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Abstract: This paper brings the novelty of the exergy analysis technique using Ex-N-A 

diagram to a packed Reactive Distillation (RD) column for biodiesel production. In this 

study, biodiesel is produced through the esterification of fatty acid with methanol. The 

simulation of the column is performed based on the non-equilibrium model of a three 

phase packed RD system. The graphical Ex-N-A method is utilized to evaluate exergy 

features of the internal RD column. This  technique is rigorous to demonstrated the value 

of exergy losses at each increment of the column,  i.e. losses due to the temperature 

change, phase change, mixing in liquid and vapour phases, and chemical reaction. The 

effects of the the molar ratio of the reactant and the height of the packed column to the 

conversion and exergy losses are examined and displayed in a simple figure. 
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GRAPHICAL EXERGY ANALYSIS OF 
REACTIVE DISTILLATION COLUMN  

FOR BIODIESEL PRODUCTION  
 

Abstract: This paper brings the novelty of the exergy analysis technique using Ex-N-A 
diagram to a packed Reactive Distillation (RD) column for biodiesel production. In this 
study, biodiesel is produced through the esterification of fatty acid with methanol. The 
simulation of the column is performed based on the non-equilibrium model of a three 
phase packed RD system. The graphical Ex-N-A method is utilized to evaluate exergy 
features of the internal RD column. This  technique is rigorous to demonstrated the value 
of exergy losses at each increment of the column,  i.e. losses due to the temperature 
change, phase change, mixing in liquid and vapour phases, and chemical reaction. The 
effects of the the molar ratio of the reactant and the height of the packed column to the 
conversion and exergy losses are examined and displayed in a simple figure. 
 
Key words: Exergy analysis, reactive distillation, esterification, Ex-N-A, biodiesel 

  
1. Introduction 
 Reactive Distillation (RD) is a promising alternative process for 
equilibrium limited reaction, such as biodiesel production via fatty acid 
esterification scheme. It is caused by the fact that the continuous removal 
of one product will shift the equilibrium to the product formation.  
Besides, RD  integrates the reaction and separation in one shell (Dimian et 
al., 2009; Dragomir and Jobson, 2005; Gomez-Castro et al., 2010). 
However, the process involving distillation process is usually associated 
with the high energy consumption. Therefore, thermodynamic analysis, or 
specifically recognized as exergy analysis, on an RD column is important 
to evaluate the energy efficiency of the process.  

Exergy analysis is a robust analysis tool that is based on the first 
and the second law of thermodynamics. It is efficient to examine the 
energy quantity and quality of a process accurately (Suphanit et al., 2007). 
This analysis can also facilitate the engineer to identify the specific 
location and source of inefficiency of the process, and subsequently it 
plays an important role for designing, developing, optimizing an energy-
efficient RD process, (Budiman and Ishida, 2004). as well.  

Various method of exergy analysis has been proposed for 
distillation process. Le Goff et al. (1996) introduce the Carnot factor-
specific enthalpy diagram. This methods is easy to utilize for calculating 
the exergy target, but it cannot describe the stage by stage exergy 
characteristic. Later, Dhole and Linnhoff (1993) propose a procedure for  
composing a T-H curve called the Column grand composite curve or the 
CGCC. Demirel (2006) suggest that the CGCC and exergy loss profiles is 
useful for exploring the energy-saving potential, determining the targets 
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for column modifications, and recommending a retrofits. This method, 
however, is simple but does not offer information with respect to exergy 
loss caused by chemical reaction.  

            A more advanced method is developed by Taprap & Ishida (1996), 
named Energy Utilization Diagram (EUD). This method is functional for 
analyzing stage-by-stage exergy loss inside the distillation column. The 
overall exergy loss in the column can be broken down into six types of 
exergy losses (EXL), namely EXL due to the cooling, heating, mixing in 
the vapour and liquid phases, condensation, and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed 
information for exergy characteristic. However, it is not convenience 
when the number of plates in a column is increased. The EUD method is 
then modified by Budiman dan Ishida (1998) into a more compact 
graphical method called Integrated Energy Utilization Diagram (IEUD). 
This method exhibits all the different types of exergy losses in a simple 
diagram. The IEUD can show the exergy characteristic in the whole 
column stage-by-stage, but it cannot reveal the separation performance.  
To overcome this drawback, Budiman and Ishida (2004) introduce the 
Material-Utilization Diagram (MUD) graphical method. This method is 
able to present the separation performance and the EXL stage-by-stage in 
the column profile simultaneously. However, MUD diagram becomes very 
complicated when one of the sub-process exergy loss is much larger than 
the other. Therefore, it is necessary to compose such a simpler and easy to 
understand diagram for a complex RD process. For that reason, the 
application of Ex-N-A method for exergy analysis in RD system is studied 
in this work. The graphical Ex-N-A is constructed to display the exergy 
characteristic of a packed RD column in a simpler diagram. This graphical 
diagram is easy to understand even in a case when one of the sub-process 
exergy loss is much larger than the other.  
           A thermodynamic analysis using the graphical Ex-N-A Diagram to 
a packed RD column for biodiesel production is performed in this work. 
Biodiesel is produced via an esterification reaction of fatty acid with 
methanol. This route is preferred rather than transesterification of 
triglyceride scheme since today employing waste and non-edible feedstock 
is an obligatory to meet with the ecological and ethical requirement for 
bio-fuels (Dimian et al., 2009). Waste oil and low grade feedstock 
contains a considerable value of free fatty acid (FFA). Therefore, the 
esterification of fatty acid will be the best scheme for biodiesel production 
using waste and non-edible oil as feedstocks. Biodiesel production in this 
work is carried out continuously using packed RD column. The non-
equilibrium (NEQ) model with three phase approach is applied for the RD 
system. The combination of the three phases and NEQ models has been 
previously studied by Higler et al. for a distillation system without any 
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reaction involved in the system (2004). This paper is aimed at displaying 
the graphical Ex-N-A exergy analysis for presenting the energy feature of 
the  packed RD column for biodiesel production. The effect of some 
parameters on the reaction conversion and exergy loss are also revealed. 
This finding will facilitate the designer to identify the thermodynamic 
problem and help to enhance the reaction conversion as well as improve 
the energy efficiency of the RD system.  

 

2. Model and Simulation for Reactive Distillation Column 
 A packed RD column is utilized for the biodiesel production via 
fatty acid esterification. In this case, oleic acid is taken as a compound 
representing the FFA. As a case study, esterification of oleic acid and 
methanol in the present of solid acid catalyst namely acid ion-exchange 
polymeric resin of relite CFS (Tesser et al., 2005) in a packed RD column 
is examined. The generic esterification reaction between a fatty acid and 
methanol, which is the most used alcohol, is shown below: 
 
                                                          k1 

 RCOOH (A)  + CH3OH (B)  RCOOCH3 (C) + H2O (D)        (1) 
                                                          k2 

 

For the RD simulation, the following pseudo-homogeneous second-order 
equilibrium is selected to express the reaction rate (Tesser et al. , 2005) 
 

 
  catDCBA Cxxkxxkr 21                     (2) 

 
The values of the pre-exponential factors (k0) and activation energies (Ea) 
for the direct (1) and reverse reaction (2) are reported in Table 1. The 
reaction results slightly endothermic with ∆Hr = 2.68 kcal/mol. 
 

Table 1. Kinetic parameters of the pseudo-homogeneous model  
 

 Ln k0 Ea (kcal/mol) 
k1 (mol·cm

3
·gcat

-2
·min

-1
) 12.93 14.00 

k2 (mol·cm
3
·gcat

-2
·min

-1
) 8.76 11.32 

 
 

The compounds involved in the reaction is oleic acid and methanol as 
reactant, on the other hand water and methyl oleate (biodiesel) as 
products. Table 2 reports the molecular structure of the chemical 
compounds involved in the reaction as well as their normal boiling points.  
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Table 2. Molecular structure and normal boiling points of all the 
chemical compounds  

 

   
Oleic Acid (A) CH3(CH2)7CH=CH(CH2)7COOH Tb=359.85 °C 

Methanol (B) CH3OH Tb=64.7 °C 

Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 Tb=343.85 °C 

Water (D) H2O Tb=100.0 °C 

   
 

 

 The esterification reaction is carried out in a packed RD column. 
Configuration of the RD in this work is modified from the conventional 
RD scheme. In this case, RD applies a continuous water removal system, 
in which the top product containing a mixture of methanol and water is 
separated in an additional column.  The mixture of methanol and water 
vapour at the top are condensed, subsequently they are introduced to an 
additional distillation column for separation. Water is continuously 
withdrawn, while methanol is recycled to the main column as a reflux. 
Reflux of the methanol and both the fresh feed of methanol and fatty acid 
are introduced at the the column, on the other hand, methyl ester 
(biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. The RD Column is operated in 
co-current mode between the reactants, and counter-current mode between 
the liquid and gas. The increment of the column starts from the top, hence 
N = 0 meter  is the top of the column and N = n meter is the lowest part of 
the column. The base case condition employs the packed column with the 
height of 3 meter with the column diameter of 0.5 m.  The ratio of oleic 
acid and total methanol entering the column is set constant 2:1 inside the 
column. Flowrate of oleic acid introduced to the column is 300.00 kmole/ 
hr and total methanol inputted to the column is 600 kmole/ hr. The 
flowrate of the total vapor leaving the column is 666 kmole/ hr and the 
flowrate of the product discharging from the reboiler is 250.26 kmole/ hr.  

The simulation of the packed RD column is performed based on 
the novel NEQ model combined with three phase approach. The unit cell 
for the NEQ model for threephase RD is shown in Figure 2. It is an 
innovative approach for a packed RD simulation since the previous work 
using this sophisticated approach has merely been proposed for the 
conventional tray distillation column (Higler, 2004; Lao and Taylor, 
1994). The NEQ model assumes that the vapour from the lower position 
of the packing is brought into contact with liquid moving down from the 
upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, 
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namely methanol, oleic acid, methyl ester, and water. The organic 
compounds (oleic acid and methyl ester) and the polar compounds (water 
and methanol) are immiscible and will separate into two liquid phases. 
Thus, the three phases are defined as vapour phase which contains only 
methanol and water, alcoholic liquid phase which contains mainly water 
and methanol, and organic liquid phase which primarily contains fatty acid 
and methyl oleate. The reaction is assumed to occur in the organic phase.  

The equations applied for the NEQ model of three phase RD are 
summarized as follows. The mass balances of each compounds in the 
vapour, Liquid-1, and Liquid-2 phases are formulated in the equations (3), 
(4), and (5), respectively:  

 

 

'

'
,

V

dz

dV
yR

dz

dy jGj
j



              (3) 

 

 
'
1

'
1

, 1

L

dz

dL
xR

dz

dx jLj
j



              (4) 

 

 
'
2

'
2

, 2

L

dz

dL
xR

dz

dx jLj
j



                         (5) 

 
Meanwhile, the total mass balance of the vapour, Liquid-1, and Liquid-2 
phase are presented in the equations (6), (7), and (8), respectively: 

 
 

 GjR
dz

dV
,

'

              (6) 
 

  1,

'
1

LjR
dz

dL

             (7) 
 

  2,

'
2

LjR
dz

dL

             (8) 
 
To solve the equations (3) to (8), the rate processes equations are 
necessary. The rate processes equations for the gas, Liquid-1, and Liquid-
2 phases are equations (9), (10), and (11), respectively. 
 

 21
,

GL
j

GL
jGj NNR                          (9) 
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211

, 1

LL
j

GL
jLj NNR             (10) 

 

RcNNR j
LL

j
GL
jLj  212

, 1
          (11) 

 
The result outputted from the RD simulation is utilized for the 

exergy analysis by means of the graphical Ex-N-A methods. The graphical 
Ex-N-A thermodynamic analysis is a rigorius method to evaluate the 
exergy features of the internal RD column. It is simple but powerful to 
reveal the value of exergy loss (EXL) at each increment of the RD packed 
column,  i.e. EXL due to the temperature change, phase change, mixing in 
liquid and vapour phase, and chemical reaction. The loss in reboiler and 
condenser are also examined.  EffectS of the main parameters, specifically 
molar ratio and the column height, on the conversion and exergy loss 
inside the column are also analyzed incremently. 
 
  
3. Graphical Ex-N-A Methods 

Thermodynamic analysis using graphical Ex-N-A methods departs 
from the basic exergy concept and the second law of thermodynamics 
(Srinophakun et al., 2001; Suphanit et al., 2007). The formula of non-
chemical exergy loss calculation refers to the work of Budiman and Ishida 
(2004). Determination of the non-chemical reaction loss, i.e. EXL due to 
the change of the concentration (mixing), phase change of the component, 
and the temperature change has been described in their work and are 
adopted for the calculation in this study. On the other hand,  the formula 
for finding out the EXL due to the chemical reaction starts from the 
concept of the energy level. A new intensive parameter, called availability 
factor or energy level (A), is explained as (Srinophakun et al., 2001): 
 

                        (12) 

 
EXL is then defined by the following equation. 

