure 3 Transformation of triglyceride into glycerol an fatty 
acids 
 

In each cycle of the plant operation, 1000 kg of WCO was 
set to feed into the reactor. It was assumed that after 
underwent the pretreatment steps, the final composition of 
the feed may possibly contain 98%(wt) of triglyceride, 
1%(wt) of water and 1%(wt) of unwanted residues and 
therefore, rendering the actual amount of triglyceride for 
the hydrolysis reaction to about 980 kg. In accordance to the 
literature data presented in Table 1, overall weight 
percentage of fatty acid composition in PWCO and SWCO is 
63.69%(wt) and 1.26% (wt), respectively. Theoretically, 1 
mole of the triglyceride component will react with 3 moles 
of water to produce 1 mole of glycerol and 1 mole of fatty 
acids containing oleic acids, palmitic acids and the linoleic 
acids (Peters et al. 2022). 

The mass balance for each reactant and product was 
solved using the stoichiometry ratio and basic elementary 
balance in the general reaction scheme presented above. 
Once solved, the values were applied in SuperPro (i.e., in the 
stoichiometric balance reaction option of the operating 
reactor) to generate the mole coefficients and therefore, 
yielding the following stoichiometric equations for the 
hydrolysis reaction of waste cooking oil: 
 
For PWCO: 
2.21	triglycerides + 2.05	water	

→ 1.09	glycerol + 0.68	linoleic	acid
+ 0.68	oleic	acid
+ 0.68	palmitic	acid									(𝟏) 

 
 
 
For SWCO: 

0.04	triglycerides + 0.04	water	
→ 0.02	glycerol + 0.01	linoleic	acid
+ 0.01	oleic	acid
+ 0.01	palmitic	acid									(𝟐) 

 
where equation (1) and equation (2) represent the 
stoichiometry equations for glycerol production via 
enzymatic hydrolysis of PWCO and SWCO, respectively. 

For the simulation work, a stirred reactor was selected 
and operating conditions applied for the process simulations 
were duplicated directly from the waste oil hydrolysis via 
lipase enzyme experiment carried out by Zenevicz et al. 
(2016) and Zaharudin et al. (2017). The amount of water and 
waste cooking oil to be fed into the reactor for each batch 
was set at 1:1 ratio. Since the reaction is reversible, excess 
water is essential to drive the reaction equilibrium in 
achieving a high conversion of WCO into glycerol and fatty 
acids (Manfaati et al., 2023). Key operating conditions 
applied for the simulation of waste cooking oil hydrolysis 
reaction is summarized in Table 2. Reactor operation 
sequence included feeding of pretreated waste cooking oil 
mixture and water (new charge line), reaction based on 
stoichiometric and transfer of hydrolysis products out of the 
reacting vessel. As reported by Souza et al. (2023), hydrolysis 
reaction may reach steady-state after 2 hours mark and as 
such, the reaction time of the stirred reactor was set for 2 
hours. pH range and lipase enzyme for the triglyceride 
hydrolysis is not considered in the simulation since reaction 
is depending on the stoichiometric balance and not based 
on the kinetics. In the simulation work, hydrolysis reaction 
conversion is based on the amount of fatty acids (FA) to be 
released from the degradation of the ester linkages of the 
waste cooking oil. Similar conditions were applied for both 
types of waste cooking oil and the main difference is the 
fatty acid content of the oil itself. 
 
Table 2 Key operating conditions for the simulation of waste 
cooking oil hydrolysis reaction in a stirred tank 

 
 
Downstream Processing for Recovery of Glycerol  
Main products of enzymatic hydrolysis of triglycerides from 
the waste cooking oil using lipase enzyme are fatty acids and 
glycerol. On this basis, two primary processes were designed 
in the downstream operation for extracting glycerol. First, 
separation of glycerol from the mixture of the hydrolysis 
products and secondly, purification of glycerol to achieve a 
purity greater than 99.5%. Two possible downstream 
processing routes were assessed and there are illustrated in 
Figure 4. In the first route (Figure 4 top), a centrifugal 
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extractor was chosen to simultaneously remove fatty acids 
and glycerol from the hydrolysis product mixture. Hexane 
i.e., a non-polar organic solvent was selected for extraction 
of fatty acids where else glycerol will remain dissolve in the 
water phase (Melcher et al., 2023). In the simulation of the 
unit, oleic acid is selected as the heavy component and 
glycerol was chosen as the light phase component. 
Subsequently, excess water is separated from the mixture in 
a distillation column where separation is based on 
components boiling points. On the contrary, in the second 
downstream processing route, an oil separator is utilized to 
first remove glycerol from the hydrolysis products mixture. 
Majority of water and unreacted triglyceride is discarded as 
the bottom product of the unit. Next, is the separation of 
fatty acids using hexane in a centrifugal extractor unit and 
finally isolation of glycerol and complete removal of heavy 
phase unreacted triglyceride as a bottom product of the 
centrifugation unit procedure. One assumption was made 
for both downstream processing routes; lipase enzyme will 
remain in inactive state since the environment conditions 
applied to carry out the downstream processing is nowhere 
near the ideal conditions for a high lipase activity on the 
unreacted triglyceride and therefore, the concentration of 
unreacted triglyceride will remain unchanged until the end 
of the downstream operation. Simulation was conducted 
separately for both processing routes and process feasibility 
was assessed based on overall glycerol yield, product losses, 
operating cost and capital cost of unit procedure involved in 
each routes. 
 

