Simulation and optimization of the process used in Colombia for the
production of Biodiesel from palm oil: a kinetic analysis and an
economical approach

F. Velosai, J.M. Gomez'.

Los Andes University, Carrera 1 N° 184 10 Bogota, (Colombia)

YChemical Engineering Department

Colombia, as a developing agricultural country interested on the progress of the biofuel industry, has acknowledged
the oil market juncture, creating a legal frame to become one of the main biofuel players in the region. As palm growers
and the industry invest on the developing business, the academy develops technical and economical tools that allow a
promising start.

A simulation and optimization of the process used in Colombia for the production of Biodiesel from palm oil under
homogenous alkali catalysis was developed. Biodiesel production was chosen as the objective function, obtaining a puri-
ty of 99.8 wt% according to the specifications established, as minimum conditions, by the ASTM D 6751 standard (99.6
wt%). Biodiesel and glycerin yields, as well as the water flow rate were found to be the most significant factors affecting
the objective function. The production increment, compared with the base case (kg/hr) using numeric optimization was
5%, and the concentration of the glycerin as a result of the simulation, was high enough to sell it as a commodity prod-

uct (99.4 wt%), accomplishing a more profitable production process.
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1 Introduction

There are many cases throughout history that have
shown the special value of using vegetable or waste oils
in order to produce a renewable diesel fuel.

The first example came from a Belgian patent written
by G. Chavane on August 31, 1937, which describes the
use and production of palm oil ethyl esters as diesel fuel.
During the 1930’s and 1940°s vegetable oils were used as
diesel fuels from time to time, but usually only on emer-
gency situations.

Another great example was when the United States
developed a great concern, in the years after World War
1L, about the rising use of petroleum fuels and the possi-
bility of resultant fuel shortages, developing what at the
time was called a dual fuel project, involving institutions
as The Ohio State University and Georgia Institute of
Technology [1, 2].

At present, the instability and high oil prices, the de-
creased sources of fossil oil and the implementation of
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Kyoto Protocol to limit the greenhouse emissions, have

been an inspiration to focus on vegetable oils and animal
fats to produce biofuels [3]. The environmental aspect
has received more attention since the clean developed
mechanism was introduced on the global change negotia-
tion in Kyoto. This is only a mechanism by which indu-
strialized countries rely on the developing ones for con-
tribution, accomplishing the weather stability [4].

Colombia, as a developing agricultural country inter-
ested on the progress of biofuel industry, has acknowl-
edged this unique opportunity, and through the National
Government has developed and implemented laws that
regulate these sources of energy. The law 939 (December
30™, 2004) has established that diesel fuel, by August of
the present year, has to be BO5 which means that the con-
tent of biodiesel will be 5%. In other words, the demand
conditions and the selling price are going to be deter-
mined by the legislation, establishing biofuels as a key
element on the future of the country.

Recently, the world has shown a special interest on al-
ternative energy sources, related to the imminent possi-
bility of petroleum extinction; one of the oil substitutes
analyzed is biodiesel, an important player on the Colom-



bian territory since this country has experienced in the
past years an increase on diesel fuel consumption. During
2001, Colombia used 59,915 barrels/day; meanwhile,
throughout 2005 consumed 81,800 barrels/day, expe-
riencing a 36.5% growth in four years [5].

In addition, the palm oil production during 2001 was
10.718 barrels/day, from which 27% was destined to ex-
port, mainly to Europe, 68% was used for national con-
sumption [6] and the additional 5% was available for the
development of the biodiesel industry. Therefore, if the
legislation had been implemented during 2001, the avail-
able palm oil could have only covered 18% of the de-
mand of biodiesel, and during 2005, this value would
have decreased to 10% [7]. Therefore, Colombia has a
long way to go in order to be able to accomplish the pro-
jections stipulated for the third trimester of this year, and
it will need an enormous support by the community and
the government to achieve this process objective.

Considering the technology implemented in this coun-
try, the overall Colombian panorama results in a very in-
teresting challenge for the national industry, as well as an
opportunity to develop a solid case of study focused on
the simulation and optimization of a biodiesel production
mill using palm oil as raw material. At this specific point,
it is important to mention that even though production
industry is very recent, it is essential to employ computa-
tional tools, as the commercial software Aspen Plus®,
since this software offers the possibility to: analyze the
viability of the project in order to know the optimum op-
eration conditions, evaluate particular cases of study,
augment the knowledge of the process, and it could also
be used as an alternative tool for training, as well as
many other benefits that investors, engineers and workers
can have.

Most of the recent studies about the Biodiesel produc-
tion using basic catalysts are focused either on specific
features of one of the individual processes necessary to
develop a production mill, or they have been approaching
the generalities and theoretical description of the global
production system. Zhang et. al. (2003), as the base case
of study, have done a technical and economical evalua-
tion of the Biodiesel production process using basic
(NaOH) as well as acid (H,SO,) catalysts. This research
was approached by means of the simulation practice, us-
ing the commercial software HYSYS® Plant Net devel-
oped by Hyprotech Ltd., with the purpose of designing a
complete and continuous process of the plant. The eco-
nomic assessment took place simultaneously, identifying
the aspects that had a strong influence on the financial
viability of Fatty Acid Methyl Esters (FAME) production
process.