                          (13) 
 

Hence,  
 

)                       (14) 

 
It illustrates the maximum fraction of energy which can be converted to 

http://www.sciencedirect.com/science/article/pii/S0196890400001424
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useful work. Thus, energy level of the chemical reaction is expressed by:  
 

)                       (15) 

 
On the equilibrium condition in which the reaction doesn‟t occurs, entropy 
can be defined as:  
 

                       (16) 

 
In this condition, level A can be written as:  
 

)                                                                        (17) 

 
Hence, for the liquid flowing along the column, the energy level is 
expressed as: 
 

)                                                                        (18) 

 
For the gas flowing along the column, the energy level is expressed as: 
 

)                                                                            (19) 

T in the energy level formula depends on the phase. T is gas temperature 
for the energy level of the gas and liquid temperature for the energy level 
of the liquid. Meanwhile, the reaction takes place in the liquid phase. 
Thus, EXL due to the chemical reaction is closely related to the difference 
between the energy level of the liquid and that of the chemical reaction. 
Thus, the EXL loss due to the chemical reaction can be written as: 
 

 )                                                (24) 

 
4. Display of Packed Reactive Distillation Column on graphical  

Ex-N-A Diagram 
4.  1. Base Case Analysis 

Ex-N-A Diagram is an-exergy features based diagram that is 
designed to present exergy characteristic of separation and chemical 
processes in a simple diagram. In this work, the Ex-N-A presentation is 
developed based on the fundamental concept of the previous graphical 
methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the 
previous work related to MUD application, Budiman and Ishida (2004), 
Budiman (2008), and Budiman et al. (2011) composes the graph for EXL 
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due to the concentration, phase and temperature change by  putting the 

mole number (nj) as abscissa and   as ordinate for the liquid phase 

and   for the gas phase. Meanwhile, in this work, the Ex-N-A 

Diagram is made by placing the two types of diagram in a single feature. 
The height of the column (N) is put as ordinate while the total EXL, the 
non-chemical reaction EXL, and A (energy level) is placed as abscissa. 
The first type of the diagram is entitled the Ex-N diagram, which consist 
of N as ordinate while total EXL and non chemical reaction EXL (Ex) as 
abscissa. The second type of the diagram is called the A-N diagram, in 
which N is putted as ordinate and A is set as abscissa. The two other 
diagram exhibiting the correlation between the column height with the 
total exergy loss and reaction conversion are also composed.  

This Ex-N-A diagram is developed by adopting the principle of 
energy-utilization diagrams (EUD). The EUD methodology, proposed by 
Ishida (1982), has a fundamental concept based on the combination of the 
first law and the second law of thermodynamics. In EUD technique, its 
abscissa shows the amount of the transformed energy/enthalpy of the 
process. Every process must donate or accept energy. The process 
donating energy is called the energy donor and the one accepting energy is 
called the energy acceptor. The energy level difference between AGa and 
ALiq (AGas – ALiq) indicates the driving force for the energy transformation 
(Budiman and Ishida, 2004). This graphical methodology can exemplifies 
the driving force as the energy level difference and exergy consumption as 
the shaded area in the diagrams.  

In composing the Ex-N-A diagram, column height (N) is plotting 
as abscissa against the total EXL, non-chemical reaction EXL, and energy 
level. Based on this diagram, the graphical correlation between total EXL, 
non-chemical reaction EXL, and energy level difference between gas and 
liquid (Agas-Aliq) is revealed incremently along the column. The Ex-N-A 
diagram is illustrated in the form of a bar graph and it consists of the two 
graphs, namely the Ex-N and the N-A graphs. The Ex-N graph also 
splitted into two types of Ex-N graph. The first Ex-N graph shows the 
EXL in the reboiler and condenser, EXL due to the chemical reaction, and 
non-chemical EXL (i.e losses due to the temperature change, mixing, and 
phase change) incremently from top to the bottom. EXL in the condenser 
and reboiler are shown on the uppermost part and the bottom of the graph, 
respectively. Meanwhile, at each increment, EXL of all the sub-processes, 
i.e. losses due to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing process in the 
vapour phase,  temperature change in liquid phase, and temperature 
change in the gas phases, are illustrated in a bar graph from the left to the 
right, correspondingly.  

The second Ex-N diagram shows the non chemical reaction EXL. 
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It consists of losses due to phase change of methanol compounds, phase 
change of water compounds, mixing process in the liquid phase, mixing 
process in the vapour phase, temperature change in liquid phase, and 
temperature change in liquid phase, which are drawn from the right to the 
left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incremently. For each 
increment, the energy level (A) of the liquid is placed at the upper 
position, whereas the energy level (A) of the gas is put at the lower 
position. Based on this N-A graph, the energy level difference between 
gas and liquid (Agas-Aliq) incremently can be exposed.  

Figure 3 demonstrates the Ex-N-A Diagram over the whole 
column for the base case studied when the height of the column (N) is 3 
meter and the molar ratio of methanol to oleic acid is 2:1, which results in 
total oleic acid conversion of 30.76 %. The EXL profile shows large EXL 
at the condenser and reboiler compared to the other parts of the column. 
This is as an account of the large driving forces for heat and mass transfer 
at these regions. The total EXL at reboiler is 1256638.9211 J/s while in 
condenser is 769351.3847 J/s. In Figure 3a, EXL of the reboiler and 
condenser are shown by the scale of 1/5 because of their large values. The 
larger EXL at the reboiler than at condenser is not surprising. This could 
be as a consequence of the large concentration of compounds as well as 
the high heat load at reboiler than those at  condenser. This phenomenon 
agrees with the result previously obtained by Budiman and Ishida (2004) 
and Khoa et al. (2010). 

The incremently assessment on the RD column using Ex-N-A 
Diagram is also depicted in Figure 3. The Ex-N diagram in Figure 3a 
shows on that the non chemical EXL, i.e. the summation of EXL due to 
the concentration change (mixing), temperature and phase changes, 
decreases from the top to bottom. Then, start from N= 2 meter from the 
top, the non-chemical exergy loss turns into a very small quantity. This 
tendency agrees with the A-N Diagram in Figure 3b, which displays the 
profile of the energy level difference between gas and liquid (Agas-Aliq) 
inside the column or so-called driving force. The energy level difference 
between gas and liquid strongly corresponds to the temperature profile 
along the packed RD column. The difference temperature between gas and 
liquid will result in the difference energy level.  

Based on the A-N diagram in Figure 3b, it is disclosed that there is 
a large gas-liquid temperature difference at the top, then it gets smaller 
towards the bottom. Subsequently, at the height of 2 meter from the top 
(N=2), the liquid temperature almost reaches the similar temperature to the 
gas, which is represented by the equal value of the gas and liquid energy 
level. This condition has an important effect on the non-chemical reaction 
EXL value. The diagram exhibits that, for the non-chemical reaction EXL, 
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all the losses influenced by temperature is zero, hence simply the EXL due 
to the mixing which exists at N= 2 meter downwards.  EXL due to mixing 
is affected only by the concentration change, so the alteration of the 
temperature does not provide so much influence. On the other hand, EXL 
due to the temperature and phase change are absolutely depends on the 
temperature difference between gas and liquid. When the temperature of 
the liquid is just about equal to the gas temperature, it can be said that the 
near equilibrium condition is reached. In this condition, a macro heat 
transfer between the two phase does not occurs. Therefore, the section 
inside the column can be divided into two regions. The first region is the 
non-equilibrium zone, and the second one is the close-to-equilibrium zone.  

Two regions, non-equilibrium zone and close to equilibrium zone, 
exist in the packed RD column in this operation. Non-equilibrium zone 
takes place at the upper part of the column and the close to equilibrium 
zone comes about at the lower part of the column. At the lower part of the 
column, there is an abundant heat supply from reboiler, leading to an 
excellent heat transfer between the gas and liquid phase. It causes a very 
small difference temperature between gas and liquid, which also results in 
a very small (near to zero) energy level difference. Pinto et al. (2011) calls 
the condition where  the energy level difference or the driving force is 
very small (or let‟s say “zero”) as the ideal column with minimum 
thermodynamic condition. This condition has brought about the close-to-
equilibrium zone on this lower part of the column. The intensive  
discussion on close-to-equilibrium zone, or sometimes called as close-to-
equilibrium point (CEP), has also been presented by Budiman et al. 
(2011). In their work, CEP has been shown on MUD for the minimum 
reflux ratio. Budiman et al. (2011) and Pinto et al. (2011) suggested that 
the procedure to improve the energy efficiency of distillation columns  
should involve the use of the so-called minimum thermodynamic 
condition of columns.  

The non-equilibrium zone is emerging at the upper part of the 
column. At the top of the column, all feed are introduced, both the fresh 
feed of methanol and oleic acid, as well as the methanol reflux. The 
abundant liquid stream that enters the column has drastically changed the 
gas-liquid composition and bring about a distance between the actual 
condition with the near to equilibrium condition. It also causes an 
inefficient heat transfer between the gas flowing from the lower increment 
to the liquid stream. Thus, there will be a large temperature difference 
between the gas as the heat donor and the liquid as the heat acceptor. This 
large temperature difference is depicted by the large energy level 
difference (driving force) between gas and liquid at the top of the column 
(A-N Diagram in Figure 3b). The difference energy level is decreasing 
from the top to the bottom. Ultimately, at a certain height of the column, it 
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comes up to the Close-to-Equilibrium zone. The profile of A-N diagram 
agrees with the non-chemical reaction exergy loss profile as demonstrated 
on Ex-N diagram in Figure 3a. The diagram show that the largest non-
chemical reaction EXL is located at the top of the column. This finding is 
valuable for guiding the improvement on the packed RD column design 
and modification.  
 A comprehensive thermodynamic analysis on a packed RD column 
should involve the EXL analysis due to the chemical reaction. However, 
assessment on the EXL loss due to chemical reaction incremently never 
been discussed intensively in the previous literature. In this work, this type 
of EXL becomes one main focus to evaluate. Ex-N Diagrams in Figure 3b 
exhibits a different tendency between the profile of the total EXL and 
EXL due to the chemical reaction on one side, and EXL due to non-
chemical reaction on the other side. The profile of total EXL and EXL due 
to chemical reaction is increasing from the top to the bottom. This fact is 
absolutely the opposite of the profile of the non-chemical reaction EXL. It 
indicates that EXL due to chemical reaction gives a dominant contribution 
to the total EXL at each increment. Hence, the profile of total EXL is 
reminiscent of the EXL due to chemical reaction profile.  
 Based on the Ex-N diagram, it is revealed that the amount of EXLs 
due to chemical reaction is increasing from the top to the bottom. The 
higher EXL is probably correlated to the amount of the mole reacting at 
each increment. The higher mole reacts, the higher EXL is resulted. In this 
RD system, at the top of the column, the fresh feed and reflux of methanol 
meets the fresh feed of oleic acid. Methanol has a small solubility with 
long fatty acid. Therefore, at the beginning of the column, only a little 
mole of methanol diffuses into the organic liquid phase, which contains 
mainly oleic acid. While flowing downward the column, more methanol is 
dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it 
is found that the  EXL due to chemical reaction as well as the total EXL 
increase from the top to the bottom. 

Fitzmorris and Mah (1980) underlines that  analyzing EXL in a 
distillation column can provide a useful understanding and insights, which 
will lead to a better design of a distillation system. Thus, in order to 
acquire an in-depth understanding of the thermodynamic aspects of the 
packed RD column, examination on the influence of the main process 
parameters should be conducted. The parameters observed in this study 
are molar ratio of the reactants and height of the column (N). The 
knowledge of their influence on the RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and 
perform the optimization graphically.  
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4.  2. Effect of the Molar Ratio of the Reactants inside the Packed RD 
Column 
 To understand the influence of molar ratio on the thermodynamic 
behaviour and RD performance, firstly, the molar ratio of methanol and 
oleic acid in the whole column is changed from 2:1 to 6:1 at the same 
column height 3 meter (N = 3). By employing the molar ratio of 6:1, it is 
exhibited that the reaction conversion enhances about twice times from 
30.76% to 66.41%. However, the Ex-N diagram in Figure 4a 
demonstrates that the profile of non-chemical EXL does not change so 
much compared to the result given by the molar ratio of 2:1. At molar 
ratio of 6:1, the area in the packed RD column is split into two regions. 
The lower part of the column is the close-to-equilibrium zone with near to 
zero driving force, and the upper part is non-equilibrium zone. However, 
enhancing molar ratio from 2:1 to 6:1 has considerably extended the area 
of the close-to-equilibrium zone. The A-N diagram in Figure 4b shows 
that, when molar ratio of 6:1 is applied, the close-to-equilibrium zone start 
at N = 0.75 meter downward. Hence, the area of the close-to-equilibrium 
zone is notably larger than that of the non-equilibrium zone inside the 
column. The larger area of the close-equilibrium zone occurs since there is 
a far excess of methanol in the mixture. The large excess of methanol to 
oleic acid eases a good contact of the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is 
approached and the driving force near to zero, the equilibrium condition 
will be easier to reach. Consequencly, the region of close to equilibrium 
point is getting larger when the higher molar ratio of reaction is applied.  
 It can be confirmed that the higher molar ratio of the reactants 
leads to the the wider equilibrium region in the column. This statement is 
convinced by the result obtained when applying the molar ratio of 
methanol to oleic acid of 1:1 with N = 3. At this operation condition, the 
oleic acid conversion drops to 9.57%. Meanwhile, the thermodynamic 
evaluation depicts that the close-equilibrium-point cannot be reach with 
this low molar ratio. As shown on the A-N diagram in the Figure 5b, all 
the area in RD column is non-equilibrium zone, disclosed by the existence 
of the driving force and all the non-chemical reaction EXL (losses due to 
mixing, phase, and temperature change) along the column. The amount of 
non-chemical reaction EXL is decreasing from the top to the bottom.  
 To evaluate the impact of varying the molar ratio on the value of 
the EXL due to the chemical reaction, both the diagrams in Figures 4 and 
5 are examined. It is exhibited on the Ex-N Diagram in Figures 4 and 5, 
the EXL due to the chemical reaction is clearly affected by the changing 
of molar ratio of the reactants. As displayed in Figure 5,  when the molar 
ratio of 1:1 is employed, the Ex-N profile is almost similar to that resulted 
by applying molar ratio of 2:1.  
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 However, if molar ratio of the reactants is drastically enhanced to 
6:1, the new Ex-N profile seems interesting. EXL due to the chemical 
reaction is getting higher from the top downward as seen on the Ex-N 
Diagram in Figure 4. In spite of this, at a certain point in the column, EXL 
due to chemical reaction tends to decrease and achieve the minimum value 
at the lowest increment of the column. The value of EXL due to chemical 
reaction strongly corresponds to the number of moles that reacts at each 
increment. Hence, this phenomenon can be explained as follows. When 
the high molar ratio of methanol to oleic acid is applied, the mass transfer 
of methanol to organic phase is easier. An excellent dispersion of 
methanol in the organic phase leads the reactants to reacts easily. 
Consequently, from the top downward, there is a severe increase on the 
mole number of reactants involving in the reaction at each increment, 
which causes high reaction rate enhancement at the upper part of the 
column. However, at a certain point, the remaining unreacted oleic acid is 
too small to achieve high reaction rate. At this increment, only a small 
number of oleic acid involves in the reaction which results in the 
decreasing of the reaction rate from this point to the bottom. The profile of 
the reaction rate is identical to the profile of the EXL due to chemical 
reaction in the column. It can be observed that EXL due to the chemical 
reaction increases significantly at each increment on the upper part of the 
column, but at a certain point it decreases and reaches a minimum point at 
the lowest increment.  
 To obtain the appropriate molar ratio of the reactants that provides 
high RD performance but low total EXL, an integrated graphical 
examination should be composed. Figure 6 presents the profile of oleic 
acid conversion and total EXL against the reactant molar ratio. It is 
revealed that the higher molar ratio results in the higher reaction 
conversion but lower EXL. Thus, the higher molar ratio of methanol to 
oleic acid will give great benefit both for the RD performance and the  
thermodynamic aspect.  
 