 
 

 
Figure 4 The process flow diagrams for the separation of 
glycerol from the hydrolysis broth. Centrifugal extraction 
and distillation route (top). Oil separator, centrifugal 
extraction and centrifugation route. Final aim is to get the 
final glycerol mixture with purity of at least 98% (bottom).  
 
Synthesis of Glycerol Production Process Flow Diagram 
and Economic Analysis  
Synthesis of the process flow diagram (PFD) of the large-
scale glycerol production plant included the pre-treatment 
stage of the waste cooking oil, production phase (hydrolysis 
of the oil) and the downstream processing for recovery and 
purification of the glycerol. Selection (and/or preferred) of 
unit procedures for the pre-treatment steps and the 
downstream processing operation was highly depending on 
the assessment on the yield/losses output, capital 
investment and operation cost conducted in the previous 
sections. Annual operation time was assumed to be 7920 
hours which corresponds to 330 days per year and the plant 
operation was set as a batch mode operation to reflect the 

typical continuous sequential bioprocess plant operation. 
Operation for each vessels used was scheduled to initiate at 
the end of the previous unit operation. According to the 
recent market prediction report for refined glycerol (Li et al., 
2018), the global annual supply of glycerol is expected to 
reach 4.2 million tons while global market demand could 
possibly rise up to approximately 3.5 million tons per year. 
Based on this information, the plant capacity is aimed at 100 
metric ton per year of glycerol. The plant capacity set for the 
simulation work was based on the need to support global 
demand of glycerol production i.e. as new plant operation. 
Moreover, waste cooking oil is considered free (no purchase 
cost) as there are generally collected from household 
consumption, restaurants, takeaway outlets and even 
bakery places. Once the entire PFD is constructed, mass and 
energy balance of the whole plant were solved by the 
software. Economic analysis for the conceptual/proposed 
glycerol plant was analysed i.e. after classification of 
revenue stream and selling price of the main product 
(Glycerol). Assessment is based on the scheduling charts, 
and reports on the overall capital investment and the 
operation cost – all of which generated by the software. 
 
RESULTS AND DISCUSSION 
 
Comparison of Recovery Yield and Operation Cost of the 
Filtration units 
Waste cooking oil –regardless of its origin point of collection, 
cannot be directly applied in the hydrolysis reactor. 
Obviously, this is due to the presence of ash, water, and 
undesirable solid residues in the waste oil mixture. These 
undesirable components need to first be separated. There 
are numbers of options available for removing of solid from 
liquid mixture and the most commonly applied are plate and 
frame filter system, dead-end filtration unit and the 
centrifugation unit. Figure 5 shows the capacity and the 
general cost of operation for these unit procedures aiming 
at removing ash and solid particles whilst retaining high 
content of triglyceride. As shown in Figure 5, plate and 
frame filter and dead-end filtration units recorded the 
highest recovery yield i.e., more than 99.5% of the waste oil 
can be recovered whilst removing all the solid and ash 
residues in the waste cooking oil. A high recovery yield was 
also attained for the centrifugation unit but there are losses 
i.e., by nearly 4%(wt.) of the feed input. Small losses are to 
be expected from the centrifugation unit where centrifugal 
force is created at high speed to separate the mixture of the 
feed based on density differences. Clearly, the use of 
centrifugation unit is not suitable for removal of small 
amount of solid residues from the waste oil. Plus, the capital 
investment needed to purchase the centrifugation unit for 
such operation is too high (~15 million USD) and the 
operating cost is nearly 5-6 folds higher than that of the 
filtration vessels. High operating cost of centrifugation unit 
is mainly due to the energy needed to create the necessary 
high speed centrifugal force (3000-5000 rpm) for separation 
to occur. The operation of the filtration vessel is however 
much simpler compared to the centrifugal unit, and hence, 
justified the lower operating cost of both types of filtration 
unit. In dead-end filtration unit, feed is transported directly 
into the filter. Solid residues are retained on the surface of 
the filter since the size of the solid particles is larger than the 
pore size of the filter. On the contrary, for the plate and 
frame filtration system, waste is passed through the center 
pipes of the unit and impurities will be retained (or trapped) 
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on the surface of the cloths of the unit – allowing only liquid 
to pass through. The only limitation for filtration units is the 
formation of cake on the filter surface. A filter cake is the 
solid layer that forms/deposits on the surface of the filter 
medium during the filtration operation. The thickness of this 
layer depends on several factors such as particle size, flow 
rate, and type of material being filtered (Mino et al., 2018). 
Lengthy operation decelerated the permeate flux due to the 
increase of the cake layer formation and may even affects 
the recovery yield of the filtration operation. Maintenance 
cost is probably higher for filtration units compared to 
centrifugal system as the filter needs to be cleaned (or 
changed) regularly to maintain a high system efficiency. 
Nevertheless, despite the limitation, a high recovery yield 
and a marginal low operating and capital investment cost 
especially for the plate and frame filtration unit justified the 
need to utilize such a unit for the filtration of the waste 
cooking oil feed prior for the hydrolysis step. 
 

