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A B S T R A C T   

This study aimed to optimize the process parameters and evaluated economic feasibility for biodiesel production. 
A pyrolytic rice straw ash (RSA) support with various amounts of calcium oxide (25–35 wt%) and calcination 
temperatures (600–800 ◦C) were used in the study. The results identified 35 wt% of CaO/RSA and calcination at 
600 ◦C as the most effective catalyst with turnover frequency (TOF) of 2.88 h− 1 for biodiesel synthesis, giving a 
biodiesel yield of 96.49%. The optimal conditions for biodiesel production included a methanol: palm oil molar 
ratio of 9.34:1, a catalyst loading of 4.87 wt%, 175 min reaction time, and 65 ◦C reaction temperature. The study 
also included a techno-economic analysis of biodiesel production, revealing a payback period of 7.17 years, an 
internal rate of return of 17.20%, and a net present value of 4,151,905.61 USD. These findings pave the way for 
more sustainable and economically feasible biodiesel production.   

1. Introduction 

Currently, fossil fuels serve as the dominant energy source, repre
senting more than 85% of the world’s energy consumption. Neverthe
less, the extensive combustion of these fuels results in the emission of 
greenhouse gases (GHGs), leading to climate change. The limited 
availability of fossil fuels and their adverse effects on the environment 
have sparked a worldwide interest in seeking sustainable and renewable 
alternatives to satisfy the continually growing energy requirements, 
which are estimated to reach 30 Terawatts by 2050 [1]. 

Biodiesel, derived from bio-oils obtained mainly from plants and 
their derivatives, is a renewable and perishable resource that offers 
several advantages over fossil fuels [2]. Unlike fossil fuels, which release 
harmful GHGs when burned, biodiesel is a clean-burning fuel that 
significantly reduces carbon dioxide, particulate matter, and sulfur 
emissions [3]. Typically, biodiesel is produced through 

transesterification, where the catalyst used plays a crucial role in the 
reaction’s efficiency and sustainability. Catalysts can be either basic [4] 
or acidic [5], and can be homogeneous [6], heterogeneous [7], or 
bio-based [8]. While homogeneous catalysts, such as sodium hydroxide 
[6], potassium hydroxide [6], and sodium methoxide [9], are commonly 
used, they have some drawbacks that hinder their widespread adoption 
in sustainable biodiesel production. 

A significant obstacle linked to homogeneous basic catalysts lies in 
their limited reusability. Furthermore, these catalysts are challenging to 
recover and reuse, leading to increased catalyst consumption and waste 
production [10]. In contrast, heterogeneous catalysts offer various 
benefits compared to their homogeneous counterparts. They can be 
easily retrieved from the reaction mixture using simple separation 
techniques like filtration or centrifugation, thereby reducing the ne
cessity for additional purification steps. Additionally, heterogeneous 
catalysts can be recycled and utilized multiple times, resulting in lower 
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catalyst consumption and decreased waste generation [11,12]. 
Sustainable development has become a critical global goal, and 

finding innovative ways to repurpose waste materials is a key aspect of 
achieving this objective. The use of biochar and ash catalysts for bio
diesel production offers several benefits beyond their catalytic perfor
mance. These materials are derived from waste biomass, which can help 
to reduce the environmental burden associated with waste disposal. 
Moreover, their low cost and abundance make them attractive alterna
tives to conventional catalysts, which are often expensive and derived 
from non-renewable resources [13]. Rice straw (RS), the leftover stalks 
and stems after rice harvesting is a waste material that is often burned in 
open fields, contributing to environmental pollution and health hazards. 
However, recent advancements in technology and research have 
unlocked the potential of RS as a valuable feedstock for biofuel pro
duction, offering significant environmental and economic benefits [14]. 

In today’s competitive business landscape, optimizing 
manufacturing processes is crucial for companies to stay ahead. With the 
increasing complexity of software systems, finding ways to improve 
performance while minimizing resource requirements has become a top 
priority. One essential tool that can aid in this endeavor is techno- 
economic analysis (TEA). A TEA allows companies to assess the eco
nomic feasibility of their industrial processes by considering the mate
rial balance of various process streams and generating valuable 
simulation data [15]. Moreover, TEA provides a comprehensive view of 
the costs and benefits associated with a process, taking into account 
factors such as raw material costs, utilities, labor, and equipment. This 
economic analysis enables companies to make informed decisions about 
the viability of their operations and identify areas for improvement. 
Additionally, TEA includes a profitability analysis that assesses the 
revenues generated not only by the main product but also by any 
by-products, providing a holistic picture of the financial performance of 
the process. One promising application of TEA is in the field of biodiesel 
production. Recent studies have proposed novel methods for producing 
biodiesel using heterogeneous catalysts that hold potential for 
improving the efficiency and sustainability of biodiesel production, and 
TEA can play a vital role in evaluating their economic viability [16]. The 
existing literature indicates a significant research gap pertaining to the 
utilization of CaO/RSA as a heterogeneous catalyst in the trans
esterification process and its economic feasibility for biodiesel produc
tion. To bridge this gap, the authors have undertaken this study with the 
specific objective of addressing and exploring. 

The aim of this research was to develop a novel catalyst system for 
sustainable biodiesel production. The catalyst was derived from the 
pyrolysis of RS to form a RS ash (RSA) support and subsequently loaded 
with different CaO levels loading catalysts and calcination temperatures 
to form the basic heterogeneous catalysts. The optimal operational pa
rameters for the synthesis of biodiesel were evaluated by utilizing 
response surface methodology (RSM). The economic viability of this 
breakthrough catalyst system was then studied and sensitivity analysis 
was conducted to assess the impact of raw material costs and biodiesel 
prices on the overall production cost. 

2. Materials and methods 

2.1. Materials 

The RS was obtained from Songkhla province, Thailand. Refined 
palm oil (RPO), purchased from a local supermarket in Thailand, and 
was used as the starting material for biodiesel production. The chemical 
composition of the feed RPO was determined using thin layer chroma
tography/flame ionization detection. The results revealed that the tri
glyceride content was 98.57 wt%, while the diglyceride and 
monoglyceride contents were 1.37 wt% and 0.06 wt%, respectively. 
Commercial CaO was selected as an alkaline promoter for the trans
esterification process. Methanol of analytical reagent grade was used as 
a reactant and was sourced from RCI Labscan Limited. 

2.2. Catalyst preparation 

The RS samples were thoroughly washed with distilled water to 
remove impurities from the surface. The samples were dried at 105 ◦C 
overnight and ground into a fine powder. The dried RS powder was 
calcined at 800 ◦C for 4 h under atmospheric pressure, using a heating 
rate of 10 ◦C/min. The obtained RSA as then activated by stirring it in a 2 
M KOH solution for 2 h, filtered, and then the filtrate was washed with 
distilled water several times until its pH value reached 7. The obtained 
RSA was dried in an oven at 105 ◦C overnight. 