4.  3. Effect of the Height of the Column 
 The subsequent important aspect to analyzed is the height of the 
packed column (N). To study this parameter, N is increased from 3 to 6 
meter with the similar reactants molar ratio of 2:1. It is revealed that the 
reaction conversion is enhanced from 30.76 to 58.52%. On the other hand, 
the result of the thermodynamic evaluation is presented in Figure 7. The 
Ex-N in Figure 7a shows that increasing the height of the column does 
not so much change the profile of the non-chemical reaction EXL 
compared to the profile of the column with the height of 3 meter (N = 3). 
The highest value of non-chemical EXL occurs at the top of the column, 
then it is decreasing downward. Subsequently, starting from the N = 2 
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meters from the top, EXL of the sub processes which depends on 
temperature (loss due to temperature and phase changes) are approaching 
zero. This tendency agrees with the trend of the driving force profile 
exhibited on the A-N Diagram in Figure 7b. It is shown that the energy 
level difference between gas and liquid is decreasing from the top 
downward. Then, starting at N = 2 meter downward, the energy level 
difference values near to zero. Thus, the area in the column can be 
separated into two regions, i.e. the non-equilibrium zone and the close-to-
equilibrium  zone. Non-equilibrium region covers the section from the top 
to N = 2, while the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the non equilibrium zone 
area, it just prolong the close-to-equlibrium zone. The existing of non 
equilibrium region is mostly caused by the extremely abundant input of 
the reactants and reflux at the top. Conclusively, the changing on the 
molar flowrate will provide more influence on it than the variation on the 
column height.  
  Effect of the column height (N) on the EXL due to the chemical 
reaction is also evaluated. The Ex-N Diagram in Figure 7 presents the 
profile of EXL due to the chemical reaction. It is exposed that EXL due to 
the chemical reaction increases from the top downward. When it reaches 
the increment of N = 2, EXL due to the chemical reaction values almost 
constant, and finally it decreases at N = 4 to bottom. EXL due to the 
chemical reaction is strongly affected by the reaction behaviour. In this 
operation condition, reaction rate at each increment in the upper part of the 
column is increasing from the top downward. However, at a certain height 
from the top, the remaining moles of the unreacted oleic acid does not 
sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared to the rate at the 
upper increment. Finally, the rate decreases at a certain increment 
downward.  
  To obtain  a more profound comprehension on the influence of the 
column height to the RD performance and thermodynamic behaviour, a 
diagram presenting the profile of total EXL and reaction conversion 
against the column height is composed. Figure 8 discloses that the 
increasing on the column height leads to the higher reaction conversion 
and  the larger total EXL. Thus, the best point yielding an excellent 
performance on the reaction conversion and the thermodynamic efficiency 
should be determined.  
  Conclusively, there are some finding obtained by analyzing the 
influence of the reactant molar ratio and the height of the column. Based 
on the thermodynamic point of view, EXL can be reduced by distributing 
the inlet of the reactants at the different places. For example, shifting the 
feed point location of one reactant from the top will reduce the load at the 
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top and lessen the EXL. It probably facilitates to decrease the driving 
force and enlarge the close-to-equilibrium region inside the column. This 
suggestion agrees with the study on exergy analysis using MUD on 
distillation column proposed by Budiman et al. (2011). Besides this way, 
the optimum efficiency of the RD can be achieved by determining the best 
height of the column which result in low EXL but high reaction 
conversion. The other alternative way to improve the reaction performance 
and reduce EXL loss is through employing higher molar ratio of the 
reactants, which can be done by increasing the reflux ratio as suggested by 
Pinto et al. (2011), or by introducing higher fresh feed stream.  
 
 
Conclusions 
A graphical methods called Ex-N-A Diagram has been applied to assess 
the performance and efficiency of a packed RD column. This technique 
can display the reaction performance, EXL and  energy level characteristic 
on each increment over the whole packed RD column. This graphical 
technique also capable to present the exergy characteristic feature in a 
simple way, easy to understand, even when one of the sub-process has a 
much larger EXL than the other. In this study, EXL due to the chemical 
reaction gives the dominant contribution to the total EXL compared to the 
other sub-process. In this work, a parametric analysis of the effect of 
column height and the molar ratio of methanol to oleic acid feed on the 
performance of the system has been conducted in order to find the optimal 
conditions both from the exergy viewpoint and from the oleic acid 
conversion viewpoint. It is summarized that by increasing the molar ratio 
of the reactant and determining the optimum column height, the high 
reaction conversion and low EXL can be achieved. Conclusively, the 
graphical Ex-N-A method is an effective tool to analyze the 
thermodynamic and reaction performance of a packed RD column. This 
method is also designed to display the graph in a simple way, which is 
easy to understand even supposing in the condition when one sub-process 
EXL is much higher than the other. By means of this method, a designer 
can judge the process feasibility and perform the optimization graphically 
and intuitively.  

 
 
References 
Budiman, A. (2008) „Graphical Separation Performance-Exergy Analysis 

for Revamping of Distillation Column‟, AJChE, Vol.8 , No. 1 , pp. 
61 – 69. 

Budiman, A. and Ishida, M. (1998) „Optimal side heating and cooling in a 
distillation column‟,  Energy, Vol. 23, pp. 365–72. 



   

 

   

   

 

   

   

 

   

    Author                                                                                                                  16    
 

    

 

 

   

   

 

   

   

 

   

       
 

Budiman, A. and Ishida, M. (2004) „A new method for disclosing internal 
phenomena in a distillation column by use of material-utilization 
diagram‟, Energy , Vol. 29 , pp. 2213–2223 

Budiman, A., Sutijan, and Sawitri, D. R. (2011) „Graphical exergy 
analysis of retrofitted distillation column‟, Int. J. Exergy, Vol. 8, 
No. 4, pp. 477-493 

Demirel, Y. (2006) „Retrofit of Distillation Columns Using 
Thermodynamic Analysis‟, Sep. Sci. Technol., Vol. 41, No. 5. Pp. 
791–817. 

Dhole, V.R., Linnhoff, B. (1993) „Distillation column targets‟, Comput. 
Chem. Eng., Vol. 17, No. 5-6, pp. 549-560. 

Dimian, A. C., Bildea, C.S., Omota, F., Kiss,  A.A. (2009) „Innovative 
process for fatty acid esters by dual reactive distillation, Comput. 
Chem. Eng., Vol. 33, pp. 743–750. 

Dragomir, R.M., and Jobson, M. (2005) „Conceptual design of single-feed 
hybrid reactive distillation columns‟, Chem. Eng. Sci., Vol. 60, pp. 
4377 – 4395. 

Fitzmorris, R. E., and R. S. H. Mah (1980) „Improving Distillation 
Column Design Using Thermodynamic Availability Analysis‟, 
AIChE J., Vol. 26, No. 2, p. 265. 

Gómez-Castro, F.I., Rico-Ramírez, V., Segovia-Hernández, J.G, and 
Hernández-Castro, S. (2011) „Esterification of fatty acids in a 
thermally coupled reactive distillation column by the two-step 
supercritical methanol method‟, Chem. Eng. Res. Des., Vol. 89, 
No. 4,  pp. 480–490. 

Higler, A., Chande, A., Taylor, R., Baur, R., and Krishna, R. (2004) 
„Nonequilibrium modeling of three-phase distillation‟, Comput. 
Chem. Eng., Vol.  28 , pp. 2021–2036. 

Ishida, M. and Jun J.  (1999), „ Graphical exergy study on single stage 
absorption heat transformer‟, Appl. Therm. Eng., Vol.19, pp. 1191-
1206. 

Khoa, T. D., Shuhaimi, M.,  Hashim, H., Panjeshahi, M.H., (2010) 
„Optimal design of distillation column using three dimensional 
exergy analysis curves‟, Energy, Vol. 35, pp. 5309-5319. 

Lao, M. Z. and Taylor, R. (1994) „Modeling mass-transfer in 3-phase 
distillation‟, Ind. Eng. Chem. Res., Vol. 33, 2637–2650.  

Le Goff, P., Cachot, T., and  Rivero, R.  (1996) „Exergy analysis of 
distillation processes„,Chem. Eng. Technol, Vol. 19, No. 6, pp. 
478–485 

Pinto, F. S., Zemp, R., Jobson, M., and Smith, R (2011) „Thermodynamic 
optimisation of distillation columns‟, Chem. Eng. Sci., Vol. 66, pp.  
2920–2934. 

http://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1001&context=chemengphysprop
http://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1001&context=chemengphysprop
http://academic.research.microsoft.com/Author/9315167/vikas-r-dhole
http://academic.research.microsoft.com/Author/18567517/bodo-linnhoff
http://www.sciencedirect.com/science/journal/02638762/89/4
http://www.sciencedirect.com/science/journal/02638762/89/4


   

 

   

   

 

   

   

 

   

   Graphical Exergy Analysis of Reactive Distillation Column for Biodiesel Production                 17    
 

    

 

 

   

   

 

   

   

 

   

       
 

Srinophakun, T., Laowithayangkul S., and Ishida, M. (2001) „Simulation 
of power cycle with energy utilization diagram‟, Energy Convers. 
Manage., Vol. 42, No. 12, pp. 1437–1456. 

Suphanit, B., Bischert, A., and Narataruksa, P. (1997) „Exergy loss 
analysis of heat transfer across the wall of the dividing-wall 
distillation column‟, Energy , Vol. 32,  pp. 2121–2134. 

Taprap, R. and Ishida, M. (1996) „Graphic Exergy Analysis of Processes 
in Distillation Column by Energy-Utilization Diagrams‟, AIChe J., 
Vol. 42, No. 6, pp. 1633-1641. 

Tesser, R., Di Serio, M., Guida, M., Nastasi, M., Santacesaria, E. (2005) 
„Kinetics of oleic acid esterification with methanol in the presence 
of triglycerides‟, Ind. Eng. Chem. Res., Vol. 44, No. 21, pp. 7978-
7982. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.sciencedirect.com/science/journal/01968904/42/12


   

 

   

   

 

   

   

 

   

    Author                                                                                                                  18    
 

    

 

 

   

   

 

   

   

 

   

       
 

 

Reactive Distillation 

Tower

V,yi,Hi
V

V,yi,Hi
V

L,xi,Hi
L

z=0

z=L

Water Removal

Condenser, Qcond

Reboiler-2,

Qreb-2

VD,yD,Hi
D,V

Methanol,

D,xD,Hi
D,L

Fresh Feed

F,zi,HFi

Vw,yw,Hi
w,V

Water, 

W,xW,Hi
W,L

R

Reboiler-1, 

Qreb-1

Product

B,xB,Hi
L

L,xi,Hi
L

 
 

 

Figure 1. The Configuration of Packed RD Column for Biodiesel 
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Figure 2. Schematic Representation of One Cell of Three-Phase 
Packed RD Column  

 



   

 

   

   

 

   

   

 

   

    Author                                                                                                                  20    
 

    

 

 

   

   

 

   

   

 

   

       
 

 
 

     Figure 3. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio  

                       of Methanol to FFA of 2:1 at N = 3 m 
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        Figure 4. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio  

              of Methanol to FFA of 6:1 at N = 3 m 
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Figure 5. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio 
          of Methanol to FFA of 1:1 at N = 3 m 
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            Figure 6. Profile of Total Exergy Loss and Fatty Acid   
                             Conversion at Different Reactant Molar Ratio 
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         Figure 7. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio  

               of Methanol to FFA of 2:1 at N = 6 m 
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                        Figure 8. Profile of Total Exergy Loss and Fatty Acid  
        Conversion at Different Column Height 
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GRAPHICAL EXERGY ANALYSIS OF 
REACTIVE DISTILLATION COLUMN  

FOR BIODIESEL PRODUCTION  
 

Abstract: This paper brings the novelty of the exergy analysis technique using Ex-N-A 

diagram to a packed Reactive Distillation (RD) column for biodiesel production. In this 

study, biodiesel is produced through the esterification of fatty acid with methanol. The 

simulation of the column was performed based on the non-equilibrium model of a three 

phase packed RD system. The graphical Ex-N-A method was utilized to evaluate exergy 

features of the internal RD column. This technique is rigorous to demonstrate the value of 

exergy losses at each increment of the column, i.e. losses due to the temperature change, 

phase change, mixing in liquid and vapour phases, and chemical reaction. The effects of 

the molar ratio of the reactant and the height of the packed column on the conversion and 

exergy losses were examined and displayed in a simple figure. 