 
 
Figure 5 Comparison between, plate and frame filtration, 
centrifugal and dead-end filtration unit operation 
performance based on the recovery yield of the waste 
cooking oil, capital investment needed and the operational 
costs. 
 
 
Comparison of the Downstream Operation Routes for 
Glycerol Recovery 
The main aim for the downstream processing phase is to 
isolate glycerol from the hydrolysis product mixture coming 
off the main production bioreactor. Two possible routes 
were examined where route 1 contained the use of 
centrifugal extractor and a distillation column where else 
route 2 utilized oil separator unit, centrifugal extractor and 
a centrifugation system. The simulation results attained in 
terms of recovery yield, overall capital investment and 
operating cost per batch of operation (i.e., per 1000 kg of 
waste cooking oil fed) is presented in Figure 6. As shown in 
the figure, the recovery yield for route 1 is slightly higher i.e. 
by approximately 2%(wt.) the solution proposed in route 2. 
This is explained by the separation criteria set for unit 
operations in route 1 which are must more appropriate for 
glycerol recovery compared to the ones used in the units 
proposed for route 2. In the route 1 solution, the use of 
hexane showed a high selectivity for extraction of fatty acids 
from the hydrolysis mixture (Melcher et al., 2023). Since the 
density range of glycerol and water is greater than 1 g/ml 
which are marginally higher than that of fatty acids (0.85-0.9 
g/ml) and hexane (0.659 g/ml), continuous extraction and 
separation of hexane-fatty acids components from the 
hydrolysis mixtures occurred almost instantaneously 

especially at high centrifugal force created in the 
centrifugation extractor unit. Unreacted triglycerides i.e. the 
treated waste cooking oil also ended together with the 
hexane and fatty acid mixture due its density value which is 
usually around 0.88-0.9 g/ml (Valente et al., 2011). Only a 
slight losses of glycerol component was recorded in this 
stage of separation. In the subsequent step, a vacuum 
distillation column was put into place to split water and 
glycerol based on the boiling point of the components. A 
significant difference of boiling point between water 
(TBP=100 oC) and glycerol (TBP=290 oC) resulted in a 100% 
recovery of glycerol as the bottom product of the distillation 
column. Moreover, distillation columns are often used to 
remove excess water, salt content and matter organic non - 
glycerol based on the boiling point (Decarpigny et al., 2022; 
Jariah et al., 2021). 
 

 
Figure 6 Comparison of recovery yield, capital investment 
and operating cost for different routes of downstream 
processing for recovery of glycerol. Route 1 consisting of 
centrifugal extractor and distillation column where else 
route 2 contained oil separator unit, centrifugal extractor 
and the centrifugation system. 
 

In the alternative route 2, a different separation 
approach was applied. Firstly, the hydrolysis products are 
introduced to an oil separator unit. Generally, oil separator 
unit is used as a three-phase separator unit where dissolved 
gas is omitted as the top product, solid particles settle at the 
bottom of the vessel and oil-based components coalesced 
and remain floating as the top layer of the liquid solution 
before exiting the unit. Water velocity and gravity (or 
density) are the dominant factors determining the 
selectivity of the separation processes. This however was 
not the case for the hydrolysis products where most of it 
contained liquid and oil-based solution. Neither gases 
components nor solid particles were presence in the vessel 
during the separation process. Density difference may have 
allowed for formation of triglyceride, glycerol and fatty acid 
layers but complete separation did not occur (Gomez et al., 



Bioprocessing and Biomass Technology 3:2 (2024) 59 - 69 

  65 

2014). Many fatty acids and glycerol components still 
remain within the same vicinity and transported to the 
centrifugal extractor where fatty acids were 
removed/extracted using a non-polar solvent – hexane. In 
the final step of route 2, the remains of triglyceride 
components were separated from the mixture at high 
rotational centrifugal force of the centrifugation unit and 
therefore, producing the final mixture that consists mainly 
of glycerol (>97%) and small portion of fatty acids. Clearly, 
route 2 is not the ideal solution for glycerol recovery and it 
do not warrant a high purity glycerol mixture at the end of 
the downstream route. Additionally, the capital investment 
needed for unit operations applied in route 2 is nearly 8 folds 
more than the purchasing cost needed to setup unit 
operations in route 1 which cost merely USD53000. Despite 
the use of distillation column, the operating cost for route 1 
is also cheaper (USD3806/batch) compared to that of route 
2 where the operating cost is about USD14000 per batch. 
Higher operating cost is probably due to the use of 
centrifugation unit where a high centrifugal force has to be 
created to ensure good separation. It is clear that for high 
recovery of glycerol, fatty acids must first be extracted from 
the hydrolysis mixture prior to the removal of excess water 
in the final mixture as demonstrated in the downstream 
processing route 1. Moreover, if solid particles are not 
presence in the mixture, it is best to avoid using the 
centrifugation unit as this will cause a significant increase in 
operating cost and capital investment needed. 
 