The dried RSA was mixed with CaO using the wet impregnation 
method, varying the concentration of CaO between 25 and 35 wt%. In a 
typical process for preparing a catalyst with 30 wt% CaO loading, 3 g of 
CaO powder was added to 100 mL of distilled water, and 7 g of dried 
RSA was added to the solution. The mixture was then stirred for 2 h to 
ensure thorough mixing. After stirring, the sample was dried in an oven 
at 105 ◦C for 24 h. Subsequently, it was calcined at different tempera
tures ranging from 600 ◦C to 800 ◦C under atmospheric pressure for 4 h. 
The resulting catalysts were labeled as xCaO-RSA-T, where x represents 
the CaO loading level (wt.%) and T represents the activation 
temperature. 

2.3. Catalyst characterization 

The surface morphology and elemental composition of each catalyst 
was evaluated using scanning electron microscopy (SEM; Oxford Aztec 
model) equipped with an energy dispersive spectroscopy (EDS) detector. 
Solid powders were placed on SEM holders and coated with a thin layer 
of gold. Analysis was conducted at magnifications of 50 and 1000 times, 
with an accelerating voltage of 10 kV. 

The basic strength of the prepared catalysts was assessed using 
Hammett indicators method. The indicators, including bromothymol 
blue (H_ = 7.2), phenolphthalein (H_ = 9.8), 2,4-dinitroaniline (H_ =
15.0), and 4-nitroaniline (H_ = 18.4), were used. The catalysts’ total 
basicity was determined by titrating with a benzoic acid solution (0.01 
M) dissolved in anhydrous methanol, which served as the titrant. 

The chemical composition of each catalyst was determined using 
wide angle X-ray diffractometry (XRD; Rigaku). The catalyst was pressed 
onto glass sample holders specifically designed for XRD measurements. 
The XRD analysis was conducted using Cu-Kα radiation with a wave
length (λ) of 0.15405 nm, generated by a 2.2 kW Cu anode and a fine 
focus ceramic X-ray tube. The measurements were carried out at a 
temperature of 25 ◦C, with a 2θ scanning range between 10 and 90◦. The 
scanning speed was set at 5◦ min− 1, and the scan step was kept at 0.02◦

to ensure accurate results. The average diameter of crystalline size, 
denoted by D, can be determined using the Debye-Scherrer relation, as 
given by Eq. (1):  

D = 0.9 *λ / β * cos(θ)                                                                    (1) 

Where λ represents the wavelength of CuKα radiation at 0.154 nm, β 
denotes the half maximum intensity, which represents the broadening of 
the diffraction peaks due to the size of the crystalline grains, and θ is the 
Bragg angle, which is the angle at which the diffraction peaks occur 
during X-ray diffraction analysis. 

The elemental analysis of each catalyst was ascertained using X-ray 
photoelectron spectrometry (XPS; Kratos, Axis Ultra DLD, Manchester, 
UK). The XPS analysis was carried out with monochromatic Al Kα ra
diation as the radiation source, operating under high vacuum at 15 kV. 
Survey and high-resolution scans were recorded with analyser pass en
ergies of 160 and 40 eV, respectively. To ensure accurate calibration, the 
C 1s peak at 284.8 eV was utilized as a reference for all XPS spectra. 
Interpretation of the XPS spectra was performed using Casa XPS 
software. 
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2.4. Experimental design for transesterification and statistical analysis by 
RSM 

The biodiesel production process was optimized using RSM, a sta
tistical technique commonly used for process optimization in various 
fields, with trials conducted using Design Expert version 13 software 
(Stat-Ease Inc., Minneapolis, MN, USA). To design the experiments, a 
five-level central composite design (CCD) with six replicate points at the 
central point was utilized (see supplementary material). The design 
incorporated combinations of experiments with axial points (2k), 
factorial points (2k), and center points (no = 6). The total number of 
experiments (N) in the CCD design was determined by summing the 
axial points, factorial points, and center points, as expressed in Eq. (2):  

N = 2k + 2k + 6                                                                            (2) 

The obtained data from the experimental runs were analyzed, as 
shown in Eq. (3), which was employed for the final analysis using RSM:  

Y = β0 + β1A + β2B + β3C + β12AB + β13AC + β23BC + β11A2 + β22B2 +

β33C2                                                                                             (3) 

Where Y represents the predicted biodiesel yield, which is the main 
component of biodiesel. The coefficients β0, β1, and β2 represent the 
main effects of the respective input variables (A, B, and C) on the 
response variable. The coefficients β12, β13, and β23 represent the 
interactive effects of two variables, and the coefficients β11, β22, and β33 
represent the quadratic effects of the respective variables. The RSM 
analysis was applied to systematically evaluate the impact of individual 
reaction parameters and their combinations on biodiesel yield. The 
statistical significance of the model was determined using p-values, 
while additional metrics such as the F-test, coefficient of determination 
(R2), predicted R2, and adjusted R2 were examined to ensure the 
reliability. 

2.5. Transesterification reaction 

In this process, 50 g of RPO was added to a three-necked round- 
bottom flask and heated to 65 ◦C in an oil bath. In a separate beaker, a 
blend was prepared by combining the desired amount of methanol to 
achieve the desired methanol: RPO molar ratio (ranging from 3:1 to 
15:1) and the catalyst (ranging from 3 to 7 wt% compared to RPO) at 
room temperature. The blend was then decanted into the preheated RPO 
in the flask and brought to the selected reaction temperature. Once the 
desired reaction temperature was reached, the mixture was maintained 
with stirring at 500 rpm under reflux condensation for various times 
(ranging from 120 to 240 min). The mixture was filtered to remove the 
catalyst. The resulting filtrate was then kept in a funnel separator for 24 
h. The upper layer, which contained fatty acid methyl esters (FAME), 
was washed with distilled water at 60 ◦C multiple times until the pH 
reached 7, in order to remove excess methanol, glycerol, and alkali. 
Finally, the obtained FAME was stored in a glass bottle containing 
anhydrous sodium sulfate to remove any adsorbed moisture. The bio
diesel yield was determined using Eq. (4): 

Biodiesel yield (%)=
Weight of biodiesel produced

Weight of starting palm oil used
x 100 (4)  

In order to assess the reusability of the catalyst, a post-transesterification 
reaction evaluation was conducted. To ensure that the catalyst could be 
reused effectively, a thorough methanol wash was performed to elimi
nate any potential residue. After the wash, the catalyst was then dried 
overnight in an oven set at 105 ◦C in preparation for the subsequent run. 

2.6. Biodiesel analysis 

The optimal conditions for characterizing RPO-derived FAME were 
determined using gas chromatography (GC) with a Hewlett-Packard 

5890 Series II equipped with a FID. The DB-WAX column used had a 
film thickness of 0.2 μm. The helium gas flowed at a rate of 70 mL/min. 
The injector and detector temperatures were set at 200 ◦C with a split 
ratio of 75:1, and 230 ◦C, respectively. The total running time of the 
analysis was 62.5 min [17]. 

