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ABSTRACT 
The growing global energy demand and the need to reduce dependence on fossil fuels have in-
tensified efforts toward developing renewable alternatives. Among these, biodiesel and ethanol 
emerged as viable and sustainable fuel sources. In this context, the use of palm oil and ethanol as 
raw materials represents a promising production route, due to their availability, high productivity 
per unit of cultivated area, and renewable characteristics. However, ethanolic transesterification 
still faces challenges, such as lower productivity compared to methanolic processes and higher 
energy consumption due to reaction characteristics that impact the whole process. Bearing this in 
mind, this work aims to develop process simulations in Aspen Plus to optimize biodiesel production 
from palm oil and ethanol, coupled with an energy integration analysis. The process was divided 
into three main stages: (i) feed preparation, (ii) transesterification reaction, and (iii) separation and 
purification of biodiesel and glycerin. The key operational parameters evaluated were temperature, 
pressure, and ethanol:palm oil molar ratio, important factors to ensure reaction efficiency and bi-
odiesel quality. Additionally, energy integration was performed using the Pinch Analysis method, 
which enabled the identification of major energy demands and potential opportunities for process 
improvement. Overall, the proposed simulation framework contributes to enhancing the competi-
tiveness of biodiesel production through ethanolysis, reinforcing its role as a sustainable and via-
ble alternative within the global energy mix. 
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INTRODUCTION 
Energy is essential in modern lifestyles and global 

demand has increased rapidly due to rising consumption. 
At present, fossil fuels such as petroleum, diesel, coal, 
and natural gas are widely used for power generation and 
mechanical energy [1]. However, the growing reliance on 
fossil fuels is a major concern because of their finite avail-
ability and significant environmental impacts [2]. Non-re-
newable energy sources dominate the global energy mix, 
and their combustion releases large quantities of green-
house gases, including carbon dioxide and methane [3]. 
In addition, fossil fuel extraction and transportation often 
cause substantial environmental damage, such as habitat 
degradation, oil spills, and water pollution [4].  

Biofuels have emerged as promising and sustain–
able alternatives that are derived from organic materials 

(plant biomass and agricultural residues) [2]. Among 
them, bioethanol and biodiesel show strong potential for 
integration into the global energy system [5]. Driven by 
rising oil prices and growing concerns over climate 
change, research into renewable biofuel technologies 
has intensified. Biofuels can reduce net carbon dioxide 
emissions because it is partially offset by the carbon di-
oxide absorbed by plants during growth, forming a near-
closed carbon cycle. In addition to environmental bene-
fits, biofuels reduce dependence on imported fossil fuels, 
enhance energy security, and create new opportunities 
for agricultural development and rural economic growth 
[6].  

Palm oil and ethanol are promising biofuel feed-
stocks due to their high availability, renewable nature, 
and strong potential for sustainable large-scale energy 
production. Biodiesel, produced as monoalkyl esters from 
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vegetable oils or animal fats through transesterification 
with alcohol in the presence of a catalyst, can substitute 
conventional diesel fuels. The suitability of vegetable oil 
feedstocks for biodiesel production depends on regional 
soil and climatic conditions, with palm oil standing out for 
its high yields and efficiency [7]. Consequently, the palm 
oil sector supports food and biomass demands while en-
suring economic decarbonization [8]. Ethanol is one of 
the most established and scalable biofuels globally, ben-
efiting from mature production technologies [1]. Further-
more, the utilization of palm oil residues and ethanol-
based pathways enhances sustainability by converting 
agricultural and processing wastes into biofuels, thereby 
improving resource efficiency and reducing environ–
mental impacts. 

Despite the advantages of ethanol as a renewable 
and less toxic alcohol derived from biomass, its applica-
tion in biodiesel production remains technically challeng-
ing. Comparative studies indicate that ethanolic trans-
esterification achieves lower conversions than meth-
anolic routes, requiring higher reaction temperatures, 
longer reaction times, and higher alcohol-to-oil molar ra-
tio [9-10]. These process characteristics increase overall 
energy consumption and reduce productivity, largely due 
to ethanol’s higher polarity, steric hindrance, and reduced 
catalyst activity [11]. 

Therefore, this study focuses on the development 
of detailed process simulations using Aspen Plus to eval-
uate and optimize biodiesel production from palm oil via 
ethanolic transesterification, alongside a comprehensive 
energy integration analysis. The same framework is ap-
plied to the methanolic transesterification to compare the 
more sustainable process to a conventional one. 
Thereby, this work improves the technical feasibility of 
ethanol-based biodiesel production by systematically as-
sessing process performance and energy efficiency, 
strengthening its potential as a sustainable and compet-
itive fuel option. 