Zhang et. al. (2003) presented an evaluation based in
four different continuous process flowsheets for biodiesel
production from virgin vegetable oil or waste cooking oil

under alkaline or acidic conditions on a commercial
scale. This case of study was divided in two; the fist part
presented a comparison of these four processes from a
technological point of view. The results demonstrate that
the production of FAME from waste cooking oil, by
means of acidic catalyst is a competitive alternative to be
considered. Furthermore, in the second part of this work
an economic evaluation of the viability of those four
processes was done, identifying the most representative
financial factors.

In a previous study three different simulations were
conducted to identify the operational conditions that
adapt to the needs of the market and the circumstances of
the environment (Velosa et. al., 2007). In the next para-
graphs a discussion will be effectuated around the kinetic
analysis and economical factors surrounding biodiesel
production. In order to improve the simulation and opti-
mization of the process used in Colombia for the produc-
tion of biodiesel from palm oil.

The relationship between the technical concepts and
the economical factors is decisive when a project is eva-
luated, since those two perspectives are directly involved
on its viability. A project’s economical evaluation is a
great complement to a technical approach, since it reduc-
es the limitations between the academic exercise and re-
ality, as well as allows a starting point for the election of
the variables to be optimized.

The present article focuses on the biodiesel production
optimization using an analysis of the process in order to
determine the variables that assure the efficiency of the
production mill, in addition to a rigorous analysis of tran-
sesterification kinetics. Furthermore, a cost estimate has
been presented as an evaluation of the fixed investment
cost necessary for the construction of a biodiesel produc-
tion plant, in order to add an economical point of view to
the technical approach that this study has to offer. It is
important to mention, that along with all the advantages
that the simulation software includes, it also has limita-
tions related with its ability to model reality.

2 Background

2.1 Economic Studies

In the past few years, a number of papers have been
written developing the economical cost analysis of
biodiesel production mills. These publications focus on
the economic assesment to determine the process
viability and the advantages that each technology has
over others [9, 11, 12].

Currently, the high cost of Biodiesel compared to the
diesel fuel obtained by mineral sources, is one of the



main impediments for its commercialization. It costs near
1.5 times more than the combustible based on petroleum.
Between 60 and 75% of the cost of production is related
to the cost of raw material [2, 8, 11]. While in Colombia
the industry of palm oil finds a position on the global
market and tries to generate a positive commercial bal-
ance as an export; the prices of growth, harvest, transpor-
tation and extraction have been above those of the main
producers of palm oil worldwide, Malaysia and Indonesia
[6].

Among the examined plant system variables: plant
capacity, feedstock price, glycerin and biodiesel yields
were found to be the most significant variables affecting
the economic viability of Biodiesel manufacture. It is im-
portant to mention that these studies were also based on
the work developed by Zhang et. al. (2003).

2.2 Trygliceride Transesterification

In general, this reaction takes place with a basic or ac-
id catalyst. Basic catalysts are the most commonly used,
mainly because the reaction is faster and the operation
conditions are moderate [13].

T+3ROH - 3R'CO,-R+G

Figure 1 Overall Scheme of the Triglyceride Transesterification.
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Figure 2 Triglyceride Transesterification Reaction Scheme.

Transesterification, also called alcoholysis, involves
the substitution of the alkyl group of the ester by another
through the interaction between the ester and the alcohol.
In other words, one of the carbon chains of the triglyce-
ride is substituted by the OH group of the alcohol that
reacts with it, to form the ester (Biodiesel). However, if
the selected alcohol is methanol, the reaction could be
called methanolysis. The vegetable oil methanolysis
yields fatty acid methyl esters and glycerol; the first ones
are excellent substitutes of diesel fuel [14].

Among the alcohols that could be used in the transes-
terification process it is typical to find methanol, ethanol,
propanol and butanol. Methanol and ethanol are the most
frequently used alcohols, especially methanol for its cost

and its physical and chemical advantages as: polarity and
shortest chain, being able to react in short periods of time
with triglycerides and NaOH [2].

Moreover, most of the ethanol produced in Colombia
has been assigned to the biofuel industry. It is blended
with regular fuel in order to diminish the dependence on
oil derived fuels among some other reasons.

Methanolysis would proceed at standard temperature
(21 °C) with a reaction time of 4 to 8 hours. The reaction
time could be diminished to 1 or 2 hours rising the tem-
perature up to 60 °C [12, 15, 16]. Lower operation tem-
peratures suggest lower energy consumption and a de-
crease in investment costs, but the raw material has to
have a higher purity [17].

Even though this kind of system holds great benefits
in terms of time of reaction, it has a very particular limi-
tation which is the purity of the raw material. The pro-
duction of esters by means of basic accelerant agents is
sensitive to the water as well as the free fatty acid con-
tent. The presence of water may cause the ester saponifi-
cation under basic conditions. In contrast, the free fatty
acids could react with the catalyst getting soaps and wa-
ter as intermediate products. The saponification not only
consumes the catalyst but causes the production of emul-
sions which generates problems in FAME recovery and
purification [2, 9, 14].