2.7. Process design of biodiesel production 

Triolein (C57H98O6) and methyl oleate (C19H36O2) were employed as 
model compounds to represent the RPO and the transesterification 
product, respectively. The preliminary design of the process was carried 
out using Aspen Plus V11. The thermodynamic modeling employed the 
non-random two liquid model, which utilized binary interaction pa
rameters derived from a previous study [18]. This model facilitated the 
prediction of vapor-liquid equilibrium and liquid-liquid equilibrium in 
the system. 

For the small-scale biodiesel plant, several assumptions were made. 
The objective of this project was to develop a biodiesel production ca
pacity of 10,000 tons per year. The specification included the use of 
commercial-grade pure triolein and achieving a biodiesel purity of 
99.992%. The design of the reactions was based on reaction conversion 
and stoichiometric balance. Continuous oil feeding throughout the year 
was assumed. The simulation of the process utilized optimized results 
obtained from lab-scale experimental data. Vacuum distillation was 
employed to maintain the temperature below 275 ◦C, thereby prevent
ing biodiesel degradation. 

2.8. Economic feasability: TEA 

The TEA simulations are an important tool for determining the 
feasibility and profitability of industrial projects. The TEA simulation, 
using data from lab-scale optimization was used to plan the construction 
of a RPO-biodiesel production plant. The simulation took into account a 
construction period of 24 months, a start-up period of 12 months, and a 
projected lifetime of 20 years. To ensure efficient operation of a RPO- 
biodiesel production plant, it is crucial to estimate the required num
ber of operators accurately. In a recent study, a formula (Eq. 5) was used 
to estimate the number of operators required (NOL) for the plant based 
on the total number of particulate handling unit operations (P) and non- 
particulate handling unit operations (Nnp),  

NOL = (6.29 + 31.7P2 + 0.23Nnp)0.5                                                  (5) 

The plant was designed to operate for 50 weeks per year, with 5 shifts 
per week per person and 3 shifts per day. This calculation takes into 
account the deduction of sick and vacation days from the total of 52 
weeks in a year. 

In the economic analysis of project investments, one commonly used 
metric to determine profitability is the internal rate of return (IRR). A 
high IRR suggests that the project was more profitable and sustainable. 
The formula used to calculate the net present value (NPV) takes into 
account the discounted cash inflow and initial cash outlay, as repre
sented in Eq. (6). The IRR is calculated when the discounted cash inflow 
and initial cash outlay equal zero [19], as shown in Eq. (7). 

NPV=
∑n

t=0

Rt

(1 + i)t (6)  

where the NPV of the project is represented by NPV, t shows the year of 
operation, Rt represents delta the cash inflow and cash outflow over 
period t, and i presents the discount rate. 

NPV = 0=
∑n

t=1

Ct

(1 + IRR)tCo (7)  

where t denotes the number of time periods; Ct shows the net cash in
flows generated by the investment project; and C0 presents total initial 
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investment costs. 
The payback period (PBP) is a metric used to determine the total time 

required to recover the capital investment of a project [19]. It can be 
calculated using Eq. (8), 

PBP=
Cost in investment

Annual net cash flow
(8)  

2.8.1. Total capital investment (TCI) assumptions 
Undertaking a large-scale industrial project requires a thorough 

understanding of the costs involved, particularly the TCI. The TCI is the 
sum of fixed capital investment (FCI) and working capital investment 
(WCI), for which a work-based calculation to provide an overview of 
capital investment assumptions was provided previously [20]. The FCI is 
composed of two parts: the total direct cost (TDC) and the total indirect 
cost (TIC). The TDC includes several costs, such as the purchased 
equipment cost (PEC), land, buildings, process and auxiliary costs, 
equipment installation and painting, instrumentation and controls, 
piping, electrical systems, and service facilities and yard improvements. 
On the other hand, the TIC includes several costs, such as engineering 
and supervision costs, legal expenses, construction expenses, construc
tor’s fees, and contingency charges. 

2.8.2. Assumptions in the total production cost (TPC) 
The TPC is a crucial factor for any manufacturing operation and is 

composed of four primary cost components: direct production, fixed 
charges, plant overhead, and general expenses (GE), and can be calcu
lated based on work-related factors [20]. Direct production costs 
encompass raw materials (CRM), utilities (CUT) (Table 1), operating labor 
(COL), waste treatment, and maintenance and repairs. Fixed charges 
include insurance and local taxes. Plant overhead is a general cost 
category that encompasses all other expenses associated with operating 
the production facility. The GE includes research and development, 
distribution and marketing, and administrative costs. These costs are not 
directly related to the production process but are necessary for the 
successful operation of the business. 

3. Results and discussion 

3.1. Catalyst characterization 

The surface properties of RSA and 35CaO/RSA-600 were determined 
from the SEM images. The RSA catalyst had a systematic and undam
aged surface, but it had an uneven surface and an amorphous structure, 
which could be attributed to lignin coverage on the fibers [21]. Upon 
activation with 35 wt% CaO and calcination at 600 ◦C, the resulting 
catalyst then exhibited an irregular particle shape due to the CaO 
compounds covering the surface of the RSA (see supplementary mate
rial). This irregularity was due to the low carbon content and lignin 

solubilisation of RS, which resulted in small surface cavities and an 
increased surface area [22,23]. 

The EDS analysis revealed that the RSA catalyst primarily consisted 
of carbon, oxygen, silicon, and potassium, with trace amounts of mag
nesium (see supplementary material). In contrast, the 35CaO/RSA-600 
catalyst showed a significant increase in the calcium content (42.0 wt 
%) compared to the RSA catalyst, indicating the successful incorporation 
of CaO into the catalyst. The major components of the catalysts were 
calcium, silica, magnesium, and potassium, mostly present in the form of 
oxides due to the high oxygen content. 

The broad diffraction peak observed at a 2θ of 10–30◦ in the RSA 
catalyst is attributed to amorphous carbon, which is a form of carbon 
that lacks a regular crystalline structure (see supplementary material). 
Additional peaks at a 2θ of 20.53◦, 27.64◦, and 42.68◦ were observed, 
which correspond to the SiO2 phase, indicating the presence of SiO2 in 
the catalyst [24,25], a common compound found in many natural ma
terials. Its presence in the catalyst suggests that it may play a role in the 
catalyst’s performance. Furthermore, the RSA catalyst exhibited peaks 
at a 2θ of 29.02◦ and 39.76◦, which are attributed to the presence of 
potassium chloride (KCl), which can form during the combustion pro
cess [25]. After loading of CaO species, the XRD analysis revealed clear 
diffraction peaks at a 2θ of 29.30◦, 32.22◦, 35.96◦, 37.28◦, 47.16◦, and 
64.64◦, which were attributed to the presence of CaO [4,26–28]. This 
indicated that CaO species were successfully loaded onto the catalyst. 