PROCESS DESCRIPTION 
This work models two biodiesel production routes in 

Aspen Plus V14, based on palm oil transesterification us-
ing sodium hydroxide as catalyst with short-chain alco-
hols: methanolysis and ethanolysis. In both cases, the 
plant was simulated with a production capacity of 1000 
kg/h of biodiesel. The flowsheets were constructed to 
enable a consistent comparison of reaction performance, 
alcohol recovery, separation requirements, and energy 
demand. Both routes follow the same process structure, 
feed basis, and product specifications, with changes lim-
ited to the alcohol identity and dosage and the down-
stream separation steps required for alcohol recycling 
and product purification. Figure 1 shows the flowsheet of 
the biodiesel plant. The palm oil feed was represented 

using the triglyceride composition listed in Table 1. Phase 
equilibria and activity coefficients were calculated using 
the NRTL property method.  

Table 1: Palm oil composition used to define the feed 
stream. 

Fatty Acid Palm Oil 
Dyglyceride  
Triglyceride  
Triunsaturated 
OOO  
OOL  
Total  
Monosaturated 
PLO  
POO  
OOS  
Total  
Disaturated 
MPL  
PPL  
PPO  
POS  
Total  
Trisaturated 
MMM  
MMP  
PPP  
PPS  
Total  

 
The selected alcohol (methanol or ethanol) and palm 

oil feeds were combined and sent to a transesterification 
reactor operating with an alcohol-to-palm oil molar ratio 
of 6:1 and 1% NaOH catalyst (based on the oil feed) [12]. 
In the reactor, triglycerides were converted to fatty acid 
alkyl esters (FAAE) as the main product, namely FAME 
(fatty acid ethyl ester) in the methanolysis route and 
FAEE in the ethanolysis route, with glycerol formed as the 
byproduct. The transesterification reactor was modeled 
in Aspen Plus as a continuous stirred-tank reactor 
(CSTR). The reaction system and kinetic parameters 
were taken from Narváez et al. (2015) [13] and applied to 
both alcohols in the comparative assessment. 

Conversion was calculated using Eq. (1), defined as 
the ratio of fatty acid alkyl esters (FAAE) to three times 
the initial triacylglyceride (TAG) amount on a molar basis. 
For ethanolysis, FAAE corresponds to FAEE, whereas for 
methanolysis it corresponds to FAME. 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (%) = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
(3 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇)

. 100 
1) 

The reactor effluent was then sent to the first sepa-
ration unit, a distillation column (DC-01), which was spec-
ified to recover unreacted alcohol in the destilled stream. 
The alcohol-rich distillate was recycled to the reactor. 
The bottom stream from DC-01 was routed to the wash-
ing column (WC-01), where water was used as the wash-
ing medium to promote phase splitting into an aqueous 
phase and an organic phase. The aqueous phase was 
withdrawn as the bottom product and contained residual 
alcohol, NaOH, produced glycerol, and residual water. 
The organic phase was removed as the top stream, con-
sisting mainly of biodiesel (FAAE) and unreacted glycer-
ides (tri-, di-, and monoglycerides), and was sent to the 
subsequent separation column (DC-02). DC-02 was sim-
ulated for the purpose of purifying biodiesel in the distil-
late stream. The bottom stream, rich in unreacted glyc-
erydes, was then recycled to the reactor. 

The aqueous bottom stream from WC-01 was di-
rected to a neutralization step to remove the homogene-
ous catalyst. Neutralization was modeled as a stoichio-
metric reactor (RSTOIC) considering the reaction be-
tween NaOH and phosphoric acid 20% w/w (H₃PO₄), pro-
ducing inorganic salts. These solids were removed in a 
filtration unit (FILTER). The clarified aqueous phase was 
then fed to a distillation column for glycerol purification. 
Detailed operating specifications and performance indi-
cators for each unit are reported in the Results and Dis-
cussion section. 

RESULTS AND DISCUSSION 

Process Results 

This section compares the methanolysis and etha-
nolysis routes by adopting an excess-alcohol strategy as 
the starting point and then examining how the alcohol 
identity affects reaction performance, separation behav-
ior, and overall process requirements. In addition to bio-
diesel formation, particular attention is given to the re-
maining unreacted glycerides in each route, since their 
accumulation directly reflects incomplete conversion and 
losses of valuable feedstock. The mass of unreacted gly-
cerides is therefore quantified and discussed along with 
the role of recycling these streams back to the reactor, 
which increases overall feed utilization and supports 
higher biodiesel yields at the plant level. All stream data 
for the methanol and ethanol routes will be presented in 
an Excel spreadsheet, which will be made available as 
supplementary material. 