The pretreatment of the raw material is a very impor-
tant operation since it diminishes the water and free fatty
acid content to less than 0,1 and 0,05 wt%, respectively,
in order to obtain a high degree of purity.

The triglyceride transesterification reaction could be
catalyzed by sodium hydroxide or potassium hydroxide
dissolved on methanol. Even though these two types of
catalyst have being used frequently among the researches
through time, this precise case of study has chosen NaOH
as its catalyst.

NaOH +CH ,OH — NaOCH , + H,0

Figure 3 Reaction Scheme for the Catalyst Activation (NaOH).

Figure 3 illustrates the catalyst activation reaction,
where the active catalyst structure is represented by the
alkoxide which is formed in the methanolic solution [17,
18].

3 Process Design

Simulation is one of the tools used by chemical engi-
neers to interpret flowsheet diagrams, identify problems
and predict the process performance. The core of the
analysis is the mathematical model, a set of equations
that relate the process variables. Steady state simulators



as Aspen Plus® solve the unknown variables starting
from specified quantities.

There are several levels of complexity involved on a
project evaluation: mass and energy balances (short cal-
culation), equipment sizing (rigorous calculation) and
profitability analysis [19].

The development of this case of study was done by
simulating a process using a short and rigorous calcula-
tion in order to determine the dimensions and characteri-
zation of the equipment. As a result, the objective func-
tion was built choosing the quantity of methyl oleate
(biodiesel) as the variable to be optimized. It is important
to mention that two cases of study were developed based
on the article Biodiesel production from waste cooking
oil: 1 Process design and technological assessment, writ-
ten by Zhang et. al. (2003).

The main plant units include CSTR reactors, distilla-
tion columns and extraction columns. The materials re-
quired for the main process units are were obtained from
the base case of study. Taking into account the corrosive
character of sodium hydroxide, the suggested material for
the reactors is stainless steal 316; for the rest of the units,
carbon steel will be used [9].

Distillation is chosen as the separation process for me-
thanol, as well as for the purification of FAME and gly-
cerol. Even though the boiling point of methanol (65 °C
at 1 atm) is lower than FAME’s (approximately 320 °C at
1 atm) or glycerol (300 °C at 1 atm), simulations have
suggested that the desired purities for biodiesel and gly-
cerol (grater that 90 wt%) can not be achieved by a flash
unit [10]. For this type of unit, it is assumed that the tray
efficiency was 60%, in addition to a security factor of
15%.

3.1 Reactors (R-101y R-101A4)

Many studies of alkali catalyzed transesterification
based on simulations have been elaborated; most investi-
gated the economic feasibilities of the different technolo-
gies used to produce Biodiesel. For these articles, a con-
version reactor was chosen in spite of the availability of
kinetic data, for all of the different types of catalysts, in
order to be able to compare the results of the selected
technologies [8, 9, 10, 11, 12].

For this particular case of study, the reaction and its
parameters were included, in the rigorous calculation and
the optimization, to formulate a scenario that reduces to a
certain point, the limitations related with the ability of the
software to model reality.

The reaction was carried out at a 7: 1 molar ratio of
alcohol to palm oil, since at high molar ratios the ester
conversion increases as the reaction evolves faster [2]; a
1% weight catalyst concentration, which was based on

oil, (basic catalysis). This specific concentration has been
justified by studies that Darnoko et. al. (2000) have made
where they acknowledged that it was the optimum con-
centration.

The operation conditions for the reactor were fixed at
80 °C and 400 kPa, differing from the 60 °C temperature
mention by Zhang et. al. (2003). The reactor pressure was
established considering that methanol boiling point (65
°C a | atm) is an important constrain. Moreover, many
studies of alkali-catalized transesterification have been
carried out, in which a reaction temperature near the al-
cohol’s boiling point was recommended [8, 9, 11, 14,
16]. It is critical to consider that at values bellow 100 °C
the formation of soaps occurs if the purity of the raw ma-
terial is not evaluated as an extremely important process
variable [17]. Different Industrial approaches have shown
that the values for this variable vary form 70 to 80 °C
[20].
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Figure 7 Flow Profile against Residence Time R-101.

Another important variable is the residence time which
could be determined by means of a flow profile analysis.
Figure 7 illustrates the reactants’ and the products’ flow
profile against residence time. The results from a kinetic
point of view; have a very satisfactory tendency com-
pared with the experimentation proposed by Gemma et.
al. (2005); residence time was 1.5 hours on each one of
the reactors and the volume was 2.4 m’. Since an increase
on the time variable would not affect the production con-
siderably.

A series pattern was chosen for this particular case be-
cause it increases the conversion form 96.1% to 99.8%,
which facilitates the separation and purification
processes, making the plant more efficient. Being one of
the most significant changes effectuated compared with
the base case. It is important to mention that this modifi-
cation represents only a 9% increase in the total capital
investment.