Interestingly, the crystalline phase of Ca2SiO4 has been observed in 
catalysts with different CaO loadings and temperatures. The 2θ values of 
the Ca2SiO4 crystalline phase were found at 31.22◦, 31.32◦, 31.57◦, and 
31.23◦ for catalysts with increasing CaO loadings of 25CaO/RSA-600, 
30CaO/RSA-600, 35CaO/RSA-600, and 35CaO/RSA-700, respectively 
[29]. This observation confirms the successful reaction of CaO with 
SiO2, leading to the formation of Ca2SiO4. Interestingly, as the CaO 
loading increased from 25 to 35 wt% and with a 600 ◦C calcination 
temperature, the 2θ values of the Ca2SiO4 crystalline phase shifted to 
higher angles, suggesting a change in the crystalline structure. This in
dicates that a higher amount of CaO may promote the formation of a 
more stable and well-defined Ca2SiO4 crystalline phase, leading to an 
enhanced catalyst performance. Furthermore, when the 35CaO/RSA 
catalyst was subjected to a calcination temperature of 800 ◦C, the 
Ca2SiO4 crystalline phase disappeared, indicating that the temperature 
plays a critical role in the stability of the Ca2SiO4 phase, and at high 
temperatures, the phase can undergo structural changes or decompose, 
leading to the disappearance of the crystalline phase. 

The basic strength and total basicity of synthesized solid base het
erogeneous catalysts were measured using the Hammett indicators 
method (see supplementary material). The RSA had a low basic strength 
(7.2 < H_) and total basicity (1.80 mmol/g) due to its slight alkaline 
content, which made it unsuitable for catalyzing the transesterification 
reaction. However, loading RSA with CaO (from 0 to 35 wt%) signifi
cantly increased the base strength and total basicity of the synthesized 
catalysts. The 25CaO/RSA-600, 30CaO/RSA-600, 35CaO/RSA-600, 
35CaO/RSA-700, and 35CaO/RSA-800 samples showed basic strengths 
ranging from 9.8 to 15.0 and a total basicity ranging from 7.10 to 8.69 
mmol/g, increasing with higher CaO loading levels, and so had a higher 
basic strength and total basicity compared to RSA, making them more 
effective in enhancing the transesterification catalytic activity of RPO/ 
methanol into biodiesel. The TOF is a critical parameter used to assess 
the effectiveness of heterogeneous catalysts in biodiesel synthesis. The 
TOF was calculated using Eq. (9), and it was found to be 2.88 h− 1. 
However, Basumatary et al. [30] reported a TOF of 6.59 h− 1 in their 
biodiesel synthesis study, where they utilized a solid catalyst derived 
from sugarcane bagasse ash. Furthermore, in another study by Basu
matary et al. [31] focusing on biodiesel synthesis with a Heteropanax 
fragrans ash solid catalyst, an even lower TOF of 0.59 h− 1 was observed. 

Turnover frequency (TOF) h− 1 =
Biodiesel produced (mol)

Basicity x 0.001 (mol) x time (h)
(9) 

Table 1 
Economic assumptions for the cost of raw materials, products, and utilities.  

Detail Cost Reference 

Materials 
Oil 0.255 USD/kg [23] 
Methanol 0.23 USD/kg [19] 
Catalyst 0.120 USD/kg [24] 
Product 
FAME 1.0 USD/kg [25] 
Glycerol 0.265 USD/kg [26] 
Utilities 
Steam (120 ◦C), LPS 7.05 USD/GJ [21] 
Steam (184 ◦C), MPS 8.22 USD/GJ [21] 
Steam (350 ◦C), HPS 14.62 USD/GJ [21] 
Cooling water 0.354 USD/GJ [21] 
Chilled water 4.43 USD/GJ [21] 
Electricity 0.1 USD/kWh [22]  
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The particle size of the catalyst was determined using the Debye- 
Scherrer method. For RSA, the particle size was determined to be 4.61 
nm (see supplementary material). However, when CaO was loaded onto 
the RSA at various calcination temperatures, the particle size of the 
resulting catalysts varied significantly. The 35CaO/RSA-600 catalyst 
had the largest particle size of 38.75 nm, larger than in the 30CaO/RSA- 
600 catalyst, and increasing the calcination temperature to 700 ◦C and 
800 ◦C resulted in the particle size of the 35CaO/RSA catalyst decreasing 
to 33.69 nm and 29.57 nm, respectively. Thus, the CaO loading level and 
calcination temperature have a substantial influence on the particle size 
of RSA-derived catalysts. 

The XPS analysis revealed that the surface of RSA and the fraction
ated samples contained various elements, including carbon, oxygen, 
potassium, and silicon (see supplementary material). Carbon was the 
major component, comprising 59% of the total element content. The 
presence of aliphatic and aromatic carbons of lignin in RSA was attrib
uted to this finding, which was confirmed by the EDS analysis. The high- 
resolution C1s spectrum showed peaks at 284.75–288.68 eV, corre
sponding to carbon linked to carbon (C–C) or hydrogen (C–H) groups in 
the aliphatic and aromatic carbons of lignin present on the exterior 
surface of the RS [32]. The O1s spectrum revealed peaks at 
531.52–533.47 eV, indicating the presence of C–O and O–C––O func
tional groups, mainly originating from lignin [33]. The Si2p spectrum 
showed a primary peak centered at 103.45–103.96 eV, indicating the 
existence of Si–C, SiOx, and Si–O–Si [32]. Upon the addition of CaO to 
RSA, the C1s peak in the wide scan mode decreased from 59 to 38.37%, 
which reflected the removal of lignin during the during modification 
process. Previous studies have demonstrated that alkali treatments, like 
the addition of CaO, can disrupt hydrogen bonds within the complex 
lignocellulose structure, leading to the exposure of lignin and hemi
celluloses on the surface [34]. The binding energy (BE) values of C1s, 

O1s, and Si2p were slightly shifted to lower values, indicating electron 
transfer from Ca to other species. Based on the Ca2p BE value, the Ca 
species strongly interacted with Si and/or O species to create functional 
groups, such as CaO and/or Ca2SiO4, that effectively anchored on the 
surface of the 35CaO/RSA-600 catalyst and could act as active sites for 
the transesterification reaction. 