Final Process Flow Diagram and Economic Analysis 
between Different Waste Cooking Oil Substrates 
For The process flow diagram (PFD) and the scheduling 
charts of the plant operation for the simulation of 100 metric 
ton per year glycerol production process is presented in 
Figure 7. The PFD was constructed in SuperPro Designer 
v10.0 software. Our assessment showed that plate and 
frame filtration unit could warrant a high recovery yield 
whilst retaining a low operating cost compared to other 
types of filtration units. This is indeed essential as presence 
of any solid impurities may affects the accessibility of the 
enzyme to the substrates and could even reduce the 
conversion rate (Decarpigny et al., 2022). According to the 
mass balance report, all solid residues were retained and 
nearly 99% of the waste oil was successfully recovered in the 
process. The pre-treatment step also included the need for 
stream conditioning prior to the hydrolysis reaction step in 
the stirred tank. Further conditioning was carried out where 
stream containing the triglyceride-water mixture was 
heated at 105 oC for 2 hours to reduce the amount water 
content of the waste oil (Moazeni et al., 2019). The filtration 
and the heating step were scheduled to operate at the same 
time to allow for continuous heating and subsequently 
stored in a stirred vessel (Figure 7). Once two-third of the 
storage vessel volume has been filled, the triglyceride 
mixture is sent through a heat exchanger unit in order to 
cool down the stream temperature to the desired 
temperature for the hydrolysis process i.e., at 40 oC 
(Zaharudin et al., 2017). The conditioning of the waste 
cooking oil is a crucial step in order to warrant ideal lipase 
enzyme activity. According to the simulation results, in each 
batch of operation i.e., for input feeding of 1000 kg of waste 
cooking oil per batch, approximately 99.65 kg of glycerol can 
be produced when using palm-oil based waste cooking oil 
(PWCO) is used as the substrate. This is equivalent to 31584 
kg of glycerol/year (330 days of operation). On the contrary, 

only 1.979 kg of glycerol per batch of operation (or merely 
653 kg/year) can be attained if the substrate is switched to 
the sunflower waste cooking oil (SWCO). This means that the 
glycerol production rate would be 50 times higher if PWCO 
is chosen as the main substrate compared to that of SWCO. 
If one still intended to utilize SWCO as the main substrate, 
equivalent production rate can only be achieved if 50 000 kg 
of SWCO is consumed compared to only 1000 kg of PWCO. 
Obviously, the differences on the fatty acid composition of 
both feedstocks affected the glycerol production rate. Type 
of lipase enzyme used and its selectivity towards specific 
type of waste oil also has a significant impact on the 
hydrolysis conversion rate. Ramani et al. (2012) reported 
that lipase from marine strain Pseudomonas otitidis with 
specific activity of 5,647 U/mg protein showed a high 
hydrolytic activity towards sunflower waste cooking oil over 
other types of waste oil. On the contrary, Hasan et al. (2017) 
immobilized lipase from Candida rugosa strain on alginate-
sulfate surface and carried out hydrolysis reaction on palm-
oil based waste cooking oil. A conversion factor as high as 
96.5% (wt.) was achieved and enzyme loading needed for 
the waste oil degradation is much less i.e. about 385.73 U/ml 
compared to free-enzyme reactor system. Despite the 
differences on the enzyme preferences on the type of waste 
cooking oil, the operating conditions applied in both cases 
are nowhere near extreme reaction conditions and as such, 
warrant a green industrial approach for producing value-
added commodity such as glycerol and fatty acids. Indeed, 
the solution presented here is also energy efficient solution 
if compared to thermal hydrolysis reaction for producing 
glycerol where the reaction is performed at 200 oC and at 
pressure of about 3 bar (Istyami et al., 2018). In addition, the 
deactivation and recovery of enzyme catalyst is much easier 
compared to other types of catalyst. 

Our simulation work also indicated that glycerol can be 
efficiently separated (with very low losses) from the 
hydrolysis mixture which contained mainly glycerol, water, 
fatty acids and unreacted triglycerides. The residence times 
in the hydrolysis reactor was set for 2 hours and immediately 
after the hydrolysis reaction has completed, the reactor 
content was transferred out for a back-to-back downstream 
operation process in the centrifugal extractor unit and the 
distillation column. The entire separation phase took 6 
hours to complete and yield stream containing glycerol with 
purity greater than 95%. In the final step of the downstream 
operation, purification step taken place where actions are 
needed to produce a stream containing highly purified 
glycerol component (i.e., purity > 99.9%). Depending on the 
targeted applications, for United States Pharmacopeia 
(USP26) i.e., for usage in pharmaceutical area and food 
application, glycerol purity must be greater than 99.7%. For 
technical grade quality, a glycerol solution with purity of at 
least 98% or higher is acceptable. For this purpose, a 
granular adsorption on activated charcoal (GAC adsorption) 
was proposed. GAC adsorption is a simple method for 
purification where the main goals mainly for treatment of 
the glycerol colour (even odour) and removal of impurities. 
Glycerol-rich phase is achievable through GAC adsorption 
couple with initial pretreatment with phosphoric acid that 
flows co-currently for washing purposes and later 
neutralized by alkaline solution. The use of GAC adsorption 
as the final purification step is also energy efficient and 
relatively quick (operation typically within 30-45 minutes), 
and does not have any waste disposal issue (Decarpigny et 
al., 2022). The entire plant operation took just over 24 hours 
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to complete with process yield of 95.71 kg of glycerol per 
1000 kg of waste cooking oil.  
 