A biodiesel production rate of 1000 kg/h was im-
posed as a design basis. Aspen Plus Design Spec was 
used to calculate the required fresh feeds of palm oil and 
pure alcohol so that, after mixing with the recycle 
streams, the overall alcohol-to-palm oil molar ratio enter-
ing the reactor remained at 6:1. In the methanolysis route, 
the reactor was operated at 50 °C with a residence time 
of 80 min [14], achieving a conversion of 96.35%. In the 
ethanolysis route, the reactor was operated at 70 °C with 
a residence time of 60 min [13], achieving a conversion 
of 96.42%. 

The distillation columns were designed using a se-
quential modeling strategy in Aspen Plus. A shortcut 
model (DSTWU) was first employed to establish an initial 
design and provide starting estimates for key variables. 
The columns were then implemented in a rigorous frame-
work using RadFrac, and separation targets were met 
through the Design Spec tool. Next, a sensitivity analysis 
was performed to identify the number of stages and the 
feed stage for each column, aiming to minimize reboiler 

 
Figure 1. Process flowsheet used to evaluate methanolic and ethanolic transesterification routes for biodiesel 
production 
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energy consumption while maintaining the required sep-
aration performance. Finally, hydraulic checks were car-
ried out and column hydraulics were adjusted as needed 
to ensure that all stages operated within acceptable 
ranges. Table 2 and 3 summarizes the main design and 
operating parameters adopted for the distillation columns 
in the simulated flowsheets.  

Table 2: Distillation column specifications used in the As-
pen Plus V14 simulations for the methanolysis route. 

 DC- DC- DC- 

Purpose Alcohol 
recovery 

Biodiesel 
purification 

Glycerol pu-
rification 

Number of 
stages    

Feed stage    
Reflux ratio 
(molar)    

DF (molar)    
Operating 
Pressure 
(bar) 

   

Table 3: Distillation column specifications used in the As-
pen Plus V14 simulations for the ethanolysis route. 

 DC- DC- DC- 

Purpose Alcohol 
recovery 

Biodiesel 
purification 

Glycerol 
purification 

Number of 
stages    

Feed stage    
Reflux ratio 
(molar)    

DF (molar)    
Operating 
Pressure 
(bar) 

   

 
The table reports, for each column, the molar reflux 

ratio, the distillate-to-feed ratio, the total number of equi-
librium stages, and the feed stage location. These param-
eters are used to describe the separation strategy ap-
plied in each column and to support the comparison of 
column configurations between the methanolysis and 
ethanolysis routes. DC-01 specifications indicate that al-
cohol recovery is the main separation step distinguishing 
the two routes. Ethanolysis required a markedly higher 
column complexity, with 23 stages and a molar reflux ra-
tio of 2.53, whereas methanolysis achieved the same 
task with 10 stages and a reflux ratio of 2.00, at the same 
operating pressure (0.20 bar). This higher separation ef-
fort is consistent with the ethanol–water azeotropic con-
straint in the presence of water, which limits alcohol de-
hydration by conventional distillation and increases the 

reflux and staging needed to meet recycle requirements. 
As a direct consequence, the ethanolysis configuration is 
expected to demand higher condenser and reboiler loads 
due to increased internal vapor and liquid traffic, which is 
reflected in the overall utility consumption of the separa-
tion section. 

The bottom stream from the DC-01 distillation col-
umn was pumped to the washing column (WC-01). WC-
01 was specified using an Aspen Plus Design Spec to de-
termine the required water flow rate such that 90% of the 
residual alcohol was recovered in the aqueous phase 
withdrawn as the bottom product. The top stream from 
WC-01 was sent to DC-02, which was modeled with a 
partial condenser to achieve a biodiesel distillate with a 
molar purity of 99%. Notably, DC-02 adopted different 
stage and reflux configurations in the two routes, reflect-
ing distinct separation strategies. The purified biodiesel 
was then cooled to 35 °C prior to storage and packaging. 

In methanolysis, biodiesel purification was achieved 
with fewer stages (11) but a higher molar reflux ratio 
(1.70), whereas ethanolysis required more stages (20) 
but operated at a much lower reflux ratio (0.38). This 
contrast indicates a trade-off between column complex-
ity and internal reflux demand: increasing the number of 
stages tends to reduce the reflux needed to meet a given 
distillate purity, but it increases column height and, con-
sequently, capital requirements. Conversely, operating 
with fewer stages can be compensated by higher reflux, 
which increases internal vapor and liquid traffic and typ-
ically raises condenser and reboiler duties, increasing op-
erating costs. These route-dependent designs suggest 
that the alcohol identity, along with the associated phase 
behavior in the separation section, shifts the balance be-
tween capital-lean and energy-lean configurations for 
achieving the same biodiesel specification. 