3.2. Influence of the CaO loading level on the catalytic performance 

The initial yield of biodiesel over the RSA catalyst was quite low at 
8.50% (see supplementary material). However, the catalytic activity of 
the RSA catalyst increased significantly when increasing the CaO 
loading level up to the optimal level. In fact, as the CaO loading 
increased from 25% to 35%, the catalytic activity rose from 90.67% to 
an impressive 97.48%. Thus, increasing the CaO loading beyond a 
certain point may not necessarily result in a significant improvement in 
the catalytic activity of the RSA catalyst for biodiesel production. The 
RSA catalyst had a very low basicity, while the 35 wt% CaO loaded 
catalyst exhibited the strongest basicity. This suggests that the high 
biodiesel yield was due to the strong basicity of the catalyst with CaO 
loading and that the CaO loading level plays a crucial role in deter
mining the catalytic activity of the catalyst in biodiesel production. 
Based on these findings, the study determined that the optimal CaO 
loading level for the RSA catalyst was 35 wt%. 

3.3. Influence of the calcination temperature on the catalytic performance 

The results showed that as the calcination temperature was increased 
to 600 ◦C, the yield of biodiesel production increased significantly to 
97.48% (see supplementary material). This can be attributed to the 
formation of new CaO and Ca2SiO4, resulting in a stronger basicity at 
elevated temperatures. Among all the catalysts studied, 35CaO/RSA- 
600 exhibited the highest basicity of 8.69 mmol/g, while the lowest 
basicity was recorded for 35CaO/RSA-800 at 7.10 mmol/g. This 
decrease in basicity could be linked to the formation of CaO crystals and 
sintering of CaO particles at high temperatures, resulting in the weaker 
basicity. Thus, increasing the calcination temperature may not neces
sarily result in significant improvements in the catalytic activity of CaO 
for biodiesel production and careful consideration must be given to the 
temperature range used to optimize the process. In this study, the 
optimal CaO loading level for the RSA catalyst was 35 wt% with a 
calcination temperature of 600 ◦C. 

3.4. Optimization of biodiesel production process by RSM 

The study utilized a CCD to investigate the effects of three parame
ters: methanol: RPO molar ratio, catalyst loading level, and reaction 
time. The experiment involved 20 runs and was carried out using the 
35CaO/RSA-600 catalyst. Six replicates of the reaction were run at the 
central point, which yielded an average biodiesel yield of 97.48 ±
0.97%. The regression equation and statistical analysis were obtained 
using Design Expert software based on the parameters used in the 
experiment. The quadratic polynomial equation developed from the 
study is shown in Eq. (10):  

Biodiesel yield (%) = 98.18 + 0.2787A–0.7950B – 1.83C–1.40AB – 6.56AC – 
1.48BC – 6.82A2 – 2.72B2 –7.15C2                                                  (10) 

The methanol: RPO molar ratio (A) had a positive impact on the 
biodiesel yield, while the remaining parameters had a negative impact. 
Equation (9) was then used to predict the biodiesel yield and to subse
quently compare it to the obtained biodiesel yield from the experimental 
runs (Table 2). The biodiesel yield was found to be in the range of 
67.03%–98.39%. 

Comparison of sequential model fitting methods, focusing on the 
sequential model sum of squares and coefficient of determination was 

Table 2 
Actual and predicted values of response surface analysis for biodiesel production 
using 35CaO/RSA-600 as heterogeneous catalyst.  

Run Methanol: oil 
molar ratio 
(A) 

Catalyst 
loading 
(wt.%) (B) 

Reaction 
time (min) 
(C) 

Observed 
FAME yield 
(%) 

Predicted 
FAME yield 
(%) 

1 12:1 6 210 68.67 68.69 
2 9:1 5 180 97.36 97.18 
3 12:1 6 150 89.94 88.44 
4 3:1 5 180 72.40 69.34 
5 9:1 5 180 96.45 97.18 
6 9:1 3 180 89.94 87.90 
7 9:1 5 120 71.94 72.24 
8 9:1 5 180 96.21 97.18 
9 12:1 4 210 75.21 76.05 
10 9:1 5 180 98.39 97.18 
11 9:1 5 180 98.27 97.18 
12 12:1 4 150 89.94 89.88 
13 9:1 5 240 67.03 64.91 
14 6:1 4 150 71.60 73.39 
15 15:1 5 180 69.20 70.45 
16 6:1 6 150 76.60 77.57 
17 9:1 7 180 84.50 84.72 
18 6:1 6 210 82.20 84.07 
19 9:1 5 180 98.20 97.18 
20 6:1 4 210 82.50 85.81  

Table 3 
Fit summary statistics for model prediction.  

Source Sequential p- 
value 

Adjusted R2 Predicted R2 Remark 

Linear 0.9335 − 0.1568 − 0.5027  
Interactive (2FI) 0.5204 − 0.2040 0.5569  
Quadratic <0.0001 0.9648 0.8603 Suggested 
Cubic 0.1361 0.9789 0.0104 Aliased  
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performed for four polynomial models - linear, interactive (2FI), 
quadratic, and cubic models - to determine the best fit for the biodiesel 
yield (Table 3). The quadratic model demonstrated the best statistical fit 
for biodiesel yield when using the 35CaO/RSA-600 catalyst. Conse
quently, this model was selected for further statistical studies. 

The effectiveness of a quadratic model for predicting the biodiesel 
yield was investigated through ANOVA analysis (Table 4), revealing that 
the quadratic model was statistically significant at a confidence level of 
95%, with a low p-value of less than 0.001. Furthermore, the reaction 
time, interaction between the methanol: RPO molar ratio and reaction 
time, and all the quadratic terms were all significant (p-value below 
0.05). The mean performance characteristics were analyzed, and 
Fischer’s test value (F-value) was used to determine the model’s sig
nificance. The F-value (58.94) for the model was significant, indicating 
that the model was effective in optimizing the transesterification pro
cess. Furthermore, there was only a 0.01% chance of the value being due 
to noise, indicating that the model’s effectiveness was not coincidental. 
As a result, the transesterification of RPO using the 35CaO/RSA-600 
catalyst within the designated process parameter levels was a proven 
success. The coefficient of determination (R2) and adjusted R2 were also 
calculated to assess the correlation between actual and predicted values, 
and found to be close to 1.0 (0.9815 and 0.9648, respectively), indi
cating an excellent correlation between the two sets of values and 
further supporting the efficacy of the model for predicting the biodiesel 
yield [35]. 

The predicted values and actual experimental results of the trans
esterification processes revealed the relationship between the responses 
and biodiesel yield (see supplementary material), and the optimal con
ditions for achieving the maximum biodiesel yield. The points on the 
graph are closely aligned with the line of perfect fit, indicating a mini
mal error of distribution. The externally studentized residuals plot was 
used to assess the fitness of the model. All the data points lied within a 
±4 limit (see supplementary material), indicating that the model is a 
good fit for the data and that there are no significant outliers or influ
ential points. Thus, the model accurately captures the relationship be
tween the variables under consideration. The normal % probability plot 
of residuals was used to assess whether the residuals were normally 
distributed and whether there was any deviation in the variance (see 
supplementary material). The residuals were constantly distributed and 
laid close to a straight line. This indicates that there was no deviation in 
the variance, and the model is a good fit for the data. 