The composition obtained, based on palm oil, for the
first reactor was of 34.7% and for the second reactor it
increased to 36.0%, value that reflects the importance of
the improved pattern.



The reactors were assumed to operate continuously
for all cases, Lab-scale conditions and reaction analysis
made by Gemma et. al. (2005) for rigorous calculation
and optimization were assumed to be appropriate for
large scale production. The kinetics of triolein reactions
are based on a reaction mechanism that includes a mass
transfer-controlled region preceded by a kinetic section.
Nevertheless, the mass transfer controlling segment is in-
significant while using an impeller speed of 600 rpm. The
result for the experiment demonstrates that the kinetic
section follows a second order mechanism for the reac-
tions, where the reaction system can be presented as a
pseudo homogeneous catalyzed reaction [14]. Thus, the
equations regarding the previous mentioned system are as
follows:
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A reaction analysis reveals that the values of the ksC
constants, corresponding to the reaction of the glycerin
with the methyl ester to give monoglyceride and metha-
nol were not significant. In other words, the reaction was
not favored mainly because of the immiscibility of me-
thyl esters and glycerol, which involved a great mass
transfer resistance in that direction [14, 16].

An alternative for low methanol consumption is the
implementation of a simultaneous reaction and separation
system for the formed glycerol, which could be done by a
selective membrane [17]. Unfortunately, when the glyce-
rin is removed a big quantity of catalyst will be also re-
moved; therefore, it is necessary to add extra catalyst and
methanol to the second CSTR reactor [18]. This type of
equilibrium based system is used by the national industry
in order to diminish costs since there is no methanol pro-
duction in the country.

It is important to evaluate the financial effect of this
type of upgrades since it is necessary to invest in two
membranes, instead of one methanol recovery system. In
other words, it is appropriate to balance the economical
implications that have two membrane reactors instead of
a low methanol flow on stream 101. A lower capital cost
could be represented by the system proposed on this ar-
ticle, suggesting a multi-stage column for methanol sepa-
ration, in order to incorporate it into the reaction system.

3.2 Water washing (T-301)

The purpose of this step is to separate FAME from
glycerol, methanol and the catalyst, by means of a wash-
ing column with four equivalent theoretical stages. It is
essential to point out that this specific unit uses the
UNIFAC-Dortmund thermodynamical model, introduced
by Weidlich and Gmehling in order to overcome the dis-
advantages of the UNIFAC model, such as the short tem-
perature range (10 - 40 °C) and the unsatisfactory result
for the activity coefficient prediction; for those systems
where different sized molecules are involved. In addition,
the predictions for the behavior of systems that have al-
cohol are in some opportunities also incorrect [9, 21].

WATER (100.02 C
L0002 C

METHY-01 $2
(34427 C)

GLYCE-01
(287,71 C)

Figure 6 Ternary Map for the Washing Column T-301.

For this type of operations, it is recommended to use
soft water to avoid the potential mineral transfer (cal-
cium, magnesium and iron) to biodiesel. The temperature
recommended to obtain satisfactory values of glycerin
removal is 60 °C [18].

The previous work did not incorporate sodium hy-
droxide, as one of the raw material stream, because the
parameters established by the UNIFAC-Dortmund ther-
modynamical model for this reactant were not available.
For this work a more advanced Aspen Plus® version was



used in order to simulate the production plant including
the catalyst, from the beginning of the process.
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Figure 4 Flowsheets of the Process used in Colombia for the Production of Biodiesel from Palm Oil (Rigorous Calculation).
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Figure 5 Flowsheets of the Process used in Colombia for the Production of Biodiesel from Palm Oil (Optimization).



4 Process Simulation

The Colombian Biodiesel demand and the acquisition
of European technology that has not been proved in the
country, generates an uncertainty based on the lack of in-
formation and experience on the production of alternative
sources of energy, especially biodiesel. Nevertheless, this
uncertainty could be minimized implementing engineer-
ing software to simulate and optimize the process, ac-
complishing an important technical development, in or-
der to be one step ahead of an industry that represents the
future of alternative fuels.

Despite the differences between the academic exercise
and reality, the simulation of the biodiesel production
process using sodium hydroxide as catalyst was per-
formed employing the process simulation software Aspen
Plus®., because of its complete compound library, ther-
modynamic packages, as well as its industrial worldwide
recognition.

The process simulation procedures involved essential-
ly: the definition of the compounds, selection of the
thermodynamic model, determination of plant capacity,
units and operation conditions.

The plant capacity was defined as one of the main pa-
rameters in order to establish the comparative procedure
necessary to develop this work. This article chose the
palm oil inlet 1050 kg/hr as the reference point; because
this would allow the authors to define the production as
the variable to be optimized.