The bottom stream from WC-01 was sent to the 
neutralization reactor. The required H₃PO₄ feed rate was 
calculated using the Aspen Plus calculator tool based on 
the NaOH molar flow rate in the WC-01 bottom stream, 
ensuring stoichiometric neutralization of the dissolved 
catalyst. Neutralization produces sodium phosphate 
salts, which were removed in a filtration unit prior to 
sending the clarified stream to the glycerol purification 
section. The resulting aqueous stream was then pro-
cessed in DC-03 to concentrate and purify glycerol, com-
pleting the liquid-phase treatment train associated with 
catalyst removal and byproduct recovery. In contrast to 
DC-01 and DC-02, glycerol purification exhibited similar 
column requirements in both routes, indicating that the 
main process differences are concentrated in the alcohol 
recovery and biodiesel purification steps rather than in 
the final glycerol finishing section. With the separation 
tasks defined, the next section evaluates how these 
route-dependent column configurations translate into 
utility consumption and opportunities for heat integration. 
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Energy Integration 
Heat integration was evaluated in both scenarios 

(using methanol and ethanol) to investigate whether the 
choice of the primary alcohol in the transesterification re-
action could provide energetic advantages. By applying 
the concepts of the pinch analysis, it is possible to iden-
tify opportunities for heat recovery and utilization be-
tween hot and cold utilities while respecting thermody-
namic limits. A ∆Tmin = 10 °C was adopted for initial in-
sights. Focus was given to the existing heat exchangers 
and distillation columns, the main energy consumers in 
continuous biodiesel plants [15]. Also, it is assumed that 
there are no restrictions in energy exchange among all 
process streams.  

Overall, the outcomes were similar in both cases. 
The pinch temperatures were determined as being 36.5 
°C and 38.2 °C for the methanol and ethanol scenarios, 
respectively. It means that it is likely to have a similar pro-
file in the heat cascade between them. Also, such low 
values of pinch temperatures indicate that the energy 
bottleneck occurs near the cold end of the process; in 
other words, the process is well integrated as the tem-
perature intervals and heat capacities are similar 
throughout the process. In the methanol case, it was cal-
culated a total heat recovery of 819 kW which compre-
hends the totality of the availability of the hot utilities; the 
same happens in the ethanol case, where the total heat 
recovery is 910.9 kW – the totality of the hot utilities of 
this specific case (Figure 2). The high energy consump-
tion of the conventional biodiesel production and pinch 
points are similar to the findings in Plesu et al. (2015) [16]. 

As can also be observed, the ethanolic route has a 
higher energy demand. That’s mainly because of two key 
factors: 1) the ethanol flow rate and molar proportion eth-
anol:oil in the feed stream is higher compared to the 
methanol; 2) the optimal temperature of the transesteri-
fication step for the ethanolic route was determined as 

70 °C, which is 40% compared to the methanolic ap-
proach and thus promoting a slightly increase in utility 
demand. 

CONCLUSION 
This work developed a computational framework to 

simulate and compare methanolic and ethanolic biodiesel 
production routes from palm oil, with integrated energy 
analysis. Both routes achieved similarly high conversions 
(≈96%), indicating that ethanolysis is technically compa-
rable to the conventional methanolysis process. The main 
differences between the routes were found in the sepa-
ration section, particularly in alcohol recovery and bio-
diesel purification. While the ethanolic route required 
more energy input due to the challenging ethanol–water 
separation, these differences were subtle overall. The 
pinch analysis revealed similar thermal profiles, with ef-
fective utilization of available heat in each scenario. 

These results indicate that the technical gap be-
tween methanolic and ethanolic biodiesel production is 
narrower than expected. Consequently, targeted im-
provements in separation design, alcohol recovery strat-
egies, and process intensification will enhance the tech-
nical feasibility of ethanolysis. Given the renewable na-
ture of ethanol, further investigation of the ethanolic 
route is essential to advance biodiesel production toward 
more sustainable configurations. 

DIGITAL SUPPLEMENTARY MATERIAL 
A spreadsheet containing the complete stream data 

for both the methanolic and ethanolic routes is provided 
as digital supplementary material and is accessible via 
hyperlink, as referenced in the Results and Discussion 
section: Stream data for the methanolic and ethanolic 
transesterification routes 

 
Figure 2. Composite curves for both evaluated scenarios. (a): methanolic route; (b): ethanolic route. 

https://docs.google.com/spreadsheets/d/15V26sdGIHHatXWO_Ed6SGjMfYl2MkYUdqgz4r1Erg4A/edit?usp=sharing
https://docs.google.com/spreadsheets/d/15V26sdGIHHatXWO_Ed6SGjMfYl2MkYUdqgz4r1Erg4A/edit?usp=sharing
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