Perturbation plots exhibited that the reaction time had the most 
significant impact on the biodiesel yield, followed by the catalyst 
loading level (see supplementary material). Therefore, perturbation 
plots can serve as a useful tool for identifying the order of each process 
variable and its effect on the biodiesel yield. 

3.5. Interaction effect of the process parameters on the biodiesel yield: a 
RSM approach 

The study focused on using the 35CaO/RSA-600 catalyst since it 
demonstrated superior catalytic performance compared to the other 
catalysts (sections 3.2–3.4). 

3.5.1. Interactive effect between methanol: RPO molar ratio and the 
catalyst loading 

Fig. 1A and B shows the experimental results for changes in the 
methanol: RPO molar ratio (ranging from 3:1 to 15:1) and catalyst 
loading (varied between 3 and 7 wt%) on the biodiesel yield while 
maintaining a constant reaction time of 180 min. Increasing the meth
anol: RPO molar ratio and catalyst loading had a positive effect on the 
biodiesel yield, with the highest yield (98.2%) obtained with a meth
anol: RPO molar ratio of 9:1 and a catalyst loading of 5 wt%. This 
increased efficiency in the biodiesel production was attributed to the 
formation of methoxide ions in the liquid mixture. These ions act as a 
breaking agent for carbonyl bonds to alkyl esters, which improves the 
chemical reaction kinetics during the transesterification process [12]. 
The reacted methoxide acts as a promoter on the transesterification 
process, thereby optimizing the efficiency of the process [36]. However, 
further increasing the methanol: RPO molar ratio up to 15:1 at a catalyst 
loading of 5 wt%, led to a decreased biodiesel yield to 69.2%. This 
decrease is attributed to the reversible reaction resulting from the 
increased interaction between dissolved reactants [37]. The yield of 
biodiesel was significantly influenced by the amount of catalyst used in 
the process, where increasing the catalyst loading from 3 wt% to 5 wt% 
led to an increase in the biodiesel yield from 89.94% to 98.20%, a trend 
that is comparable to the effect of the methanol: RPO molar ratio. 
However, further increasing the catalyst loading beyond 5 wt% 
decreased the biodiesel yield due to the elevated viscosity of the re
actants that then led to an increased mass transfer resistance in the re
action system [12]. According to the ANOVA results, there was no 
significant interaction effect between the methanol: RPO molar ratio 
and catalyst loading in the chemical process being studied. 

3.5.2. Interactive effect between the methanol: RPO molar ratio and 
reaction time 

Fig. 1C, D illustrates the relationship between the methanol: RPO 
molar ratio and reaction time on the biodiesel yield under a constant 
catalyst loading of 5 wt%. The highest biodiesel yield (over 98.20%) was 
obtained at a methanol: RPO molar ratio of 9:1 and a reaction time of 
180 min. Interestingly, increasing the methanol: RPO molar ratio 
beyond 9:1 did not result in any substantial improvement in the bio
diesel yield, but rather decreased it at methanol: RPO molar ratios above 
9:1. 

The biodiesel yield increased as the reaction time increased from 120 
min to 180 min, but further increasing the reaction time up to 240 min, 
in combination with a methanol: RPO molar ratio of 9:1, decreased the 
biodiesel yield to 67.03%. This was attributed to the high viscosity of the 
mixture, making it difficult for biodiesel separation, and the occurrence 
of the saponification reaction [38]. The reaction time had the highest 
ANOVA F value, implying that it was the most influential parameter on 
the biodiesel yield in the chemical process being examined, while the 
combined effect of the methanol: RPO molar ratio and reaction time was 
statistically significant. 

3.5.3. Interactive effect between the catalyst loading level and the reaction 
time 

Fig. 1E, F presents the impact of the catalyst loading and reaction 
time on the biodiesel yield, with a fixed methanol: RPO molar ratio of 
9:1. Increasing the catalyst loading and reaction time up to the optimal 
values improved the biodiesel yield. A catalyst loading of less than 5 wt 
% led to less than 90% biodiesel yield throughout the 180 min reaction 
time, but a catalyst loading of 5 wt% and a reaction time of 180 min 

Table 4 
ANOVA of the quadratic model for biodiesel production using 35CaO/RSA-600 
as heterogeneous catalyst.  

Source Sum of 
Squares 

df Mean 
Square 

F- 
Value 

p-Value 

Model 2467.22 9 274.14 58.94 <0.0001 
A-Methanol: oil molar 

ratio 
1.24 1 1.24 0.2673 0.6164 

B-Catalyst loading 
(wt.%) 

10.11 1 10.11 2.17 0.1711 

C-Reaction time (min) 53.73 1 53.73 11.55 0.0068 
AB 15.79 1 15.79 3.40 0.0952 
AC 344.53 1 344.53 74.07 <0.0001 
BC 17.52 1 17.52 3.77 0.0810 
A2 1169.88 1 1169.88 251.52 <0.0001 
B2 185.50 1 185.50 39.88 <0.0001 
C2 1285.37 1 1285.37 276.35 <0.0001  
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resulted in a biodiesel yield of over 98%. Interestingly, excessively high 
levels of catalyst caused saponification, which decreased the biodiesel 
yield. This effect is believed to be caused by increased mass transfer 
resistance in the reaction system [12,39]. There was no significant 
combined effect of the catalyst loading level and reaction time. 

3.6. Process optimization by RSM 

The optimum condition for producing biodiesel was evaluated using 
RSM via a CCD. The maximum predicted biodiesel yield (97.42%) was 
obtained with a methanol: RPO molar ratio of 9.34:1, a catalyst loading 
of 4.87 wt%, a reaction time of 175 min, and a reaction temperature of 
65 ◦C (Fig. 2). This model was developed through experimentation and 
analysis. To validate the accuracy of the optimization analysis, 

transesterification was conducted using the optimized reaction param
eters, giving an obtained biodiesel yield of 96.49%, which was reason
ably close to the predicted optimal condition (97.42%). The small error 
between the optimization and validation results, which was only 0.93%, 
further demonstrated the adequacy of the model to accurately predict 
the response. The present study achieved a higher biodiesel yield 
compared to the previously published 93.64% at a methanol: oil molar 
ratio of 4.1:1, a reaction temperature of 38 ◦C, and a reaction time of 30 
h [40]. Likewise, biodiesel production from okra seed-based waste 
transesterification achieved an optimal biodiesel yield of 90.17% using a 
methanol: oil molar ratio of 30:1, 4.5 wt% catalyst, and a reaction time 
of 30 min at 70 ◦C [41]. In another study, a maximum biodiesel yield of 
93% was achieved using a catalyst loading of 15 wt%, a methanol: oil 
molar ratio of 8:1, and a reaction temperature of 35 ◦C [42]. 