 
 

 
 
 

 
 
Figure 7 Finalized process flow diagram for glycerol manufacturing using waste cooking oil as the main substrate (top) and 
the scheduling chart of the plant operation (bottom). Flowsheet was constructed using SuperPro Designer® v10.0. 
 

The plant's economic performance was assessed by 
calculating the Fixed Capital Investment and Working Capital 
Costs for glycerol production of 100 metric ton per year. The 
equipment size and purchase costs were estimated using 
the data supplied by a local provider and the SuperPro 
Designer® simulator built-in cost model. The capital 
investment required to establish a glycerol production 
facility can be separated into two categories: total plant 
direct cost (TPDC) and total plant indirect cost (TPIC). TPDC 
contains the physical cost of the process's equipment, 
materials, and labour, whereas TPIC includes the 
engineering and construction costs, as well as project 
management, permits, and other administrative 
expenditures. The total plant cost (TPC) is the sum of the 
TPDC and the TPIC. It also comprises working capital and 
startup costs, which are the funds needed to support 
operations and pay for goods and services until the plant 
generates revenue (Adeyi et al., 2022). Data on economic 
analysis is essential and often used to estimate plant 
profitability and long-term viability. The results obtained 
from simulation process for the capital investment summary 
is tabulated in Table 3. 
 

Table 3 Fixed Capital Investment summary 
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The cost for capital investment is high due to the high 
cost of equipment used in the production process. Based on 
data summarized in Table 3, the cost required to purchase 
the equipment for plant operation for palm-oil based waste 
cooking oil (PWCO) and sunflower waste cooking oil (SWCO) 
is USD 1,735,000 and USD 7,326,000 USD, respectively. The 
cost of equipment purchase for SWCO is higher because 
SWCO operated in significantly larger feeding volume of 
triglyceride i.e., to meet the demand of 100 MTA of glycerol. 
This consequently rocketed the size and the capital 
investment needed for the building the plant. In conclusion, 
the total plant cost when using SWCO as the main feedstock 
for glycerol production is higher by at least 3-4 times more 
compared to PWCO as the source of substrate where the 
estimated total plant cost is USD37,900,000 and 
USD8,962,000, respectively. Table 4 shows the detailed 
summary of the operating cost for both types of feedstocks. 
According to Adeyi et al. (2022) and Singh and Rosentrater 
(2019), the expense of daily maintenance and 
administration is referred to as the operating cost. 
Operational costs typically comprise raw material 
purchases, labour costs, facility costs, laboratory costs, 
transportation of product and utility costs. Based the data 
computed by SuperPro software, the overall operating cost 
for SWCO route and PWCO routes is USD 17,525,000 and 
USD4,212,000, respectively. 
 

Table 4 Summary on plant operating cost 

 
 

It is clear that utilizing PWCO is much more economical 
and warrant high revenues compared to the use of SWCO as 
the main substrates for the glycerol production. Based on 
this preference, the techno-economic analysis was carried 
out by using PWCO. In accordance with the current market 
price value of glycerol of USD 80.93 per kg, the return of 
investment and the payback period are identified to be 
34.45% and 2.90 years, respectively. Moreover, the net 
present value was calculated to be USD16,077,000 at 
interest rate of 7%. The economics value attained is 
comparable to the conceptual plant for fatty acids and 
glycerol production from palm oil reported by Foo et al. 
(2022) where net profit per annum was calculated to be 
about USD5,653,056 with the return of investment and the 
payback period of 32.4% and 2.67 years, respectively. 
Indeed, the choice for carbon sources for glycerol 
production has a significant impact on the overall plant 
operation. 
 

CONCLUSION AND OUTLOOK 
 

The utilization of SuperPro software has successfully 
demonstrated the potential of waste cooking oil as 
promising feedstock for glycerol production. The optimal 
pre-treatment, determined based on its high yield and cost-

effectiveness, is the plate and frame filter press with yield of 
more than 99.5% and total cost of less than USD 2 million. 
Meanwhile, the most efficient downstream processes 
involved centrifugal extraction using hexane solvent, 
followed by distillation. In terms of economic viability, palm 
oil waste cooking oil (PWCO) proves to be more 
advantageous than sunflower waste cooking oil, primarily 
attributed to the low content of triglycerides in SWCO. A 
comprehensive techno-economic analysis reveals the 
attractiveness of PWCO utilization, with a Return on 
Investment (ROI) of 34.45%, a payback period of less than 3 
years, and a net present value amounting to USD 16 million 
at an interest rate of 7%. Overall, the plant simulation 
concludes that manufacturing scale for enzymatic hydrolysis 
of waste cooking oil is proven economically viable. 
Nevertheless, further study is required especially to 
incorporate the utilization of fatty acid byproducts as 
financial income in the form of feedstock of various products 
i.e., biofuels. 