 

Key words: Exergy analysis, reactive distillation, esterification, Ex-N-A, biodiesel 

  

1. Introduction 

 

Reactive Distillation (RD) is a promising alternative process for 

equilibrium limited reaction, such as biodiesel production via fatty acid 

esterification scheme. It is caused by the fact that the continuous removal 

of one product will shift the equilibrium to the product formation.  

Besides, RD  integrates the reaction and separation in one shell (Dragomir 

and Jobson, 2005; Dimian et al., 2009; Gomez-Castro et al., 2010). 

However, the process involving distillation process is usually associated 

with the high energy consumption. Therefore, thermodynamic analysis, or 

specifically recognized as exergy analysis, on an RD column is important 

to evaluate the energy efficiency of the process.  

 Exergy is a type of useful or available energy (Ao et al., 2012). Exergy 

analysis is a robust analysis tool that is based on the first and the second 

law of thermodynamics. It is efficient for examining the energy quantity 

and quality of a process accurately (Suphanit et al., 2007). This analysis 

can be used to find the locations, source and magnitudes of exergy losses 

in the energy systems and process, hence it plays an important role for 

designing, developing, and optimizing an energy-efficient RD process 

(Budiman and Ishida, 2004; Colpan, 2012). 

Various method of exergy analysis has been proposed for distillation 

process. Le Goff et al. (1996) introduced the Carnot factor-specific 

enthalpy diagram. This method is easy to utilize for calculating the exergy 
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target, but it cannot describe the stage-by-stage exergy characteristic. 

Dhole and Linnhoff (1993) proposed a procedure for composing a T-H 

curve called the Column grand composite curve (CGCC). Demirel (2006) 

suggested that the CGCC is useful for exploring the energy-saving 

potential, determining the targets for column modifications, and 

recommending retrofits. This method, however, is simple but does not 

offer information with respect to exergy loss caused by chemical reaction.  

      A more advanced method was developed by Taprap and Ishida (1996), 

named Energy Utilization Diagram (EUD). This method is functional for 

analysing stage-by-stage exergy loss inside the distillation column. The 

overall exergy loss in the column can be broken down into six types of 

exergy losses (EXL), namely EXL due to the cooling, heating, mixing in 

the vapour and liquid phases, condensation, and evaporation. Each can be 

individually displayed in a graph. EUD method gives more detailed 

information for exergy characteristic. However, it is not convenience 

when the number of plates in a column is increased. The EUD method was 

then modified by Budiman and Ishida (1998) into a more compact 

graphical method called Integrated Energy Utilization Diagram (IEUD). 

This method thus exhibits all the different types of EXL in a simple 

diagram. IEUD can show the exergy characteristic in the whole column 

stage-by-stage, but it cannot reveal the separation performance. To 

overcome this drawback, Budiman and Ishida (2004) introduced the 

Material-Utilization Diagram (MUD) graphical method. This method is 

able to present the separation performance and the EXL stage-by-stage in 

the column profile simultaneously. However, MUD diagram becomes very 

complicated when one of the sub process EXL is much larger than the 

others. Therefore, it is necessary to compose such a simpler and easy to 

understand diagram for a complex RD process.  

      On this note, the development of the novel Ex-N-A graphical method 

for exergy analysis in a complex RD system was studied in this work. 

Compared to the literature works, this graphical method is superior. The 

Ex-N-A method is constructed simply by plotting the height of the column 

(N) as ordinate while the total EXL, the non-chemical reaction EXL, and 

A (energy level) as abscissa. This plotting results in a simple diagram 

which is easy to understand, but it can display the detailed exergy 

characteristic of a packed RD column entirely. The graphical Ex-N-A 

diagram is efficient to disclosure the EXL due to the cooling, heating, 

mixing in the vapour and liquid phases, condensation, and evaporation, 

and chemical reaction incrementally.  And it is yet easy to understand 

even in a case when one of the sub-process EXL is much larger than the 

other. This diagram can also obviously exhibit the correlation of the 
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exergy losses due to chemical and non-chemical sub-processes with the 

energy level difference at various heights of column. 

      A thermodynamic analysis using the graphical Ex-N-A Diagram to a 

packed RD column for biodiesel production was carried out in this work. 

Biodiesel is produced via an esterification reaction of free fatty acid (FFA) 

with methanol. This route is preferred rather than transesterification of 

triglyceride scheme since today employing waste and non-edible feedstock 

is an obligation to meet with the ecological and ethical requirement for 

bio-fuels (Dimian et al., 2009). Waste oil and low grade feedstock 

contains a considerable value of FFA. Therefore, esterification of FFA 

will be the best scheme for biodiesel production using waste and non-

edible oil as feedstock.  

      In this work, non-equilibrium (NEQ) model with three-phase approach 

is applied for the RD system. This model brings a novelty since the 

combination of the three-phases and NEQ model has been merely studied 

for a distillation process which doesn‟t involve any reaction in the system 

(Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A 

exergy analysis for presenting the energy feature of the RD column for 

biodiesel production. The effect of some parameters on the reaction 

conversion and exergy loss are also revealed. This finding will facilitate 

the designer to identify the thermodynamic problem and help to enhance 

the conversion as well as improve the energy efficiency of the RD system.  

 

2. Model and Simulation for Reactive Distillation (RD) Column 

 

A packed RD column was utilized for the biodiesel production via fatty 

acid esterification. In this case, oleic acid was taken as a compound 

representing the FFAs. As a case study, esterification of oleic acid and 

methanol in the present of solid acid catalyst namely acid ion-exchange 

polymeric resin of relite CFS (Tesser et al., 2005) in a packed RD column 

was examined. The generic esterification reaction of an FFA and methanol 

is shown below: 

 

                                                              k1 

   RCOOH (A)  +  CH3OH (B)  RCOOCH3 (C)  + H2O (D)     (1) 

                                                               k2 

 

 For the RD simulation, the pseudo-homogeneous second-order 

equilibrium is selected to express the reaction rate (Tesser et al., 2005): 
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 ̇   (                  )                                (2) 

 

The values of the pre-exponential factors and activation energies (Ea) for 

the direct (1) and reverse reaction (2) are reported in Table 1. The reaction 

is slightly endothermic with ∆Hr = 11213.12 J/mol. The compounds 

involved in the reaction are oleic acid and methanol as reactants. On the 

other hand, water and methyl oleate (biodiesel) are products. Table 2 

reports the molecular structure of the chemical compounds involved in the 

reaction as well as their normal boiling points.  

 The esterification reaction was carried out in a packed RD column. 

Configuration of the RD in this work is modified from the conventional 

RD scheme. In this case, RD applies a continuous water removal system, 

in which the top product containing a mixture of methanol and water is 

separated in an additional column.  The mixture of methanol and water 

vapour at the top are condensed, and are subsequently introduced to an 

additional distillation column for separation. Water is continuously 

withdrawn, while methanol is recycled to the main column as a reflux. 

Reflux of the methanol and both the fresh feed of methanol and fatty acid 

are introduced at the top of the column. On the other hand, methyl ester 

(biodiesel) is drawn off at the bottom. The detailed configuration of the 

packed RD column is shown in Figure 1. RD is operated in co-current 

mode between the reactants, and counter-current mode between the liquid 

and gas. The increment of the column starts from the top, hence N = 0 

meter is the top of the column, while N = n meter is the lowest part of the 

column. The base case condition employs the packed column with the 

height of 3 meter with the column diameter of 0.5 m.  The ratio of oleic 

acid to total methanol entering the column is set constant at 2:1 inside the 

column. Flow rate of oleic acid feed is 83.33 mol/s and total methanol 

inputted to the column is 166.67 mol/s. Flow rates of total vapour leaving 

the column and product discharging from the reboiler are 185 mol/s and 

69.52 mol/s, respectively.  

The simulation of the packed RD column was performed based on the 

novel NEQ model combined with three phase approach. The unit cell for 

the NEQ model for three phase RD is shown in Figure 2. It is an 

innovative approach since the previous work using this sophisticated 

model has merely been proposed for the conventional tray distillation 

column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model 

assumes that the vapour from the lower position of the packing is brought 

into contact with liquid moving down from the upper position, allowing an 

exchange of mass and energy across the interface between these phases. 

This system involves four components, namely methanol, oleic acid, 
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methyl ester, and water. The organic compounds (oleic acid and methyl 

ester) and the polar compounds (water and methanol) are immiscible, 

thus will separate into two liquid phases. Therefore, the three phases are 

defined as vapour phase which contains only methanol and water, 

alcoholic liquid phase which contains mainly water and methanol, and 

organic liquid phase which primarily contains fatty acid and methyl oleate. 

The reaction is assumed to occur in the organic phase.  

The assumptions taken in this modelling and simulation can be written 

as follows: 

1. In the FFA esterification reaction, oleic acid is taken as a compound 

representing the FFA in the vegetable oil. 

2. The FFA esterification is expressed by the pseudo-homogeneous 

second-order equilibrium kinetic model. 

3. The RD column operates at the steady state condition 

4. There are three phases which occurs in the system, namely: vapour 

phase, alcoholic phase (liquid-1) and organic phase (liquid-2). 

5. The reaction takes place in the organic phase (liquid-2) 

6. Temperatures of the alcoholic phase (liquid-1) and organic phase 

(liquid-2) are similar, which is called temperature of liquid. 

7. The RD column is modelled based on the NEQ approach. Hence the 

interfacial mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three phase RD are 

summarized as follows. The mass balances of each compound in the 

vapour, Liquid-1, and Liquid-2 phases are formulated in the equations (3), 

(4), and (5), respectively:  

 

     

  
 

(  ̇   )   
   

  

  
                         (3) 

 

      

  
 

 (  ̇    )    
   

 

  

  
               (4) 

 

      

  
 

 (  ̇    )   
   

 

  

  
               (5) 

 

Meanwhile, the total mass balance of the vapour, Liquid-1, and Liquid-2 

phase are presented in the equations (6), (7), and (8), respectively:  
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)               (8) 

 

To solve the equations (3) to (8), the rate processes equations are 

necessary. The rate processes equations for the gas, liquid-1, and liquid-2 

phases are equations (9), (10), and (11), respectively. 

 

 ̇       ( ̇ 
     ̇ 

   )                       (9) 

 

 ̇    
   ̇ 

     ̇ 
                                         (10) 

 

 ̇    
   ̇ 

     ̇ 
          ̇                             (11) 

 

The result outputted from the RD simulation is utilized for the exergy 

analysis by means of the graphical Ex-N-A methods. The Ex-N-A 

thermodynamic analysis is a rigorius method to evaluate the exergy 

features of the internal RD column. It is simple but powerful to reveal the 

value of EXL at each increment of the RD column,  i.e. EXL due to the 

temperature change, phase change, mixing in liquid and vapour phase, and 

chemical reaction. The loss in reboiler and condenser are also examined.  

Effects of the main parameters, specifically molar ratio and the column 

height, on the conversion and EXL inside the column are also analysed. 

  

3. Graphical Ex-N-A Methods 

 

Thermodynamic analysis using graphical Ex-N-A methods departs from 

the basic exergy concept and the second law of thermodynamics (Suphanit 

et al., 2007). The formula of non-chemical EXL calculation refers to the 

work of Budiman and Ishida (2004). Determination of the non-chemical 

reaction loss, i.e. EXL due to changes of the concentration (mixing), phase 

of the component, and  temperature have been described in their work and 

are adopted for calculation in this study. On the other hand, the formula 

for finding out the EXL due to the chemical reaction starts from the 

concept of the energy level. Availability factor or energy level (A) is 

explained as (Srinophakun et al., 2001): 

http://www.sciencedirect.com/science/article/pii/S0196890400001424
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                       (12) 

 

EXL is then defined by the following equation. 

   ̇                                              (13) 

    

Hence,  

 

  (     
  

  
)                       (14) 

 

It illustrates the maximum fraction of energy which can be converted to 

useful work. Thus, energy level of the chemical reaction is expressed by:  

 

      (     
  

  
)                                  (15) 

 

On the equilibrium condition in which the reaction doesn‟t occurs, entropy 

can be defined as:  

 

   
  

 
                         (16) 

 

In this condition, energy level A generally can be written as:  

 

  (  
  

 
)                                                                                (17) 

 

Hence, for the liquid flowing along the column, the energy level is 

expressed as: 

 

     (  
  

 
)                                                                           (18) 

 

For the gas flowing along the column, the energy level is expressed as: 

 

     (  
  

 
)                                                                          (19) 

 T in the energy level formula depends on the phase. T is gas 

temperature for the energy level of the gas, and it is liquid temperature for 

the energy level of the liquid. The reaction takes place in the liquid phase. 

Thus, EXL due to the chemical reaction is closely related to the difference 

between the energy level of the liquid and that of the chemical reaction. 
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Hence, EXL loss due to the chemical reaction can be written as: 

 

   ̇      (          )                                                  (20) 

 

4. Display of Packed Reactive Distillation Column on Graphical  

Ex-N-A Diagram 

 

4.  1. Base Case Analysis 

 

Ex-N-A Diagram is an-exergy features based diagram that is designed to 

present exergy characteristic of separation and chemical processes in a 

simple diagram. In this work, the Ex-N-A presentation was developed 

based on the fundamental concept of the previous graphical methods 

(Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 

work on MUD, Budiman and Ishida (2004), Budiman (2008), and 

Budiman et al. (2011) composed the graph for EXL due to  concentration, 

phase and temperature changes by putting the mole number (nj) as 

abscissa and          as ordinate for the liquid phase and          for 

the gas phase. Meanwhile, in this work, the Ex-N-A Diagram is made by 

placing the two types of diagram in a single feature. The height of the 

column (N) is put as ordinate while the total EXL, the non-chemical 

reaction EXL, and A (energy level) are placed as abscissa. The first type 

of the diagram is entitled the Ex-N diagram, which consist of N as 

ordinate while total EXL and non-chemical reaction EXL (Ex) as abscissa. 

The second type of the diagram is called the A-N diagram, in which N was 

put as ordinate and A is set as abscissa. The two other diagrams exhibiting 

the correlation between the column height with total EXL and reaction 

conversion are also composed. 