Palm oil was chosen as raw material since it
represents one of the most important sources of vegetable
oil of the Colombian industry. In this particular case the
molecule implemented in the simulation process was Tri-
olein (Cs7H;0404), given that it constitutes 40.5% of palm
oil. Moreover, the catalyst was sodium hydroxide and the
alcohol was methanol. Consequently, Methyl Oleate
(Ci9H360,) was the product of interest. Properties and
structure were factors established in the software library
for the majority of the compounds, in order to start up the
simulation. For compound like: Triolein (T), Diolein (D)
and Monolein (M), this type of parameters were not
available; for this reason it was necessary the implemen-
tation of the software ChemDraw Ultra®, in order to im-
port the structure by means of the tool User Defined of
Aspen Plus® components menu. Using the group contri-
bution method, the software internally calculates the
properties needed to simulate this case of study.

Carlson (1996) from Aspen Technology Inc. suggests
the use of NRTL (Non Random Two Liquid) and
UNIQUAC (Universal Quasi-Chemical) to predict the
component activity coefficients on the liquid phase,
based on the presence of highly polar compounds as wa-

ter, methanol and glycerin, components with medium po-
larity as diolein and monolein, as well as non polar com-
pounds as triolein and methyl oleate. Seeking for the
flexibility of the case of study, NRTL was established as
the main thermodynamical model. In addition,
UNIQUAC was used as a support model through the tool
Referenced located in the property menu, this was sup-
ported on three reasons: 1) UNIQUAC has two adjustable
parameters while NRTL has three, 2) UNIQUAC para-
meters have a lower sensitivity to temperature and final-
ly, 3) since the dependent variable of concentration is a
superficial fraction and not a molar fraction, UNIQUAC
is applicable to solutions that have small and big mole-
cules [23]. In conclusion, having two complementary
thermodinamical models allows the simulation to have a
balance between the complexity of those models and the
reliability of the results.

5 Optimization Problem Description

The optimum value is the solution that offers the most
efficient and enhanced benefit to cost ratio in a problem
or process design. Optimization is one of the most quan-
titative tools in the industrial decision making process.

The purpose of optimization is to find the value of the
variables involved in the process that produced the best
performance criteria (objective function).

It is important to systematically identify the objective
function, constrains and degrees of freedom in a plant,
since this will benefit and improve the design, obtaining
a fast and reliable solution to problems, and an opportune
as well as accurate decision making [24].

The relationship between the optimization and the
economical factors is decisive when a complete analysis
is preformed, since those two main approaches affect di-
rectly the viability of a project.

Economic considerations are the key driving force
supporting the development of inexpensive production
processes. Although, Biodiesel production total cost de-
pends heavily upon feedstock costs, there are technologi-
cal parameters that affect the plant’s total manufacturing
costs.

5.1.1 Objective function and constrains

The objective function for this case of study has been
defined as the production of biodiesel, to identify the op-
erational conditions which make the process as efficient
as possible, and since it was identified as one of the most
significant variables by the economical studies men-
tioned.

Furthermore, constrains were separated in two
groups: process constrains and design constrains. Process



constrains were stipulated by the ASTM D 6751 stan-
dard, specifying the biodiesel quality regulation. Design
constrains were specified by the equations of each one of
the units that structure the production plant.

5.1.2 Degrees of freedom analysis

After the simulation process has been accomplished
all the equipment variables involved in the models are
calculated, although only a few of them can be manipu-
lated by the personal that closely interact with the process
[24].

As the Colombian government decided to encourage
national energy sources such as biofuels for the transpor-
tation sector, and since the viability of this projects rely
on the state intervention; the economical factor has to be
analyzed in order to become successful in the future. In
other words, as the national subsidies are diminishing, the
market will start to open, and only the economical effi-
cient plants are going to prosper.

Among the system variables of the plants examined
by most of the economical publications mentioned
through this article, plant capacity, price of feedstock,
and glycerin and biodiesel yields, were found to be the
most significant variables affecting the economic viabili-
ty of biodiesel manufacture. Therefore, since plant ca-
pacity is a fixed parameter and feedstock price depends
directly on the market, the distillate flow rate for the
FAME production tower, the extraction solvent flow and
the methanol flow rate are the controllable variables that
this work is focused on.

5.1.3 Sequential Quadratic Programming (SOP)

This type of numerical solution method solves a pro-
gramming sequence of quadratic approximations, as to
resolve a non linear programming problem. The method
is based on a recurrent solution which iterates by means
of Newton’s algorithm, with the purpose of finding the
optimal solution, applying the first order necessary con-
ditions for inequality restriction problems; this means the
use of necessary as well as sufficient conditions (Kuhn —
Tucker conditions, KTC), as an approximation of the La-
gragian function.

The optimization of the process used in Colombia for
the production of biodiesel from palm oil is a problem
that can be represented as follows [24]:

fx) (6

Maximize:

Subjected to: &(x)=b (7)

The objective function is maximizing the biodiesel
production, and the restrictions to this function, are the
equations of the equipment involved in the production
process. In addition to the inequality constrains due to the
99.6 wt% purity required by the FAME market.

The Lagragian function for this problem is:

L(x,2)= f(x)+ A" (g(x)-b) ()
and the KTC

V.L=f(x)+Y 4Ve,(x)=0  (9)
and i=1

gx)=b (10

6 Results and Discussion
6.1 Optimization

To evaluate the influence of certain parameters with a
high degree of uncertainty in a design to be optimized,
Himmelblau et. al. (2001) recommends the use of a sensi-
tivity analysis.