The world’s over-dependency on fossil-based fuel as 
energy supply is not helped by the ever-decreasing volumes 
of petroleum and gas reserves. Amongst alternative source 
of fuels, biodiesel production remains as most promising 
alternative to produce renewable and biodegradable fuels. 
Even though waste cooking oil presents an excellent option 
to virgin vegetable oil as raw material to produce biodiesel, 
the aged old conundrum of identifying the best way of 
making use of the huge volumes of resulting glycerol 
persists. Since it is still not economically feasible to utilize 
purified glycerol in manufacturing and other processes, 
continuous exploration on new areas for using crude 
glycerol is important to ensure abundant volumes of glycerol 
will not end up as huge source of environmental pollution 
instead. Nevertheless, it is also imperative to ensure any 
research and development efforts carried out to also include 
approaches that would not just result in highly valuable 
products/ processes, but also lower environmental impacts, 
maximum benefit to humans as well as directly supporting 
the global Sustainable Development Goals (SDG) initiatives. 
 

Acknowledgement 
The authors acknowledge Universiti Teknologi Malaysia for 
giving cooperation and full of support in this research 
activity. The authors wish to thank the Research 
Management Center (RMC) and UTM for the Universiti 
Teknologi Malaysia Translational research grant 
(R.J130000.7346.4J689). 
 
References 
Adeyi, O., Oke, E. K., Adeyi, A. J., Okolo, B. I., Abdurahman, 

N. H., Otolorin, J. A., Aremu, O. S., & Qwebani-
Ogunleye, T. (2022). Microencapsulated 
anthocyanins powder production from Hibiscus 
sabdariffa L. calyx: Process synthesis and economic 
analysis. Results in Engineering, 13, 100371. 
https://doi.org/10.1016/j.rineng.2022.100371 

Attarbachi, T., Kingsley, M. D., & Spallina, V. (2023). New 
trends on crude glycerol purification: A review. Fuel, 
340, 127485. 
https://doi.org/10.1016/j.fuel.2023.127485 

Awogbemi, O., Onuh, E. I., & Inambao, F. L. (2019). 
Comparative study of properties and fatty acid 
composition of some neat vegetable oils and waste 
cooking oils. International Journal of Low-Carbon 

https://doi.org/10.1016/j.rineng.2022.100371
https://doi.org/10.1016/j.fuel.2023.127485


Bioprocessing and Biomass Technology 3:2 (2024) 59 - 69 

  68 

Technologies, 14(3), 417–425. 
https://doi.org/10.1093/ijlct/ctz038 

Baena, A., Orjuela, A., Rakshit, S. K., & Clark, J. H. (2022). 
Enzymatic hydrolysis of waste fats, oils and greases 
(FOGs): Status, prospective, and process 
intensification alternatives. Chemical Engineering 
and Processing - Process Intensification, 175, 
108930. https://doi.org/10.1016/j.cep.2022.108930 

Bharathiraja, B., Jayamuthunagai, J., Sreejith, R., Iyyappan, 
J., & Praveenkumar, R. (2022). Techno Economic 
Analysis of Malic Acid Production Using Crude 
Glycerol derived from Waste Cooking Oil. 
Bioresource Technology, 351. 126956. 

Chilakamarry, C. R., Sakinah, A. M. M., Zularisam, A. W., & 
Pandey, A. (2021). Glycerol waste to value added 
products and its potential applications. Systems 
Microbiology and Biomanufacturing, 1(4), 378–396. 
https://doi.org/10.1007/s43393-021-00036-w 

Contreras Andrade, I., Parra Santiago, J., Ricardo Sodré, J., 
Sebastian Pathiyamattom, J., & Guerrero-Fajardo, C. 
A. (2014). Transesterification Reaction of Waste 
Cooking Oil and Chicken Fat by Homogeneous 
Catalysis. 化学与化工：英文版, 8(7), 736–743. 
http://www.cqvip.com/QK/89596X/201407/662743
745.htm 

Costa, M. J., Silva, M. R., Ferreira, E. E., Carvalho, A. K. F., 
Basso, R. C., Pereira, E. B., de Castro, H. F., Mendes, 
A. A., & Hirata, D. B. (2020). Enzymatic biodiesel 
production by hydroesterification using waste 
cooking oil as feedstock. Chemical Engineering and 
Processing - Process Intensification, 157, 108131. 
https://doi.org/10.1016/j.cep.2020.108131 