Fig. 1. Representative 2D contour plots and 3D response surfaces showing the interaction effect of (A, B) methanol: RPO molar ratio and catalyst loading, (C, D) 
methanol: RPO molar ratio and reaction time, and (E, F) catalyst loading and reaction time on biodiesel yield. 
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3.7. Reusability of the 35CaO/RSA-600 catalysts 

The reusability of heterogeneous catalysts is essential for their 
practical application in biodiesel production. 35CaO/RSA-600 catalyst 
was evaluated for its reusability under optimal reaction conditions (see 
supplementary material). The study found that the catalyst demon
strated high catalytic activity of 96.49% in the first reaction cycle. 
However, over subsequent cycles, the biodiesel yield gradually 
decreased to 65.30% in the fifth cycle. This decrease in catalytic activity 
could be attributed to several factors. One possible factor is the loss of 
active sites due to deactivation. This means that the catalyst may no 
longer be able to perform its intended function due to a decrease in the 
number of active species available for the reaction to occur. Another 
potential factor is the formation of unwanted byproducts that may de
posit on the catalyst surface [43]. This can lead to a reduction in the 
contact area between the oil and the catalyst active sites, which can 
further contribute to a decrease in catalytic activity [44]. Another factor 

that could contribute to the decreasing activity of the catalyst is the 
partial leaching of calcium active species from the catalyst surface due to 
the repeated washing with methanol [45] can cause a significant 
decrease in the total basicity of the catalyst from the loss of active metal 
on the RSA support. In support in the fifth cycle, the total basicity and 
basic strength of the catalyst was found to be 3.10 mmol/g and 7.2 < H_ 
<9.8, significantly lower than that in the first cycle. 

3.8. FAME composition and fuel properties obtained using the 35CaO/ 
RSA-600 heterogeneous catalyst 

The FAME composition obtained after the transesterification of RPO 
with methanol using the 35CaO/RSA-600 catalyst under optimal con
ditions was mainly comprised of saturated fatty acids (SFAs), with C16:0 
and C14:0 being the predominant ones (see supplementary material). 
The SFAs are known to increase the oxidative stability of biodiesel but 
can also lead to a higher viscosity and cloud point, which affects the 

Fig. 1. (continued). 
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fuel’s low-temperature operability [46]. The low levels of other SFAs, 
such as C17:0, C20:0, C22:0, and C24:0, are desirable since they have 
been reported to have negative effects on the cold flow properties of 
biodiesel. The monounsaturated fatty acid methyl esters (MUFA) pre
sent in the composition were trans-C16:1, trans-C18:1, and cis-C18:1, 
which have been shown to enhance the cold flow properties of biodiesel 
and improve its oxidative stability. The relatively high levels of cis-C18:1 
is desirable since it has been reported to enhance the oxidative stability 
of biodiesel. The diunsaturated fatty acid methyl ester (DUFA) present in 
the FAME had a composition of C18:2. Overall, DUFAs are known to 
reduce the viscosity of biodiesel and improve its low-temperature 
properties [46]. 

Fig. 2. Optimized values for the transesterification over the 35CaO/RSA-600 catalyst by RSM with CCD.  

Table 5 
Properties of obtained biodiesel using 35CaO/RSA-600 as heterogeneous 
catalyst.  

Properties ASTM D6751 EN 14214 This study 

Ester content (%) Not specified 96.5 min 96.49 
Monoglycerides (wt%) 0.40 max 0.70 max 0 
Diglycerides (wt%) Not specified 0.20 max 0.15 
Triglycerides (wt%) Not specified 0.20 max 0.10 
Density at 15 ◦C (kg/m3) Not specified 860–900 876.3 
Kinematic viscosity at 40 ◦C (mm2/s) 1.9–6.0 3.5–5.0 4.66  

Fig. 3. Flow diagram of the biodiesel production process.  
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In order for biodiesel to be a viable substitute for fossil diesel, it must 
adhere to stringent international standards of the European Norm (EN) 
and American Society for Testing Materials (ASTM). The fuel properties 
of the obtained biodiesel with the criteria specified in ASTM D6751 and 
EN 14,214 are shown in Table 5. Remarkably, the findings from this 
study demonstrate that all parameters of biodiesel analysis have suc
cessfully met the stringent standards as prescribed in ASTM D6751 and 
EN14214. 

3.9. Process analysis 

Fig. 3 depicts the biodiesel production process using the heteroge
neous base-catalysis. The process commenced by blending fresh and 

Table 6 
Summary of results from major streams of a process flow diagram.  

Stream OIL MKE-MEOH FEED-MEOH CATALYST FAME GLYCEROL 

Temperature (◦C) 25.00 25.00 48.50 29.25 25 25 
Pressure (bar) 1.01 1.01 1.01 1.01 1.01 0.5 

Molar flow (kmol/h) 1.27 4.37 12.59 0.98 3.65 1.76 
Mass flow (kg/h) 1128.45 137.43 379.21 54.96 1079.93 126.49 
Mass fractions 
Methanol 0.0000 0.9750 0.9683 0.0000 0.0002 0.0939 
Triolein 1.0000 0.0000 0.0000 0.0000 0.0000 0.0002 
Water 0.0000 0.0250 0.0317 0.0000 0.0000 0.0271 
Glycerol 0.0000 0.0000 0.0000 0.0000 0.0005 0.8747 
Methyl oleate 0.0000 0.0000 0.0000 0.0000 0.9992 0.0041 
Catalyst 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000  

Table 7 
Summary of equipment specifications and total equipment cost calculation 
(plant capacity: 10,000 ton/year).  

Equipment Specification Size Equipment cost 
(M$) 

Storage tank 
V-101 4 days storage 

capacity 
V = 47.21 m3 0.223 

V-102 V = 117.86 m3 0.128 
V-103 V = 119.21 m3 0.258 
V-104 V = 9.92 m3 0.102 

Reactor 
R-101 3 h residence time V = 7.00 m3 0.114 

Distillation columns 
T-101 N = 5, NF = 3, RR =

2 
Dc = 0.39 m 0.006   

Hc = 2.93 m  
T-102 N = 5, NF = 3, RR =

2 
Dc = 2.16 m 0.052   

Hc = 4.39 m  
Heat exchangers 

E− 101 U = 0.5 kW/(m2 K) A = 0.43 m2 0.024 
E− 102 U = 0.5 kW/(m2 K) A = 4.08 m2 0.059 
E− 103 U = 0.5 kW/(m2 K) A = 2.40 m2 0.043 
E− 104 U = 0.5 kW/(m2 K) A = 0.43 m2 0.016 
E− 105 U = 0.5 kW/(m2 K) A = 2.65 m2 0.046 
T-101 U = 0.5 kW/(m2 K) A = 9.33 m2 0.095 
T-102 U = 0.5 kW/(m2 K) A = 2.70 m2 0.046 

Reboilers 
T-101 U = 1 kW/(m2 K) A = 3.33 m2 0.052 
T-102 U = 1 kW/(m2 K) A = 7.12 m2 0.081 

Decanter 1 h residence time V = 1.50 m3 0.027 
Pumps 

P-101 75% efficiency Q = 0.51 m3/h 0.029 
P-102 75% efficiency Q = 1.23 m3/h 0.048 
P-103 75% efficiency Q = 0.34 m3/h 0.023 
P-104 75% efficiency Q = 6.31 m3/h 0.124 

Hydrocyclone 
S-101  Q = 8 gal/min 0.002 

Vacuum system  P = 80 kPa, 
10kPa 

0.020 

Total equipment 
cost   

1.621  

Table 8 
Summary of economic analysis of biodiesel production.  