The sensitivity analysis in non-linear programming
(NLP) is a numerical or graphical indication of how a
variation of the problem variables has a repercussion on
the objective function [24]. The variation for this particu-
lar case of study was chosen as 80% to 120% of the value
obtained by the rigorous calculation.

6.1.1 Pre optimal analysis

The objective of the pre optimal analysis is to deter-
mine the most influential parameters in the objective
function. In other words this type of analysis allows the
researcher to identify those aspects that have an impor-
tant influence in the biodiesel production.

In the optimization’s first stage, variations on process
methanol flow, FAME bottoms flow rate (T-401), and the
extraction solvent flow rate were performed to find the
optimum operational conditions. As shown by Figure 9,
the bottoms flow rate is a very sensitive variable showing
a marked linear tendency with variation over the variable
to be optimized.
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Even though variations on the quantity of methanol af-
fect significantly biodiesel production, the changes con-
ducted on the extraction tower T-301 water stream, as the
extraction solvent flow rate, reported important results.

6.1.2 Post optimal analysis

Once the optimization by means of the variation of
methanol flow, the solvent extraction column and the
fluctuations on the bottoms flow in the FAME purifica-
tion tower were carried out; a second sensitivity analysis
was implemented to determine if the values obtained by
the software were local optima or global optima. In other
words, if the value found is a maximum value or there are

other alternatives for better results; this idea can be illu-
strated by Figure 10, Figure 11 and Figure 12.

Optimum — Initial <100 (7)
Initial

Increase% =

The final value for the optimization of the biodiesel
production plant analyzed in this paper was 1,047.54
kg/hr. This means that one kilogram of palm oil produces
approximately a kg of biodiesel.
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Comparatively, this article presents an increase in
FAME production over the rigorous calculation of 24%,
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while it enhanced the short calculation by 10% and
Zhang et. al. (2003) publication by 5%.

For this case of study a very specific analysis was ef-
fectuated for methanol and bottoms flow rate. Figure 10
illustrate that the optimum value for this variables has
been achieved since changes on the methanol flow rate
did not represent important variations on ether the FAME
flow or FAME mass fraction. On the other hand, Figure
12 show that for variations on the bottoms flow there
were important fluctuations on FAME flow rate without
disturbing importantly the purity of the product.

6.2 Costs

A design has to represent a profitable plant. Initially,
enough capital has to be available for construction and its
adequacy, as a key aspect of the industrial unit.

Estimates on equipment cost and other related capital
investment costs, play a crucial roll on the selection of
design alternatives [25].

Costs Analysis for the Biodiesel Production Process

Main Process Units Parameters
Transesterification Volume, m3 4,86
(Reactor CSTR) Material Carbon Steel
Cost, U$ $ 1.200.000
Recovery Diameter, m 0,32
Methanol Material Carbon Steel
(Distillation Column) Height, m 6
Cost, U$ $ 64.800
Washing column Height, m 4.8
(Extraction Column L-L) Diameter, m 1,1
Adjusting Factor (Pressure) 1,6
Adjusting Factor (Material) 1,0
Cost, U$ $ 24.000
Purification Diameter, m 0,9
FAME Material Carbon Steel
(Distillation Column) Height, m 4,8
Cost, U$ $ 19.200
Glycerol Diameter, m 0,47
(Distillation Column) Material Carbon Steel
Height, m 4.8
Cost, U$ $ 12.000
Heat Exchangers N 4.000
Pumps $ 45.000
Other Costs (Separator, Vacuum System) $ 46.000
Total Basic Module Cost, CMBO $  1.415.000
Total Bare Module Cost, CmB $  1.768.750
Contingency Fee, Cc = 0.18CmB $ 318.375
Total Module Cost, Crm= CmB + Cc $ 2.087.125
Aucxiliary Facility Cost, CaA= 0.3CmB $ 530.625
Fixed Capital Cost, Crc= Ctm+ Ca $  2.617.750
Working Capital, Ct = 0.15Crc $ 392.663
Total Capital Investment, Ctc = Crc + C1 $  3.550.498

Table 1 Costs Analysis for the Biodiesel Production Process.

The costs in Table 1 are listed in United States dollars.
Costs for the equipment were updated through the Mar-
shall & Swift cost index obtained in the Chemical Engi-

neer magazine, where I, = 1,104.2 y Do = 1,302.3
[27].

Turton et. al. (1998) mentioned that this type of esti-
mate was a + 30% and -20% precision. Thus, the results
don’t reflect a strict capital cost analysis; instead they are
a very useful comparative parameter.

7 Results Analysis

Two important characteristics were identified while
comparisons were made between the results obtained for
the short calculation and the base case simulation: the re-
productive and repetitive character of the exercise. The
reproductive character is associated with the fact that the
simulation could be replicated and the repetitive factor is
supported on the 82% concordance found among the
Zhang et. al. (2003) article’s results and this case of study
outcome. This discrepancy could be related with the dif-
ferences in the thermodynamical parameters stored with-
in each one of the software used for the particular papers.