Decarpigny, C., Aljawish, A., His, C., Fertin, B., Bigan, M., 
Dhulster, P., Millares, M., & Froidevaux, R. (2022). 
Bioprocesses for the Biodiesel Production from 
Waste Oils and Valorization of Glycerol. Energies, 
15(9), 3381. https://doi.org/10.3390/en15093381 

Ferreira, M. P., De Oliveira, G. F., Basso, R. C., Mendes, A. A., 
& Hirata, D. B. (2019). Optimization of free fatty acid 
production by enzymatic hydrolysis of vegetable oils 
using a non-commercial lipase from Geotrichum 
candidum. Bioprocess and Biosystems Engineering, 
42(10), 1647–1659. 
https://doi.org/10.1007/s00449-019-02161-2  

Foo, T. M., Kim, T. P., Ng, S. C., Khan, F. S., Moazzam, M. S., 
Ling, M. C., & Yeo, W. S. (2022). A new conceptual 
process design and economic analysis of a fatty acids 
and glycerine production plant using palm oil. 
Chemical Papers. https://doi.org/10.1007/s11696-
022-02102-6 

Future, M. R. (2022, September 14). Glycerin Market Size 
Worth USD 12 Billion by 2030 at 15% CAGR - Report 
by Market Research Future (MRFR). GlobeNewswire 
News Room. 
https://www.globenewswire.com/en/news 
release/2022/09/14/2515834/0/en/Glycerin-
Market-Size-Worth-USD-12-Billion-by-2030-at-15-
CAGR-Report-by-Market-Research-Future-
MRFR.html 

Gomez, A. M., Cruz, M. D., Tobon, A. C., Velazquez, J. L. G., 
Salcedo, J. G. G., & Salinas, R. M. (2014). Physical 
Modeling and Mathematical Simulation of Fluid Flow 
inside an Oil/water Separator Tank and it Effect on 
Flow Accelerated Corrosion. International Journal of 
Electrochemical Science, 9: 4793-4804. 

Hasan, N. H., Yie, T. W., & Zain, N. R. M. (2017). Enzymatic 
Hydrolysis of Waste Cooking Palm Oil by PVA–
Alginate–Sulfate Immobilized Lipase. In Sustainable 
Water Treatment Innovative Technologies. 
https://doi.org/10.1201/9781315116792-1 

Istyami, A. N., Soerawidjaja, T. H., & Prakoso, T. (2018). Mass 
Balance and Thermodynamics Study of Thermal 
Triglyceride Hydrolysis. MATEC Web of Conferences, 
156: 05013. 

Jariah, N. U., Hassan, M. A., Taufiq-Yap, Y. H., & Roslan, A. M. 
(2021). Technological Advancement for Efficiency 
Enhancement of Biodiesel and Residual Glycerol 
Refining: A Mini Review. Processes, 9(7), 1198. 
https://doi.org/10.3390/pr9071198 

Khodadadi, M. R., Malpartida, I., Tsang, C. W., Lin, C. S. K., & 
Len, C. (2020). Recent advances on the catalytic 
conversion of waste cooking oil. Molecular Catalysis, 
494, 111128. 
https://doi.org/10.1016/j.mcat.2020.111128 

Li, Z., Yan, J., Sun, J., Xu, P., Ma, C., & Gao, C. (2018). 
Production of Value-Added Chemicals from Glycerol 
Using in vitro Enzymatic Cascades. Communication 
Chemistry, 1:71, DOI: 10.1038/s42004-018-0070-7 

Loizides, M., Loizidou, X., Orthodoxou, D., & Petsa, D. (2019). 
Circular Bioeconomy in Action: Collection and 
Recycling of Domestic Used Cooking Oil through a 
Social, Reverse Logistics System. Recycling, 4(2), 16. 
https://doi.org/10.3390/recycling4020016 

Lok, X., Chan, Y. J., & Foo, D. C. Y. (2020). Simulation and 
Optimisation of Full-Scale Palm Oil Mill Effluent 
(POME) Treatment Plant with Biogas Production. 
Journal of Water Process Engineering, 28: 101558.  

Maegala, N. M., Anupriya, S., Hazwan, A. H., Suhaila, Y. N., 
Hasdianty, A. (2020). Conversion of Waste Cooking 
Oil to Glycerol by Halal Microbial Lipase. IOP 
Conference Series: Earth and Environmental Science, 
505: 012056. 

Manfaati, R., Rojab, M. N., Manurung, P. C., & Keryanti. 
(2023). Hydrolysis of Waste Cooking Oil Using 
Rizopus oryzae to Produce Free Fatty Acids. Fluida, 
16(1), 30-35.  

Melcher, F., Vogelgsang, F., Haack, M., Masri, M., Ringel., 
M., Roth, A., Garbe, D., & Brück, T. (2023). Lipase-
mediated plant oil hydrolysis—Toward a 
quantitative glycerol recovery for the synthesis of 
pure allyl alcohol and acrylonitrile. European Journal 
of Lipase Science and Technology. DOI: 
10.1002/ejlt.202200196. 

Mino, Y., Sakai, S., & Matsuyama, H. (2018). Simulations of 
Particulate Flow Passing Through Membrane Pore 
Under Dead-end and Constant-pressure Filtration 
Condition. Chemical Engineering Science, 190: 68-76.  