 The graphical Ex-N-A method has numerous advantages compared to 

the previous literature work. It is a simple diagram, however, can display 

the detailed exergy characteristic in the whole RD column. The Ex-N-A 

diagram describes all the EXL sub-processes, namely the chemical EXL  

and non-chemical EXL (EXL due to the cooling, heating, mixing in the 

vapour and liquid phases, as well as phase change) incrementally.  This 

graphical method does not reveal a complicated diagram even in a case 

when one of the sub process EXL is much larger than the other. It also can 

combine two types of graphs (Ex-N and A-N graphs) in a single diagram.  

This Ex-N-A diagram implements the principle of energy level 

difference. In this concept, every process must donate or accept energy. 

The process donating energy is referred to as the energy donor and the one 
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accepting energy is referred to as the energy acceptor (Srinophakun et al., 

2001). The energy level difference between AGas and ALiq (AGas – ALiq) 

indicates the driving force for the energy transformation (Budiman and 

Ishida, 2004). In the literature work, this concept is commonly applied for 

a graphical methodology to exemplify the driving force as the energy level 

difference and exergy consumption as the shaded area in the diagrams. 

Hence, it doesn‟t clearly show the exergy profile at the difference levels of 

the column.  

On the other hand, in composing the Ex-N-A diagram, column height 

(N) is plotted as abscissa against the total EXL, non-chemical reaction 

EXL, and energy level. Based on this diagram, the graphical correlation 

between total EXL, non-chemical reaction EXL, and energy level 

difference between gas and liquid (Agas-Aliq) are incrementally revealed 

along the column. The Ex-N-A diagram is illustrated in the form of a bar 

graph which consists of the two graphs, namely the Ex-N and the N-A 

graphs. Ex-N graph also splits into two types of sub graphs. The first Ex-N 

graph shows the EXL in the reboiler and condenser, EXL due to the 

chemical reaction, and non-chemical EXL (i.e losses due to the 

temperature change, mixing, and phase change) incrementally from top to 

the bottom. EXL in the condenser and reboiler are shown on the 

uppermost part and the bottom of the graph, respectively. Meanwhile, at 

each increment, EXL of all the sub-processes, i.e. EXL due to chemical 

reaction, phase change of methanol, phase change of water, mixing 

process in the liquid phase, mixing in the vapour phase, temperature 

change in liquid phase and temperature change in gas phases, are 

displayed in a bar graph from the left to the right, correspondingly.  

The second Ex-N diagram shows the non-chemical reaction EXL. It 

consists of losses due to phase change of methanol compounds, phase 

change of water compounds, mixing process in the liquid phase, mixing 

process in the vapour phase, temperature change in liquid phase, and 

temperature change in liquid phase, which are drawn from the right to the 

left, respectively. On the other hand, the N-A diagram exhibits the bar 

indicating the energy level (A) of the liquid and gas incrementally. For 

each increment, the energy level (A) of the liquid is placed at the upper 

position, whereas the energy level (A) of the gas is placed at the lower 

position. Based on this N-A graph, the energy level difference between 

gas and liquid (Agas-Aliq) incrementally can be exposed.  

In this work, the base case of the simulation was set up with the 

following condition: the height of the column (N) was 3 meter, the column 

diameter was 0.5 meter and the molar ratio of methanol to oleic acid was 

2:1. It resulted in total oleic acid conversion of 30.76%. The concentration 
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of the compounds, total molar flow rate of each phase and temperature 

profiles at the different heights of the columns are exhibited on Figures 3, 

4 and 5, respectively. These data are required for the EXL calculation.  

Figure 6 demonstrates the Ex-N-A Diagram over the whole column for 

the base case condition. The EXL profile shows large EXL at the 

condenser and reboiler compared to the other parts of the column. Hence, 

this serves as an account of the large driving forces for heat and mass 

transfer at these regions. The total EXL at reboiler is 1256638.9211 J/s 

while in condenser it is 769351.3847 J/s. In Figure 6a, EXL of the reboiler 

and condenser are shown by the scale of 1/5 because of their large values. 

The larger EXL at the reboiler than at condenser is not surprising. This 

could be as a consequence of the large concentration of compounds as 

well as the high heat load at reboiler than those at condenser. This 

phenomenon agrees with the result previously obtained by Budiman and 

Ishida (2004) and Khoa et al. (2010). 

The incrementally assessment on the RD column using Ex-N-A 

Diagram was also depicted in Figure 6. The Ex-N diagram in Figure 6a 

shows that the non-chemical EXL, i.e. the summation of EXL due to the 

concentration change (mixing), temperature and phase changes, decreases 

from the top to bottom. Then, start from N= 2 meter from the top, the non-

chemical EXL turns into a very small quantity. This tendency agrees with 

the A-N Diagram in Figure 6b, which displays the profile of the energy 

level difference between gas and liquid (Agas-Aliq) inside the column or so-

called driving force. Energy level difference between gas and liquid 

strongly corresponds to the temperature profile along the RD column. The 

temperature difference between gas and liquid will result in the energy 

level difference.  

Based on the A-N diagram in Figure 6b, it is disclosed that there is a 

large gas-liquid temperature difference at the top, which then gets smaller 

towards the bottom. Subsequently, at the height of 2 meter from the top 

(N=2), the liquid temperature almost reaches the similar temperature to the 

gas, which is represented by the equal value of the gas and liquid energy 

level. This condition has an important effect on the non-chemical reaction 

EXL value. The diagram exhibits that, for the non-chemical reaction EXL, 

the values of all the losses which are influenced by temperature is zero. 

Hence, simplyput the EXL due to the mixing which exists at N= 2 meter 

moved downwards. EXL due to mixing was affected only by the 

concentration change, so the alteration of the temperature does not provide 

so much influence. On the other hand, EXL due to the temperature and 

phase change absolutely depend on the temperature difference between 

gas and liquid. When the temperature of the liquid is just about equal to 
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the gas temperature, it can be said that the near equilibrium condition has 

been reached. In this condition, a macro heat transfer between the two 

phases does not occur. Therefore, the section inside the column can be 

divided into two regions. The first region is the non-equilibrium zone, and 

the second one is the close-to-equilibrium zone.  

Two regions, non-equilibrium and close to equilibrium zones, exist in 

the packed RD column in this operation. Non-equilibrium zone takes place 

at the upper part of the column. Meanwhile, the close to equilibrium zone 

comes about at the lower part of the column. At the lower part of the 

column, there is an abundant heat supply from reboiler, leading to an 

excellent heat transfer between the gas and liquid phase. It causes a very 

small difference temperature between gas and liquid, which also results in 

a very small (near to zero) energy level difference. Pinto et al. (2011) calls 

the condition where the energy level difference or the driving force is very 

small (let‟s say “zero”) as the ideal column with minimum thermodynamic 

condition. This condition has brought about the close-to-equilibrium zone 

on this lower part of the column. An intensive discussion on close-to-

equilibrium zone, or sometimes referred to as close-to-equilibrium point 

(CEP), has also been presented by Budiman et al. (2011). In their work, 

CEP has been shown on MUD for the minimum reflux ratio. Pinto et al. 

(2011) and Budiman et al. (2011) suggest that the procedure to improve 

the energy efficiency of a distillation column should involve the use of the 

so-called minimum thermodynamic condition of columns.  

Non-equilibrium zone emerges at the upper part of the column. At the 

top of the column all feeds are introduced, explicitly both the fresh feed of 

methanol and oleic acid, as well as methanol reflux. The abundant liquid 

stream entering the column has drastically changed the gas-liquid 

composition and brings about a distance between the actual with the near 

to equilibrium condition. It causes an inefficient heat transfer between the 

gas flowing from the lower increment and the liquid stream. Thus, there is 

a large temperature difference between the gas as the heat donor and the 

liquid as the heat acceptor. This large temperature difference is shown by 

the large energy level difference (driving force) between gas and liquid at 

the column top (A-N Diagram in Figure 6b). In addition, the difference 

energy level decreases from the top to the bottom. Ultimately, at a certain 

height of the column, it comes up to the Close-to-Equilibrium zone. The 

A-N diagram profile agrees with the non-chemical reaction EXL profile as 

shown on Ex-N diagram in Figure 6a. Thus, it exhibits that the largest 

non-chemical reaction EXL is located at the top of the column. This 

finding is valuable for guiding the improvement on RD design.  

 A comprehensive thermodynamic analysis on a packed RD column 
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should involve the EXL analysis due to the chemical reaction. However, 

assessment on the EXL due to chemical reaction incrementally never been 

discussed intensively in the previous literature. In this work, this type of 

EXL becomes one main focus to evaluate. Ex-N Diagrams in Figure 6b 

exhibits a different tendency between the profile of the total EXL and 

EXL due to the chemical reaction on one side, and EXL due to the non-

chemical reaction on the other side. The profile of total EXL and EXL due 

to chemical reaction increases from the top to the bottom. This fact is 

absolutely the opposite of the profile of the non-chemical reaction EXL. It 

indicates that EXL due to chemical reaction gives a dominant contribution 

to the total EXL at each increment. Hence, the profile of total EXL is 

reminiscent of the EXL due to chemical reaction profile.  

 Based on the Ex-N diagram, it is revealed that the amount of EXL due 

to chemical reaction increase from the top to the bottom. The higher EXL 

is probably correlated to the amount of the mole reacting at each 

increment. As the higher mole reacts, it gives rise to a higher EXL In this 

RD system, at the top of the column, the fresh feed and reflux of methanol 

meets the fresh feed of oleic acid. Methanol has a small solubility with 

long fatty acid. Therefore, at the beginning of the column, only a little 

mole of methanol diffuses into the organic liquid phase, which contains 

mainly oleic acid. While flowing downward the column, more methanol is 

dissolved into the organic phase and reacts with fatty acids. It results in a 

higher conversion at each increment as well as higher EXL. Therefore, it 

is found that the EXL due to chemical reaction as well as total EXL 

increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a 

distillation column can provide a useful understanding and insights, 

leading to a better design of a distillation system. Thus, in order to acquire 

an in-depth understanding of the thermodynamic aspects of an RD 

column, examination on the influence of the main process parameters 

should be conducted. Parameters observed in this study are molar ratio of 

the reactants and column height (N). The knowledge of their effects on 

RD performance and thermodynamic behaviour is useful for the designer 

to judge the process feasibility and perform the optimization graphically.  

 

4.  2. Effect of the Molar Ratio of the Reactants  

 

To understand the influence of molar ratio on the thermodynamic 

behaviour and RD performance, firstly, the molar ratio of total methanol 

and oleic acid entering the column is changed from 2:1 to 6:1 at the same 
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column height of 3 meter (N = 3) and column diameter of 0.5 meter. By 

employing the molar ratio of 6:1, it is shown that the reaction conversion 

enhances about twice times from 30.76% to 66.41%. However, the Ex-N 

diagram in Figure 7a shows that the profile of non-chemical EXL does not 

change so much compared to the result given by the molar ratio of 2:1. At 

molar ratio of 6:1, the area in the packed RD column splits into two 

regions. The lower part of the column is the close-to-equilibrium zone 

with near to zero driving force, and the upper part is non-equilibrium zone. 

However, enhancing molar ratio from 2:1 to 6:1 has considerably 

extended the area of the close-to-equilibrium zone. The A-N diagram in 

Figure 7b shows that, when molar ratio of 6:1 is applied, the close-to-

equilibrium zone starts at N = 0.75 meter downward. Hence, the area of 

the close-to-equilibrium zone is notably larger than that of the non-

equilibrium zone inside the column. The larger area of the close-

equilibrium zone occurs since there is a far excess of methanol in the 

mixture. The large excess of methanol to oleic acid eases a good contact to 

the two phases and leads to the excellent distribution of methanol in the 

organic phase. When the ideal condition is approached and the driving 

force is near to zero, the equilibrium condition will be easier to reach. 

Consequently, the region of close to equilibrium point gets larger when the 

higher molar ratio of reaction is applied.  

  It can be confirmed that the higher molar ratio of the reactants leads to 

the wider equilibrium region in the column. This statement is convinced 

by the result obtained when applying the molar ratio of methanol to oleic 

acid of 1:1 with N = 3. At this operation condition, the oleic acid 

conversion drops to 9.57%. Meanwhile, the thermodynamic evaluation 

depicts that the CEP cannot be reached with this low molar ratio. As 

shown on the A-N diagram in the Figure 8b, all the areas in RD column 

are non-equilibrium zone, disclosed by the existence of the driving force 

and all the non-chemical reaction EXL (losses due to mixing, phase, and 

temperature changes) along the column. The amount of non-chemical 

reaction EXL decreases from the top to the bottom.  

 To evaluate the impact of varying the molar ratio on the value of the 

EXL due to chemical reaction, both the diagrams in Figures 7 and 8 are 

examined. It is exhibited on the Ex-N Diagram in Figures 7 and 8 that the 

EXL due to the chemical reaction is clearly affected by the changing of 

molar ratio of the reactants. As displayed in Figure 8, when the molar ratio 

of 1:1 is employed, the Ex-N profile is almost similar to the result gotten 

by applying molar ratio of 2:1.  

 However, if molar ratio of the reactants is drastically enhanced to 6:1, 

the new Ex-N profile seems interesting. It is shown that EXL due to the 
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chemical reaction gets higher from the top downward as seen on the Ex-N 

Diagram in Figure 7a. In spite of this, at a certain point in the column, 

EXL due to chemical reaction tends to decrease and achieve the minimum 

value at the lowest increment of the column. The value of EXL due to 

chemical reaction strongly corresponds to the number of moles that reacts 

at each increment. Hence, this phenomenon can be explained as follows. 