A detailed analysis on Table 2 reveals the potential for
improvement that has the technical evaluation developed
by Zhang. et. al. (2003) confronted with this case of
study. Consequently, a 3.8% increase on the reactor con-
version has been related mainly with a 20 °C modifica-
tion effectuated within the base case, on the reactors tem-
perature. Moreover, the methyl ester fraction increased in
5 wt% as a response on the 6 times increment expe-
rienced by the solvent on the liquid — liquid extraction
tower.

A closer approach of this important table exposes two
of the most important concepts related to optimization:
local and global optimum. A local optimum has an objec-
tive value that is better than the one of any nearby feasi-
ble solution, while global optimum is a feasible solution
that has the best objective value. Since fluctuations on
the variables analyzed did not implicate considerable
changes, on the optimum biodiesel production found this
value can be categorized as a global optimum.

Comparative Analysis for the Biodiesel Production Process

Parameters Zhang. etal. Velosa. et. al. PI  Velosa. et. al. P 1T
Reaction Temperature, C 60 80 80
Reactor Yield 95,0% 99,8% 99,8%
Methanol Purity, wt% 1,000 1,000 1,000
Water Flow, kg/h 11 66 66
FAME Extraction, wt% 0,946 0,994 0,993
Glycerin Purity, wt% 0,850 0,994 0,995
FAME Purity, wt% 0,997 0,998 0,998
FAME Production, kg/h 999,88 1048,06 1047,54
Cost, U$ $3.144.010 $3.550.498 $3.550.498

Table 2 Comparative Analysis for Different Biodiesel Production
Processes.
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The reactor as the plant’s hearth and one of the most
important units of this complicated process should have a
detailed analysis. The operative pressure and temperature
range has to be established by means of a kinetic analysis
as well as the physical characteristics of the reactants.
The temperature range was determined through the
graphical analysis of Figure 16, which illustrates the Ln
(k) variation against 1/T. As the production of diglyce-
ride increases and the temperature augments the line that
represents the diglyceride to monoglyceride reaction is
located above the line which represents the diglyceride to
triglyceride reaction, obtaining enough monoglyceride in
order to produce methyl oleate (methyl ester). Further-
more, the pressure range was determined as to avoid me-
thanol evaporation at the established temperature. At 400
kPa methanol’s boiling point is 104.7 °C.

301

LN (k)
=

0,0
2,90E-03  2,95E-03  3,00E-03 3,05E-03 3,10E-03  3,15E-03  320E-03  3,25E-03 X 3,35E-03  3,40E-03
-0,51

11T (1K)
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Figure 13 Kinetic Analysis of the Transesterification Reaction.

The optimization of biodiesel production and the gly-
cerin purity, finding the operation and design conditions
that made the process a competitive one is the most im-
portant contribution of this article. In this case of study
glycerin surmounts the expectations since it presented a
17% increase compared with the base case. However,
Zhang et. al. (2003) has reported that up to a 92 wt% pur-
ity is possible by means of a distillation column; this type
of variation can be related to the thermodinamical model,
as well as the prevailing discrepancies among the simula-
tion software. Moreover, biodiesel production increased
significantly 5% compared with the base case.

At the optimum point, variables as the water flow and
the distillate flow in FAME’s purification column have
an important impact over biodiesel production, in other
words fluctuations around this variables implicate signif-
icant changes on the objective function.

An important variable affecting the conversion of ester
is the alcohol to triglyceride molar ratio; higher molar ra-
tios result in greater ester conversion in a shorter time.
For this particular work the optimum molar ratio was es-
tablished at 7:1.

One of the most important process operations is the
liquid — liquid extraction column, because it allows the
separation of methanol, glycerol (as a secondary product)
and the main product. At this unit, the water flow has a
significant influence on the process which is directly re-

lated with the column exit methyl ester fraction. A close
insight on this last paragraph shows that it is necessary to
use 66 kg/h of water in order to obtain a 99.3 wt% purity
of FAME, presenting an asymptotic tendency at a value
of 3.13, in other words an increase on the amount of wa-
ter added would not represent an important increase on
the purity of the main product.

A detailed analysis on the distillation columns permits
an evaluation of the most important variables established
by Zhang et. al. (2003). On this type of industries profit-
ability could be allocated to on the ability to encounter
new sources of revenue; this is the case of glycerol and
mainly its purity.

FAME and glycerol are susceptible to the thermal de-
composition above 250 and 150 °C, respectively [10].
Glycerin purity could not be above a value of 95.3 wt%
with a unique separation unit at a pressure of 40 kPa,
since the temperature obtained at the bottom of the tower
would be 149 °C, value that represents an imminent dena-
turalization risk. Nonetheless, if the pressure is decreased
to 5 kPa the main product purity reaches a value of 99.4
wt%, with a bottoms temperature of 143.4 °C.

The biodiesel purification tower defines the products’
quality through the distillate flow. As the relation of
those two variables is direct, an increment on the distill-
ate flow would permit an increase on the biodiesel purity
until the quality and design constrains are reached; this
procedure would structure the global optimum finding. In
this particular case, adding the distillate flow as a varia-
ble to be optimized represented a 13% increase on FAME
production comparatively.