Moazeni, F., Chen, Y. C., & Zhang, G. (2019). Enzymatic 
transesterification for biodiesel production from 
used cooking oil, a review. Journal of Cleaner 
Production, 216, 117–128. 
https://doi.org/10.1016/j.jclepro.2019.01.181 

Monika, Banga, S., Pathak, V. V. (2023). Biodiesel Production 
from Waste Cooking Oil: A comprehensive Review on 
the Application of Heterogenus Catalysts. Energy 
Nexus, 10: 100209  

Nitbani, F. O., Tjitda, P.J. P., Nurohmah, B. A., & Wogo, H. E. 
(2020). Preparation of Fatty Acid and Monoglyceride 
from Vegetable Oil. Journal of Oleo Science, 69(4): 
277-295. 

https://doi.org/10.1016/j.cep.2022.108930
https://doi.org/10.1007/s43393-021-00036-w
http://www.cqvip.com/QK/89596X/201407/662743745.htm
http://www.cqvip.com/QK/89596X/201407/662743745.htm
https://doi.org/10.1016/j.cep.2020.108131
https://doi.org/10.3390/en15093381
https://doi.org/10.1007/s00449-019-02161-2
https://doi.org/10.1007/s11696-022-02102-6
https://doi.org/10.1007/s11696-022-02102-6
https://doi.org/10.1201/9781315116792-1
https://doi.org/10.1016/j.mcat.2020.111128
https://doi.org/10.3390/recycling4020016
https://doi.org/10.1016/j.jclepro.2019.01.181


Bioprocessing and Biomass Technology 3:2 (2024) 59 - 69 

  69 

Peters, M. N., Alves, C. T., Wang, J., & Onwudili, J. A. (2022). 
Subcritical Water Hydrolysis of Fresh and Waste 
Cooking Oils to Fatty Acids Followed by Esterification 
to Fatty Acid Methyl Esters: Detailed 
Characterization of Feedstocks and Products. ACS 
Omega, 7: 46870-46883. 

Pustulka, M. R., Mironczuk, A. M., Celinska, E., Bialas, W., & 
Rymowicz, W. (2020). Scale-up of the Erythritol 
Production Technology – Process Simulation and 
Techno-Economic Analysis. Journal of Cleaner 
Production, 257: 120533.  

Ramani, K., Saranya, P., Jain, S. C., & Sekaran, G. (2012). 
Lipase from marine strain using cooked sunflower oil 
waste: production optimization and application for 
hydrolysis and thermodynamic studies. Bioprocess 
and Biosystems Engineering, 36(3), 301–315. 
https://doi.org/10.1007/s00449-012-0785-2 

Shi, C., Chen, X. J., Jioa, B., Liu, P., Jing, S. Y., Zhong, X. Z., 
Chen, R., Hong, W., Lin, D. Q. (2022). Model-assisted 
Process Design for better Evaluation and Scaling Up 
of Continuous Downstream Bioprocessing. Journal of 
Chromatography A, 1683: 463532. 

Singh, V., & Rosentrater, K. A. (2019). Techno-Economic 
Analysis of Extruding-Expelling of Soybeans to 
Produce Oil and Meal. Agriculture, 9(5), 87. 
https://doi.org/10.3390/agriculture9050087 

Souza, G. P., Correia, T. B., Reis, W. S., Bredda, E. H., Da Rós, 
P. C., & Pereira, E. B. (2023). Enzymatic hydrolysis of 
waste cooking oil by lipase catalysis: Simplex mixture 
design optimization. Catalysis Letters, 153(3), 689-
697.  

Vacharakis, Ν., Louizaki, Α., Charalambous, C., Rafaelides S., 
Koulouris, A. (2018). Techno-Economic Evaluation of 
β-Cyclodextrin Production from Cassava Tubers. 
Proceedings of FOODSIM’2018, Ghent, Belgium.  

Valente, O. S., Pasa, V. M. D., Belchior, C. R. P., & Sodre, J. R. 
(2011). Physical-chemical Properties of Waste 
Cooking Oil Biodiesel and Castor Oil Biodiesel Blends. 
Fuel, 90: 1700-1702.  

Zaharudin, N. A., Rashid, R., Azman, L., Esivan, S. M. M., Idris, 
A., & Othman, N. (2017). Enzymatic Hydrolysis of 
Used Cooking Oil Using Immobilized Lipase. 
Sustainable Technologies for the Management of 
Agricultural Wastes, 119–130. 
https://doi.org/10.1007/978-981-10-5062-6_9 

Zenevicz, M. C. P., Jacques, A., Furigo, A. F., Oliveira, J. V., & 
de Oliveira, D. (2016). Enzymatic hydrolysis of 
soybean and waste cooking oils under ultrasound 
system. Industrial Crops and Products, 80, 235–241. 
https://doi.org/10.1016/j.indcrop.2015.11.031 

 
 

https://doi.org/10.1007/978-981-10-5062-6_9