Detail Cost 

Total capital investment 4,530,374 USD 
Total direct cost (TDC) 3,451,713 USD 
Total indirect cost (TIC) 862,928 USD 
Working capital investment (WCI) 215,732 USD 
Total production cost (TPC) 4,169,698 USD 
Direct production 3,525,535 USD 
Fixed charges 60,405 USD 
Plant overhead 208,485 USD 
General expenses (GE) 375,273 USD 
NPV 4,151,905.61 USD 
IRR 17.20% 
Payback period 7.17 years  

Fig. 4. Total production cost (TPC) of the studied biodiesel plant.  
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recycled methanol in a storage tank (V-101), followed by pumping it 
into reactor R-101, where it reacted with the preheated RPO in a stirred 
tank reactor. The optimum reaction condition was carried out with an 
RPO: methanol molar ratio of 9.34:1, catalyst loading level of 4.87 wt%, 
reaction temperature of 65 ◦C, and ambient pressure. These conditions 
led to a conversion rate of 96.49% within 175 minutes. The solid catalyst 
underwent separation from the liquid phase in a hydrocyclone (S-101) 
and was subsequently recycled back into R-101 at a split ratio of 

0.85:0.15. Meanwhile, the liquid stream was directed to a distillation 
column (T-101) to recover the excess methanol, achieving a molar re
covery rate of 94%. Methanol was collected as the distillate, while 
biodiesel and other components were collected at the bottom. The 
mixture of glycerol and biodiesel underwent separation in a decanter, 
with the phase enriched with FAME being directed to a multistage 
distillation column (T-102) for FAME purification under vacuum con
ditions. A small amount of unreacted oil was considered waste. The 

Fig. 5. Sensitivity analysis of the (A) RPO cost, (B) methanol cost, and (C) FAME price.  
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summary of the stream results are shown in Table 6. 

3.10. Economic study 

3.10.1. The TPC 
The purchased costs estimation of major equipment in the process 

model was determined using data obtained from process simulator 
(Table 7). The chemical engineering plant cost index (CEPCI) was used 
to update the equipment costs to the year 2023, as in Eq. (11): 

Cupdated=Creference ×
I

Ireference
(11)  

where I is chemical engineering cost index (CEPCI index) in the year 
2023 = 800.6 [47] and for Ireference = 521.9 in the year 2009 [47]. 

A biodiesel plant can be a profitable business venture if the economic 
factors are carefully considered, with the TPC being a critical factor. 
According to a study, the estimated TPC for a biodiesel plant was 
4,169,698 USD (Table 8). The study revealed that the raw materials 
category had the highest cost, accounting for 65.51% of the TPC (Fig. 4). 
Additionally, utilities accounted for 11.00% of the TPC, while labor 
costs were 5.46% of the TPC. The TPC also included other expenses, such 
as maintenance and repairs, waste treatment, local taxes, insurance, 
plant-overhead costs, administrative costs, distribution and selling costs, 
and research and development costs. These costs ranged from 0.41% to 
5.00% of the TPC. 

3.10.2. Benefits analysis 
The financial analysis of the biodiesel production plant was evalu

ated in terms of three crucial financial metrics: NPV, IRR, and PBP 
(Table 8). Based on the results, the plant has a positive financial outlook. 
The NPV was determined to be 4,151,905.61 USD, signifying that the 
project is economically feasible and viable. A positive NPV implies that 
the investment is expected to generate profits that exceed the cost of 
capital, indicating a low risk of loss. The IRR was calculated to be 
17.20%, which is the rate of return that equates the present value of the 
project’s cash inflows with the present value of its cash outflows. This 
IRR is higher than the required rate of return, implying that the project is 
expected to be profitable. The PBP was estimated to be 7.17 years, which 
is the length of time required for the project to recover its initial in
vestment. This PBP is within an acceptable range, indicating that the 
project has a relatively short PBP and is a financially prudent 
investment. 

3.10.3. Sensitivity analysis 
The financial feasibility of a biodiesel production plant is highly 

dependent on the raw material costs and the final product’s selling price. 
Fluctuations in these costs can significantly impact the NPV, IRR, and 
PBP of the project. 

This study considered a range of RPO prices from 0.195 to 0.280 
USD/kg (Fig. 5A). As the RPO prices increased, the project’s NPV 
decreased and the PBP lengthened. At 0.195 USD/kg, the project had a 
positive NPV of 15.36 million USD and a short PBP of 2.79 years. 
However, at 0.28 USD/kg, the project had a negative NPV of − 0.52 
million USD, indicating the potential lack of profitability. 

Similarly, the study considered a range of methanol prices from 0.13 
to 0.42 USD/kg (Fig. 5B). As the methanol prices increased, the project’s 
NPV decreased and the PBP lengthened. At 0.42 USD/kg, the project had 
a negative NPV of − 0.06 million USD, potentially rendering the in
vestment unprofitable. 

Conversely, the study showed that as FAME prices increased, the 
project’s NPV increased and the PBP shortened (Fig. 5C). The study 
considered a range of FAME prices from 0.90 to 1.15 USD/kg. At 0.90 
USD/kg, the project had a negative NPV of − 3.53 million USD, and the 
PBP could not be determined. 

4. Conclusions 

This study aimed to optimize the conditions for sustainable biodiesel 
production from RPO while also considering the economic feasibility of 
the process. The low-cost biochar catalyst was synthesized from waste 
RS. Through experimentation, the 35CaO/RSA-600 catalyst was found 
to be the most suitable catalyst for biodiesel synthesis, with a sustainable 
biodiesel yield of 96.49%. The optimal conditions for biodiesel pro
duction were determined to be a methanol: RPO molar ratio of 9.34:1, 
catalyst loading level of 4.87 wt%, reaction time of 175 min, and a re
action temperature of 65 ◦C. The base case simulation of unit production 
cost gave a PBP of 7.17 years, an IRR of 17.20%, and an NPV value of 
4,151,905.61 USD. It is important to note that changes in raw material 
and product costs can have a significant impact on the project’s NPV, 
IRR, and PBP. 
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