When the high molar ratio of methanol to oleic acid is applied, the mass 

transfer of methanol to organic phase becomes easier. An excellent 

dispersion of methanol in the organic phase leads the reactants to reacts 

easily. Consequently, from the top downward, there is a severe increase in 

the number of mole reactants involved in the reaction at each increment, 

which causes high reaction rate enhancement at the upper part of the 

column. However, at a certain point, the remaining un-reacted oleic acid is 

too small to achieve high reaction rate. At this increment, only a small 

number of oleic acid involves in the reaction, which results in the decrease 

of the reaction rate from this point to the bottom. The profile of the 

reaction rate is identical to the profile of the EXL due to chemical reaction 

in the column. It can be observed that EXL due to the chemical reaction 

increases significantly at each increment on the upper part of the column. 

However, at a certain point it decreases and reaches a minimum point at 

the lowest increment.  

 To obtain the appropriate molar ratio of the reactants that provides 

high RD performance but low total EXL, an integrated graphical 

examination should be composed. Figure 9 presents the profile of oleic 

acid conversion and total EXL against the reactant molar ratio. It is 

revealed that the higher molar ratio results in the higher reaction 

conversion but lower EXL. Thus, the higher molar ratio of methanol to 

oleic acid will give great benefit, both from the RD performance and the 

thermodynamic aspect‟s point of view.  

 

4.  3. Effect of the Height of the Packed Column (N) 

 

The subsequent important aspect to be analysed is the height of the 

column (N). To study this parameter, N is increased from 3 to 6 meter 

with the similar reactants molar ratio of 2:1, while the column diameter is 

kept the same (0.5 meter). Hence, it reveals that the reaction conversion is 

enhanced from 30.76 to 58.52%. On the other hand, the result of the 

thermodynamic evaluation is displayed in Figure 10. The Ex-N Diagram 

in Figure 10a shows that increasing the height of the column does not so 

much change the profile of the non-chemical reaction EXL compared to 
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the profile of the column with the height of 3 meter (N = 3). The highest 

value of non-chemical EXL occurs at the top of the column and then 

decreases downward. Subsequently, starting from the N = 2 meters from 

the top, EXL of the sub processes which depends on temperature (loss due 

to temperature and phase changes) are approaching zero. This tendency 

agrees with the trend of the driving force profile exhibited on the A-N 

Diagram in Figure 10b. Nevertheless, it is shown that the energy level 

difference between gas and liquid decreases from the top downward. 

Then, starting at N = 2 meter downward, the energy level difference 

values near to zero. Thus, the area in the column can be separated into two 

regions, i.e. the non-equilibrium zone and the close-to-equilibrium zone. 

Non-equilibrium region covers the section from the top to N = 2, while the 

rest are the close-to-equilibrium zone. Thus, the increasing of the column 

height does not change the non-equilibrium area. It just prolongs the close-

to-equilibrium zone. The existing of non-equilibrium region is mostly 

caused by the extremely abundant input of the reactants and reflux at the 

top. Conclusively, the changing on the molar flow rate will provide more 

influence on it than the variation on the column height.  

 Effect of the column height (N) on the EXL due to the chemical 

reaction is evaluated, as well. Ex-N Diagram in Figure 10 presents the 

profile of EXL due to the chemical reaction. It is observed that EXL due 

to the chemical reaction increases from the top downward. When it 

reaches the increment of N = 2, EXL due to the chemical reaction values 

remain almost constant, and finally decreases at N = 4 to bottom. EXL due 

to the chemical reaction is strongly affected by the reaction behaviour. In 

this operation condition, reaction rate at each increment in the upper part 

of the column increases from the top downward. However, at a certain 

height, the remaining moles of the unreacted oleic acid are not sufficient 

to continuously enhance the reaction rate. Hence, the reaction rate at a 

certain increment turns into constant if compared to the rate at the upper 

increment. Finally, the rate decreases at a certain increment downward.  

 To obtain a more profound comprehension on the influence of the 

column height to the RD performance and thermodynamic behaviour, a 

diagram presenting the profile of total EXL and reaction conversion 

against the column height is composed. Figure 11 discloses that the 

increase in the column height leads to the higher conversion and the larger 

total EXL. Thus, the best point on the column yielding an excellent 

performance on the reaction conversion and the thermodynamic efficiency 

should be determined.  

 Conclusively, there are some finding obtained by analysing the effects 

of the reactant molar ratio and column height. Based on the 
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thermodynamic point of view, EXL can be reduced by distributing the 

inlet of the reactants at the different places. For example, shifting the feed 

point location of one reactant from the top will reduce the load at the top 

and lessen EXL. It probably facilitates the reduction of the driving force 

and enlarges the close-to-equilibrium region inside the column. This 

suggestion agrees with the work on exergy analysis using MUD (Budiman 

et al., 2011). Besides, the optimum efficiency of the RD can be achieved 

by determining the best column height which results in low EXL but high 

reaction conversion. The other way to improve the reaction performance 

and reduce EXL is through employing higher molar ratio of the reactants, 

which can be done by increasing the reflux ratio as suggested by Pinto et 

al. (2011), or by introducing higher fresh feed stream.  

 

5.  Conclusions 

 

 A graphical method called Ex-N-A Diagram has been applied to assess 

the performance and efficiency of a packed RD column. This 

technique displays the reaction performance, EXL and energy level 

characteristic incrementally over the whole packed RD column in a 

simple way. Nevertheless, it is easy to understand, even when one of 

the sub-process has a much larger EXL than the others.  

 The base case of the RD simulation was studied at N = 3 meter, the 

column diameter of 0.5 meter and the molar ratio of methanol to oleic 

acid of 2:1. This results in total oleic acid conversion of 30.76%. The 

total EXL at reboiler is 1256638.9211 J/s while in condenser it is 

769351.3847 J/s. The incremental assessment on the RD column 

shows that the non-chemical EXL decreases from the top to bottom 

which agrees with the A-N profile.  

 The influence of molar ratio is examined by changing the molar ratio 

of total methanol to oleic acid entering the column of 2:1 to 6:1 at the 

similar N of 3 meter and column diameter of 0.5 meter. By employing 

the molar ratio of 6:1, the reaction conversion enhances from 30.76% 

to 66.41%. On the contrary, it drops to 9.57% by applying the molar 

ratio of 1:1. It can also be confirmed that the higher molar ratio of the 

reactants leads to the wider equilibrium region in the column.  

 To study the effect of column height, N is increased from 3 to 6 meter, 

while the reactants molar ratio and column diameter are kept at 2:1 and 
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0.5 meter, respectively. This reveals that the conversion is enhanced 

from 30.76 to 58.52%. Thus, the increase in the column height does 

not change the non-equilibrium area, nevertheless it just prolong the 

close-to-equilibrium zone. 

 The changing on molar flow rate provides more effect on reaction 

conversion and EXL profile than the variation on column height.  
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Nomenclature 

 

Symbols   

A Energy level 

AChem Energy level of the chemical reaction 

AGas  Energy level of the gas phase 

ALiq Energy level of the liquid phase 

Ccat  Concentration of the solid catalyst (kgcat /m
3
) 

Ea  Activation energies (J/mol) 

   ̇  Exergy loss rate (J/s) 

∆H  Enthalpy change (J/mol) 

∆Hr  Heat of reaction (J/mol) 

k1 Direct reaction rate constant (mol·m
3
/kgcat

2
/ s) 

k2 Reverse reaction rate constant (mol·m
3
/kgcat

2
/s) 

L1 Molar liquid flow rate of liquid phase 1 (mol/s) 

L2 Molar liquid flow rate of liquid phase 2 (mol/s) 

N  Height of the column (m) 

 ̇ 
    Mass transfer rate of component i from the gas phase to 

liquid 1 phase (mol/s)  

 ̇ 
    Mass transfer rate of component i from the gas phase to 

liquid 2 phase (mol/s) 

 ̇ 
     Mass transfer rate of component i from the liquid 1 phase    

to liquid 2 phase (mol/s) 

 ̇ Reaction rate (mol/s) 

 ̇ Rate of the compounds generated (mol/s) 

∆S  Entropy change (J/mol/K) 

T Temperature (K) 

T0 Reference Temperature (K) 

Tb Boiling point (K) 

V Molar liquid flow rate of  vapour phase (mol/s) 

x  Mole fraction of the compounds in the liquid phase 

y Mole fraction of the compounds in the vapour phase 

dz Increment of the column height (m) 

vi Reaction coefficient 

  

Subscripts  

A, B, C, D Fatty acid (oleic acid), methanol,  biodiesel (methyl 

oleate),  water, respectively 

i Component index 

G Referring to gas phase 
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L1 Referring to liquid 1 phase 

L2 Referring to liquid 2 phase 

  

Abbreviation   

EXL Exergy loss 

FFA Free fatty acid 

NEQ Non equilibrium 

RD Reactive distillation 

 

 

 

Figure 1. The Configuration of Packed RD Column for Biodiesel 

Production 
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Figure 2. Schematic Representation of One Cell of Three-Phase 

Packed RD Column  
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Figure 3. Concentration Profiles of the Compounds in Liquid-1, 

Liquid-2 and Vapour Phases at Different Column Height 
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Figure 4. Total Molar Flow of Each Phase at Different Column 

Height 
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Figure 5. Temperature Profile of Liquid and Vapour Phase at 

Different Column Height 
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Figure 6. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio of 

Methanol to FFA of 2:1 at N = 3 m 
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Figure 7. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio  

of Methanol to FFA of 6:1 at N = 3 m 
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Figure 8. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio 

of Methanol to FFA of 1:1 at N = 3 m 
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Figure 9. Profile of Total Exergy Loss and Fatty Acid                              

Conversion at Different Reactant Molar Ratio 
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Figure 10. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio of 

Methanol to FFA of 2:1 at N = 6 m 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



   

 

   

   

 

   

   

 

   

    Author                                                                                                                  30    

 

    

 

 

   

   

 

   

   

 

   

       
 

Figure 11. Profile of Total Exergy Loss and Fatty Acid Conversion at 

Different Column Height 
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Table 1. Kinetic parameters of the pseudo-homogeneous model  

Reaction Rate Constant 

(mol·m
3
/kgcat

2
/s) 

Ln (pre-exponential factor) 

 

Ea  

(J/mol) 

k1  0.2155 58576.0000 

k2  0.1460 47362.8800 

 

 

 

 

 

 

 

Table 2.  Molecular structure and normal boiling points of all the  

  chemical compounds  

Compounds Molecular structure Boiling 

point, K 

Oleic Acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 

Methanol (B) CH3OH 337.7 

Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 

Water (D) H2O 373 
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3) List all assumptions in a reasonably manner.  
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on the work. List of assumptions has been inserted in the paper (page 5, paragraph 2). The 
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The assumptions taken in this modelling and simulation can be written as follows: 

1. In the FFA esterification reaction, oleic acid is taken as a compound representing the FFA in 
the vegetable oil. 

2. The FFA esterification is expressed by the pseudo-homogeneous second-order equilibrium 
kinetic model. 

3. The RD column operates at the steady state condition 
4. There are three phases which occurs in the system, namely: vapour phase, alcoholic phase 

(liquid-1) and organic phase (liquid-2). 
5. The reaction takes place in the organic phase (liquid-2) 
6. Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are similar, 

which is called temperature of liquid. 
7. The RD column is modelled based on the NEQ approach. Hence the interfacial mass 

transfer rates play a significant role in the calculation. 

 

4) Use SI units only.  

The units used in this paper have been changed into SI units and, therefore, all the values have 

been converted into the appropriate ones. 

 

5) Explain how this paper differs from the literature works.  

The distinction between this paper from the literature work is described in the introduction (on 

page 2, paragraph 3). 

 

Compared to the literature works, this graphical method is superior. The Ex-N-A method is 

constructed simply by plotting the height of the column (N) as ordinate while the total EXL, the 

non-chemical reaction EXL, and A (energy level) as abscissa. This plotting results in a simple 

diagram which is easy to understand, but it can display the detailed exergy characteristic of a 

packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the EXL due 

to the cooling, heating, mixing in the vapour and liquid phases, condensation, and evaporation, 

and chemical reaction incrementally.  And it is yet easy to understand even in a case when one 

of the sub-process EXL is much larger than the other. This diagram can also obviously exhibit 

the correlation of the exergy losses due to chemical and non-chemical sub-processes with the 

energy level difference at various heights of column. 
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8) Check all equations, figures, tables, etc. VERY CAREFULLY.  
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the end of the manuscript 

 

9) Heat transfer cannot be kW unless it is heat transfer rate. Correct and complete all 

nomenclature items.  

In this paper, heat transfer is the heat transfer rate which also denotes  the rate of exergy loss 

( ). Hence, it has the unit of kW (J/s) and it is symbolized with “dot” above. The nomenclature 

item related to it has been corrected 

 

10) Omit trivial information and equations.  

The manuscript has been revised. Thus, the unimportant information and equations have been 

neglected.  

 

11) English editing is necessary.  

Proof–reading by an English native speaker from official proof reader has been managed.  
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To certify the correctness of the language and grammar, a proof–reading by an English native 

speaker from official proof reader has been managed.  

 

2.  Whether the column diameter has been kept same or not while varying the molar ratios   

needs to be clarified.  

The information concerning the column diameter has been added to the paper. It is briefly 

stated that the column diameter has been kept same (0.5 meter) while varying the molar ratios 

and column heights.  

To understand the influence of molar ratio on the thermodynamic behaviour and RD 

performance, firstly, the molar ratio of total methanol and oleic acid entering the column is 

changed from 2:1 to 6:1 at the same column height of 3 meter (N = 3) and column diameter of 

0.5 meter. (pages 13, paragraph 1) 

The subsequent important aspect to be analysed is the height of the column (N). To study this 

parameter, N is increased from 3 to 6 meter with the similar reactants molar ratio of 2:1, while 

the column diameter is kept the same (0.5 meter). (pages 14, paragraph 3). 

3.  Incorporation of temperature and concentration data at different levels of column for base  

case is required for calculation of EXL.  