The economical evaluation has been a great comple-
ment to the simulation and optimization processes, since
it reduces the limitations between the academic exercise
and reality and permit’s a starting point for the election
of the variables to be optimized from a financial and not
only a technical, point of view.

Zhang et. al. (2003) determined the cost of a biodiesel
production plant with the same characteristics described
by this article, obtaining an estimated investment of U$
3,144,010. On that article the biodiesel production was
established at 8,000 tons/year, the reactor conversion was
set at 95% and the glycerin purification costs were not
included. However, the total cost of this research produc-
tion mill was U$ 3,550,498, with a 99.8% reactor conver-
sion, as well as a glycerin purity of 99.4 wt%. In terms of
production, this 5% increment will represent approx-
imately a 330.322 US$/year profit (biodiesel prices ob-
tained from Zhang et. al. (2003) and Castafieda et. al
(2000)).

The cost difference for the two plants is based princi-
pally on the reactor volume increase, in order to have a
99.8% conversion, in addition to the material augmenta-
tion that this change represents. It is important to mention
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that this conversion value is very similar to the one pre-
sented by companies as Lurgi [30].

As the technical aspect evolves in order to find the op-
timal production conditions before the start up of the
production plants, the National Government and the pri-
vate industry develop projects that facilitate the condi-
tions necessary to meet the politics of the laws.

The National Government projections for the follow-
ing years include plantations of one million African palm
hectares, focused on the biodiesel production for national
consumption as well as its exportation, producing ap-
proximately 150,000 barrels/day; this scheme will gener-
ate an estimate of one million direct jobs, and an impor-
tant alternative for the illicit crops substitution.

The legislature has joint efforts as a strategic ally pro-
viding an important set of advantages. These advantages
go from tax reduction (Law 939/04), to duty free territo-
ries (Decreto 383/07), as to promote investors to support
this type of industry. In addition, based on the region
characteristics the Interamerican Development Bank
(IDB) will finance biofuels production projects in Latin
America.

Biofuels are one of the most important economical and
energetic alternatives that Colombia has experimented
since the Cusiana and Cupiagua discovery. It is time to
use the condition of an agricultural country, in order to
establish independence on non renewable combustion
sources, playing a main roll on the technological devel-
opment and implement actions that allow an increase in
FAME production efficiency.

8 Conclusions

The continuous biodiesel production process using
palm oil, as raw material, by means of homogenous ca-
talysis was simulated obtaining satisfactory 8,400
tons/year production. The bibliographic review allowed
the definition of the thermodynamical models and kinetic
models necessary to accomplish conditions as real as
possible. The optimization part of this study incremented
the production in 5% compared with the base case pub-
lished by Zhang et. al (2003).

To develop an academic analysis, the simulation tool
chosen for the production mill modeling was Aspen
Plus®, demonstrating among all its benefits the replica-
bility and reproducibility character, establishing the bases
in order to be able to compare the results obtained with
the ones described by the base case.

The use of three different thermodinamical activity
models as: NRTL, UNIQUAC and UNIFAC-Dortmund
have been shown to reduce the limitations between the
academic exercise and reality, since it reflects the expe-

rimental data and the complete immiscibility of the main
compounds.

The relationship between the technical concepts and
the economical factors is decisive when a project is eva-
luated, since those two perspectives are directly involved
on its viability.

A projects economical evaluation is a great comple-
ment to a technical approach, since reduces the limita-
tions between the academic exercise and reality and al-
lows a starting point for the election of the variables to be
optimized.

The variables that have a mayor effect on this case of
study are the water flow and the distillate flow on the
FAME purification unit. Consequently, the variation and
inclusion of this parameters on the software incremented
the base case production by 5% and 24% compared to the
rigorous calculation; these values represent a utility in-
crease of 330.322 U$/year, taking into account that the
methyl ester prices were calculated as to meet the equili-
brium point (zero utility).

The reactor conditions were fixed at 80 °C and 400
kPa, since those are the most adequate for the plants cor-
rect performance.

Interestingly, the glycerin purity can not be set over
99.4 wt% purity without having a thermical denaturaliza-
tion possibility if the columns pressure is 5 kPa.

The biodiesel production cost for this study is U$
3.550.498, with a 99.8% reactor conversion, a 99.8 wt%
FAME purity and a 99.4 wt% glycerin purity.

Nomenclature

Methanol.

Triglyceride.

Diglyceride.

Monoglyceride.

Glycerol.

Methyl Ester.

Alcoholic radical.

Triglyceride radical.

wt%  Weight percentage.

K Equilibrium constant.

k;  Reaction constant triglyceride-diglyceride.

k>  Reaction constant diglyceride-monoglyceride.
k3  Reaction constant monoglyceride-glycerol.

ks Reaction constant diglyceride-triglyceride.

ks Reaction constant monoglyceride-diglyceride.
ks Reaction constant glycerol-monoglyceride.

A Lagrange multipliers.
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