The concentration of the compounds, total molar flow rate of each phase and temperature 

profiles at different levels of column for base case have been added on the paper (Figures 3, 4, 

and 5). They are also stated on page 9 paragraph 4:  

In this work, the base case of the simulation was set up with the following condition: the 

height of the column (N) was 3 meter, the column diameter was 0.5 meter and the molar ratio of 

methanol to oleic acid was 2:1. It resulted in total oleic acid conversion of 30.76%. The 

concentration of the compounds, total molar flow rate of each phase and temperature profiles at 

the different heights of the columns are exhibited on Figures 3, 4 and 5, respectively. These 

data are required for the EXL calculation.  

 



 

4. Conclusions needs to be more focused with quantitative data.  

The conclusion has been modified to be more focused on the quantitative result (page 16-17) 

 The base case of the RD simulation was studied at N = 3 meter, the column diameter of 0.5 

meter and the molar ratio of methanol to oleic acid of 2:1. This results in total oleic acid 

conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s while in condenser it is 

769351.3847 J/s. The incremental assessment on the RD column shows that the non-

chemical EXL decreases from the top to bottom which agrees with the A-N profile.  

 The influence of molar ratio is examined by changing the molar ratio of total methanol to 

oleic acid entering the column of 2:1 to 6:1 at the similar N of 3 meter and column diameter 

of 0.5 meter. By employing the molar ratio of 6:1, the reaction conversion enhances from 

30.76% to 66.41%. On the contrary, it drops to 9.57% by applying the molar ratio of 1:1. It 

can also be confirmed that the higher molar ratio of the reactants leads to the wider 

equilibrium region in the column.  

 To study the effect of column height, N is increased from 3 to 6 meter, while the reactants 

molar ratio and column diameter are kept at 2:1 and 0.5 meter, respectively. This reveals 

that the conversion is enhanced from 30.76 to 58.52%. Thus, the increase in the column 

height does not change the non-equilibrium area, nevertheless it just prolong the close-to-

equilibrium zone. 

 The changing on molar flow rate provides more effect on reaction conversion and EXL 

profile than the variation on column height.  
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Author Agreement 

Inderscience Enterprises Ltd, trading as Inderscience Publishers, of World Trade Center Building II, 29 Route de Pre-Bois, Case Postale

856, CH-1215 Genève 15, Switzerland ("Inderscience")

If your article has been accepted for publication, each author must sign a copyright agreement form after reading the Explanatory Notes

below and either (for online submissions) follow the online instructions or (for email submissions) send the signed forms, in electronic

format, to the Editor (or other recipient as advised by the Editor of the specific journal), together with the final version of the article. 

So that we can ensure both the widest dissemination and protection of material published in Inderscienceʼs journals, we ask authors to

assign copyright in their articles, including abstracts, to Inderscience. This enables us to ensure copyright protection against infringement,

and to disseminate your article, and our journals, as widely as possible. 

1. In consideration of the undertaking set out in paragraph 2, and upon acceptance by Inderscience for publication in the Journal,  

[insert the full names of all authors, reflecting the name order given in the article] 

.....................................................................................................................................................................................................................

hereafter 'the Author' hereby assigns and transfers to Inderscience, the copyright in and to [insert article title] 

....................................................................................................................................................................................................................

hereafter ‘the Article’ by the Author to be published in [select a journal title below]

....................................................................................................................................................................................................................

hereafter ('the Journal').  This assignment provides Inderscience the sole right and responsibility to publish the Article, including the 

right to sub-license publishing or distribution rights to the Article as may be appropriate, in both printed and electronic form; the Article 

may be published in printed, online, CD-ROM, microfiche or in other media formats.

2. In consideration of this assignment, Inderscience hereby undertakes to prepare and publish the Article named in paragraph 1 in the 

Journal, subject only to its right to refuse publication as provided in paragraph 5 or if there are other reasonable grounds; in such case

Inderscience reverts and assigns to the Author any and all copyright and other rights in the Article otherwise assigned to it under this 

Agreement. 

3. The Editor of the Journal and Inderscience are empowered to make such editorial changes as may be necessary to make the Article 

suitable for publication.  Every effort will be made to consult the Author if substantive changes are required. 

4. The Author hereby asserts his/her moral rights under the UK Copyright Designs and Patents Act 1988 to be identified as the Author of

the Article. 

5. The Author warrants that the Article is the Author’s original work, it has not been published before either in full or in part and is not 

currently under consideration for publication elsewhere; and that the Article contains no libellous or unlawful statements and that it in 

no way infringes the rights of others, nor it is in breach of any English law, and that the Author, as the owner of the copyright, is 

entitled to make this assignment. If the Author is the Corresponding Author*, the Author warrants that where s/he enters into any 

correspondence about or agrees to any changes to the Article s/he is authorised to act on behalf of any co-authors in doing so and 

has provided full and accurate information relating to them where required on the understanding that no further changes can be made

after signature of this Agreement.

* The Author designated in the published Article as the individual to contact in the event of an enquiry about a manuscript. The

Corresponding Author normally is responsible for correcting page proofs and working with the production editor.

Signed by the Author .................................................................................................................................................................................

Date............................................................................................................................................................................................................

© 2013 Inderscience Enterprises Limited

RATNA DEWI 
KUSUMANINGTYAS

Digitally signed by RATNA DEWI KUSUMANINGTYAS 
DN: cn=RATNA DEWI KUSUMANINGTYAS, o=GADJAH 
MADA UNIVERSITY, ou=CHEMICAL ENGINEERING 
DEPARTMENT, email=dewinino@gmail.com, c=ID 
Date: 2013.12.06 04:48:43 +07'00'
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Author Agreement: Explanatory Notes 

Inderscience's policy is to acquire copyright for all contributions, for the following reasons:   
a. ownership of copyright by a central body helps to ensure maximum international protection against infringement and/or 

plagiarism; 
b. requests for permission to reproduce articles in books, course packs, electronic reserve or for library loan can be handled 

centrally, relieving authors of a time-consuming administrative burden; 
c. the demand for research literature in electronic form can be met efficiently, with proper safeguards for authors, editors and journal

owners.

There are opportunities to reach institutions (e.g. companies, schools and public libraries) and individual readers that are unlikely to

subscribe to the printed Journal.  Inderscience works with other organisations to publish its journals online, and to deliver copies of

individual articles. It has registered the Journal with the Copyright Licensing Agency, which offers centralised licensing arrangements for

digital copying and photocopying around the world. Income received from all of these sources is used to further the interests of the

Journal.

Once accepted for publication, your Article will be published in the Journal, and will be stored and distributed electronically, in order to

meet increasing library and faculty demand and to deliver it as part of the Journal, as an individual article or as part of a larger collection of

articles to meet the specific requirements of a particular market.  By signing this Author Agreement and assigning copyright you agree to

Inderscience making such arrangements.

It may be that the Author is not able to make the assignment solely by him- or herself:

a. If it is appropriate, the Authorʼs employer may sign this agreement. The employer may reserve the right to use the Article for internal 
or promotional purposes (by indicating on this agreement) and reserve all rights other than copyright. 

b. If the Author is a UK Government employee, the Government will grant a non-exclusive licence to publish the Article in the Journal in 
any medium or form provided that Crown Copyright and user rights (including patent rights) are reserved.  This also applies to other 
Commonwealth countries. 

c. If the Author is a US Government employee and the work was done in that capacity, the assignment applies only to the extent allowed
by US law.

Under the UKʼs Copyright Design and Patents Act 1988, the Author has the moral right to be identified as the Author wherever the Article

is published, and to object to its derogatory treatment or distortion. Inderscience encourages assertion of this right; it represents best

publishing practice and is an important safeguard for all authors. Paragraph 4 above asserts the Authorʼs moral rights, as required by the

Act.

The Journal will permit the Author to use the Article for non-commercial  purposes after publication in these ways:

• Posting the Author's Original* or Accepted Manuscript* on the Author's personal web pages and/or institutional repositories 
and/or subject repositories without embargo, or the Proof* upon condition that it shall not be accessible until after six months 
from Inderscience's publication date;

• Posting the Version of Record* to a subject-based repository such as PubMed Central only in cases where a funding agency 
providing the grant for the research on which the Article is based requires this of the Author, upon condition that it shall not be 
accessible until after six months from Inderscience's publication date;

• Using the Article in further research and in courses that the Author is teaching; 
• Incorporating the Article content in other works by the Author. 

*Versions of a paper defined as

• Author's Original = Author's manuscript prior to peer review
• Accepted Manuscript = Accepted version of Author's manuscript
• Proof = Author's version of corrected accepted version
• Version of Record = Publisher's version of finished Article

Inderscience, as Publisher, reserves the right to refuse to publish your Article where its publication creates – or it reasonably believes may

create – legal liability, or where circumstances come to light that were not known to the Editor, including prior publication of the whole or

part of the Article, conflict of interest, manifest error, etc. Inderscience is the ultimate custodian of academic quality and integrity, and will

ensure that this will be done only in exceptional circumstances and on reasonable grounds. In such circumstances the Article will be

returned to the Author together with all rights in it.

Thank you for reading these notes.  If you require more detailed information, go to Inderscienceʼs web site.  This assignment will enable

Inderscience to ensure that the Article will reach the optimum readership.

Inderscience Enterprises Ltd, trading as Inderscience Publishers, of World Trade Center Building II, 29 Route de Pre-Bois, Case Postale 856, 

CH-1215 Genève 15, Switzerland ("Inderscience")

© 2013 Inderscience Enterprises Limited
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Inderscience Enterprises Ltd, trading as Inderscience Publishers, of World Trade Center Building II, 29 Route de Pre-Bois, Case Postale

856, CH-1215 Genève 15, Switzerland ("Inderscience")

If your article has been accepted for publication, each author must sign a copyright agreement form after reading the Explanatory Notes

below and either (for online submissions) follow the online instructions or (for email submissions) send the signed forms, in electronic

format, to the Editor (or other recipient as advised by the Editor of the specific journal), together with the final version of the article. 

So that we can ensure both the widest dissemination and protection of material published in Inderscienceʼs journals, we ask authors to

assign copyright in their articles, including abstracts, to Inderscience. This enables us to ensure copyright protection against infringement,

and to disseminate your article, and our journals, as widely as possible. 

1. In consideration of the undertaking set out in paragraph 2, and upon acceptance by Inderscience for publication in the Journal,  

[insert the full names of all authors, reflecting the name order given in the article] 

.....................................................................................................................................................................................................................

hereafter 'the Author' hereby assigns and transfers to Inderscience, the copyright in and to [insert article title] 

....................................................................................................................................................................................................................

hereafter ‘the Article’ by the Author to be published in [select a journal title below]

....................................................................................................................................................................................................................

hereafter ('the Journal').  This assignment provides Inderscience the sole right and responsibility to publish the Article, including the 

right to sub-license publishing or distribution rights to the Article as may be appropriate, in both printed and electronic form; the Article 

may be published in printed, online, CD-ROM, microfiche or in other media formats.

2. In consideration of this assignment, Inderscience hereby undertakes to prepare and publish the Article named in paragraph 1 in the 

Journal, subject only to its right to refuse publication as provided in paragraph 5 or if there are other reasonable grounds; in such case

Inderscience reverts and assigns to the Author any and all copyright and other rights in the Article otherwise assigned to it under this 

Agreement. 

3. The Editor of the Journal and Inderscience are empowered to make such editorial changes as may be necessary to make the Article 

suitable for publication.  Every effort will be made to consult the Author if substantive changes are required. 

4. The Author hereby asserts his/her moral rights under the UK Copyright Designs and Patents Act 1988 to be identified as the Author of

the Article. 

5. The Author warrants that the Article is the Author’s original work, it has not been published before either in full or in part and is not 

currently under consideration for publication elsewhere; and that the Article contains no libellous or unlawful statements and that it in 

no way infringes the rights of others, nor it is in breach of any English law, and that the Author, as the owner of the copyright, is 

entitled to make this assignment. If the Author is the Corresponding Author*, the Author warrants that where s/he enters into any 

correspondence about or agrees to any changes to the Article s/he is authorised to act on behalf of any co-authors in doing so and 

has provided full and accurate information relating to them where required on the understanding that no further changes can be made

after signature of this Agreement.

* The Author designated in the published Article as the individual to contact in the event of an enquiry about a manuscript. The

Corresponding Author normally is responsible for correcting page proofs and working with the production editor.

Signed by the Author .................................................................................................................................................................................

Date............................................................................................................................................................................................................

© 2013 Inderscience Enterprises Limited

SURYO PURWONO
Digitally signed by SURYO PURWONO 
DN: cn=SURYO PURWONO, o=GADJAH MADA 
UNIVERSITY, ou=CHEMICAL ENGINEERING 
DEPARTMENT, email=spurwono@chemeng.ugm.ac.id, c=ID 
Date: 2013.12.06 04:54:53 +07'00'



INDERSCIENCE
www.inderscience.com

INDERSCIENCE
P U B L I S H E R S

P U B L I S H E R S O F D I S T I N G U I S H E D A C A D E M I C ,  S C I E N T I F I C A N D P R O F E S S I O N A L J O U R N A L S

Author Agreement: Explanatory Notes 

Inderscience's policy is to acquire copyright for all contributions, for the following reasons:   
a. ownership of copyright by a central body helps to ensure maximum international protection against infringement and/or 

plagiarism; 
b. requests for permission to reproduce articles in books, course packs, electronic reserve or for library loan can be handled 

centrally, relieving authors of a time-consuming administrative burden; 
c. the demand for research literature in electronic form can be met efficiently, with proper safeguards for authors, editors and journal

owners.

There are opportunities to reach institutions (e.g. companies, schools and public libraries) and individual readers that are unlikely to

subscribe to the printed Journal.  Inderscience works with other organisations to publish its journals online, and to deliver copies of

individual articles. It has registered the Journal with the Copyright Licensing Agency, which offers centralised licensing arrangements for

digital copying and photocopying around the world. Income received from all of these sources is used to further the interests of the

Journal.

Once accepted for publication, your Article will be published in the Journal, and will be stored and distributed electronically, in order to

meet increasing library and faculty demand and to deliver it as part of the Journal, as an individual article or as part of a larger collection of

articles to meet the specific requirements of a particular market.  By signing this Author Agreement and assigning copyright you agree to

Inderscience making such arrangements.

It may be that the Author is not able to make the assignment solely by him- or herself:

a. If it is appropriate, the Authorʼs employer may sign this agreement. The employer may reserve the right to use the Article for internal 
or promotional purposes (by indicating on this agreement) and reserve all rights other than copyright. 

b. If the Author is a UK Government employee, the Government will grant a non-exclusive licence to publish the Article in the Journal in 
any medium or form provided that Crown Copyright and user rights (including patent rights) are reserved.  This also applies to other 
Commonwealth countries. 

c. If the Author is a US Government employee and the work was done in that capacity, the assignment applies only to the extent allowed
by US law.

Under the UKʼs Copyright Design and Patents Act 1988, the Author has the moral right to be identified as the Author wherever the Article

is published, and to object to its derogatory treatment or distortion. Inderscience encourages assertion of this right; it represents best

publishing practice and is an important safeguard for all authors. Paragraph 4 above asserts the Authorʼs moral rights, as required by the

Act.

The Journal will permit the Author to use the Article for non-commercial  purposes after publication in these ways:

• Posting the Author's Original* or Accepted Manuscript* on the Author's personal web pages and/or institutional repositories 
and/or subject repositories without embargo, or the Proof* upon condition that it shall not be accessible until after six months 
from Inderscience's publication date;

• Posting the Version of Record* to a subject-based repository such as PubMed Central only in cases where a funding agency 
providing the grant for the research on which the Article is based requires this of the Author, upon condition that it shall not be 
accessible until after six months from Inderscience's publication date;

• Using the Article in further research and in courses that the Author is teaching; 
• Incorporating the Article content in other works by the Author. 

*Versions of a paper defined as

• Author's Original = Author's manuscript prior to peer review
• Accepted Manuscript = Accepted version of Author's manuscript
• Proof = Author's version of corrected accepted version
• Version of Record = Publisher's version of finished Article

Inderscience, as Publisher, reserves the right to refuse to publish your Article where its publication creates – or it reasonably believes may

create – legal liability, or where circumstances come to light that were not known to the Editor, including prior publication of the whole or

part of the Article, conflict of interest, manifest error, etc. Inderscience is the ultimate custodian of academic quality and integrity, and will

ensure that this will be done only in exceptional circumstances and on reasonable grounds. In such circumstances the Article will be

returned to the Author together with all rights in it.

Thank you for reading these notes.  If you require more detailed information, go to Inderscienceʼs web site.  This assignment will enable

Inderscience to ensure that the Article will reach the optimum readership.

Inderscience Enterprises Ltd, trading as Inderscience Publishers, of World Trade Center Building II, 29 Route de Pre-Bois, Case Postale 856, 

CH-1215 Genève 15, Switzerland ("Inderscience")

© 2013 Inderscience Enterprises Limited
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Author Agreement 

Inderscience Enterprises Ltd, trading as Inderscience Publishers, of World Trade Center Building II, 29 Route de Pre-Bois, Case Postale

856, CH-1215 Genève 15, Switzerland ("Inderscience")

If your article has been accepted for publication, each author must sign a copyright agreement form after reading the Explanatory Notes

below and either (for online submissions) follow the online instructions or (for email submissions) send the signed forms, in electronic

format, to the Editor (or other recipient as advised by the Editor of the specific journal), together with the final version of the article. 

So that we can ensure both the widest dissemination and protection of material published in Inderscienceʼs journals, we ask authors to

assign copyright in their articles, including abstracts, to Inderscience. This enables us to ensure copyright protection against infringement,

and to disseminate your article, and our journals, as widely as possible. 

1. In consideration of the undertaking set out in paragraph 2, and upon acceptance by Inderscience for publication in the Journal,  

[insert the full names of all authors, reflecting the name order given in the article] 

.....................................................................................................................................................................................................................

hereafter 'the Author' hereby assigns and transfers to Inderscience, the copyright in and to [insert article title] 

....................................................................................................................................................................................................................

hereafter ‘the Article’ by the Author to be published in [select a journal title below]

....................................................................................................................................................................................................................

hereafter ('the Journal').  This assignment provides Inderscience the sole right and responsibility to publish the Article, including the 

right to sub-license publishing or distribution rights to the Article as may be appropriate, in both printed and electronic form; the Article 

may be published in printed, online, CD-ROM, microfiche or in other media formats.

2. In consideration of this assignment, Inderscience hereby undertakes to prepare and publish the Article named in paragraph 1 in the 

Journal, subject only to its right to refuse publication as provided in paragraph 5 or if there are other reasonable grounds; in such case

Inderscience reverts and assigns to the Author any and all copyright and other rights in the Article otherwise assigned to it under this 

Agreement. 

3. The Editor of the Journal and Inderscience are empowered to make such editorial changes as may be necessary to make the Article 

suitable for publication.  Every effort will be made to consult the Author if substantive changes are required. 

4. The Author hereby asserts his/her moral rights under the UK Copyright Designs and Patents Act 1988 to be identified as the Author of

the Article. 

5. The Author warrants that the Article is the Author’s original work, it has not been published before either in full or in part and is not 

currently under consideration for publication elsewhere; and that the Article contains no libellous or unlawful statements and that it in 

no way infringes the rights of others, nor it is in breach of any English law, and that the Author, as the owner of the copyright, is 

entitled to make this assignment. If the Author is the Corresponding Author*, the Author warrants that where s/he enters into any 

correspondence about or agrees to any changes to the Article s/he is authorised to act on behalf of any co-authors in doing so and 

has provided full and accurate information relating to them where required on the understanding that no further changes can be made

after signature of this Agreement.

* The Author designated in the published Article as the individual to contact in the event of an enquiry about a manuscript. The

Corresponding Author normally is responsible for correcting page proofs and working with the production editor.

Signed by the Author .................................................................................................................................................................................

Date............................................................................................................................................................................................................

© 2013 Inderscience Enterprises Limited

ROCHMADI
Digitally signed by ROCHMADI 
DN: cn=ROCHMADI, o=GADJAH MADA UNIVERSITY, 
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Author Agreement: Explanatory Notes 

Inderscience's policy is to acquire copyright for all contributions, for the following reasons:   
a. ownership of copyright by a central body helps to ensure maximum international protection against infringement and/or 

plagiarism; 
b. requests for permission to reproduce articles in books, course packs, electronic reserve or for library loan can be handled 

centrally, relieving authors of a time-consuming administrative burden; 
c. the demand for research literature in electronic form can be met efficiently, with proper safeguards for authors, editors and journal

owners.

There are opportunities to reach institutions (e.g. companies, schools and public libraries) and individual readers that are unlikely to

subscribe to the printed Journal.  Inderscience works with other organisations to publish its journals online, and to deliver copies of

individual articles. It has registered the Journal with the Copyright Licensing Agency, which offers centralised licensing arrangements for

digital copying and photocopying around the world. Income received from all of these sources is used to further the interests of the
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Once accepted for publication, your Article will be published in the Journal, and will be stored and distributed electronically, in order to

meet increasing library and faculty demand and to deliver it as part of the Journal, as an individual article or as part of a larger collection of

articles to meet the specific requirements of a particular market.  By signing this Author Agreement and assigning copyright you agree to

Inderscience making such arrangements.

It may be that the Author is not able to make the assignment solely by him- or herself:

a. If it is appropriate, the Authorʼs employer may sign this agreement. The employer may reserve the right to use the Article for internal 
or promotional purposes (by indicating on this agreement) and reserve all rights other than copyright. 

b. If the Author is a UK Government employee, the Government will grant a non-exclusive licence to publish the Article in the Journal in 
any medium or form provided that Crown Copyright and user rights (including patent rights) are reserved.  This also applies to other 
Commonwealth countries. 

c. If the Author is a US Government employee and the work was done in that capacity, the assignment applies only to the extent allowed
by US law.

Under the UKʼs Copyright Design and Patents Act 1988, the Author has the moral right to be identified as the Author wherever the Article

is published, and to object to its derogatory treatment or distortion. Inderscience encourages assertion of this right; it represents best

publishing practice and is an important safeguard for all authors. Paragraph 4 above asserts the Authorʼs moral rights, as required by the

Act.

The Journal will permit the Author to use the Article for non-commercial  purposes after publication in these ways:

• Posting the Author's Original* or Accepted Manuscript* on the Author's personal web pages and/or institutional repositories 
and/or subject repositories without embargo, or the Proof* upon condition that it shall not be accessible until after six months 
from Inderscience's publication date;

• Posting the Version of Record* to a subject-based repository such as PubMed Central only in cases where a funding agency 
providing the grant for the research on which the Article is based requires this of the Author, upon condition that it shall not be 
accessible until after six months from Inderscience's publication date;

• Using the Article in further research and in courses that the Author is teaching; 
• Incorporating the Article content in other works by the Author. 

*Versions of a paper defined as

• Author's Original = Author's manuscript prior to peer review
• Accepted Manuscript = Accepted version of Author's manuscript
• Proof = Author's version of corrected accepted version
• Version of Record = Publisher's version of finished Article

Inderscience, as Publisher, reserves the right to refuse to publish your Article where its publication creates – or it reasonably believes may

create – legal liability, or where circumstances come to light that were not known to the Editor, including prior publication of the whole or

part of the Article, conflict of interest, manifest error, etc. Inderscience is the ultimate custodian of academic quality and integrity, and will

ensure that this will be done only in exceptional circumstances and on reasonable grounds. In such circumstances the Article will be

returned to the Author together with all rights in it.

Thank you for reading these notes.  If you require more detailed information, go to Inderscienceʼs web site.  This assignment will enable
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Abstract: This paper brings the novelty of the exergy analysis technique using Ex-N-A 

diagram to a packed Reactive Distillation (RD) column for biodiesel production. In this 

study, biodiesel is produced through the esterification of fatty acid with methanol. The 

simulation of the column was performed based on the non-equilibrium model of a three 

phase packed RD system. The graphical Ex-N-A method was utilized to evaluate exergy 

features of the internal RD column. This technique rigorously demonstrated the value of 

exergy losses at each increment of the column, i.e. losses due to the temperature change, 

phase change, mixing in liquid and vapour phases, and chemical reaction. The effects of 

the molar ratio of the reactant and the height of the packed column on the conversion and 

exergy losses were examined and displayed in a simple figure. 
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1. Introduction 

 

Reactive Distillation (RD) is a promising alternative process for 

equilibrium limited reaction, such as biodiesel production via fatty acid 

esterification scheme. It is caused by the fact that the continuous removal 

of one product will shift the equilibrium to the product formation.  

Besides, RD  integrates the reaction and separation in one shell (Dragomir 

and Jobson, 2005; Dimian et al., 2009; Gomez-Castro et al., 2010). 

However, the process involving distillation process is usually associated 

with the high energy consumption. Therefore, thermodynamic analysis, or 

specifically recognized as exergy analysis, on an RD column is important 

to evaluate the energy efficiency of the process.  

 Exergy is a type of useful or available energy (Ao et al., 2012). Exergy 

analysis is a robust analysis tool that is based on the first and the second 

law of thermodynamics. It is efficient for examining the energy quantity 

and quality of a process accurately (Suphanit et al., 2007). This analysis 

can be used to find the locations, source and magnitudes of exergy losses 

in the energy systems and process, hence it plays an important role for 

designing, developing, and optimizing an energy-efficient RD process 

(Budiman and Ishida, 2004; Colpan, 2012). 
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Various method of exergy analysis has been proposed for distillation 

process. Le Goff et al. (1996) introduced the Carnot factor-specific 

enthalpy diagram. This method is easy to utilize for calculating the exergy 

target, but it cannot describe the stage-by-stage exergy characteristic. 

Dhole and Linnhoff (1993) proposed a procedure for composing a T-H 

curve called the Column grand composite curve (CGCC). Demirel (2006) 

suggested that the CGCC is useful for exploring the energy-saving 

potential, determining the targets for column modifications, and 

recommending retrofits. This method, however, is simple but does not 

offer information with respect to exergy loss caused by chemical reaction.  

      A more advanced method was developed by Taprap and Ishida (1996), 

named Energy Utilization Diagram (EUD). This method is functional for 

analysing stage-by-stage exergy loss inside the distillation column. The 

overall exergy loss in the column can be broken down into six types of 

exergy losses (EXL), namely EXL due to the cooling, heating, mixing in 

the vapour and liquid phases, condensation, and evaporation. Each can be 

individually displayed in a graph. EUD method gives more detailed 

information for exergy characteristic. However, it is not convenience 

when the number of plates in a column is increased. The EUD method was 

then modified by Budiman and Ishida (1998) into a more compact 

graphical method called Integrated Energy Utilization Diagram (IEUD). 

This method thus exhibits all the different types of EXL in a simple 

diagram. IEUD can show the exergy characteristic in the whole column 

stage-by-stage, but it cannot reveal the separation performance. To 

overcome this drawback, Budiman and Ishida (2004) introduced the 

Material-Utilization Diagram (MUD) graphical method. This method is 

able to present the separation performance and the EXL stage-by-stage in 

the column profile simultaneously. However, MUD diagram becomes very 

complicated when one of the sub process EXL is much larger than the 

others. Therefore, it is necessary to compose such a simpler and easier to 

understand diagram for a complex RD process.  

      On this note, the development of the novel Ex-N-A graphical method 

for exergy analysis in a complex RD system was studied in this work. 

Compared to the literature works, this graphical method is superior. The 

Ex-N-A method is constructed simply by plotting the height of the column 

(N) as ordinate while the total EXL, the non-chemical reaction EXL, and 

A (energy level) as abscissa. This plotting results in a simple diagram 

which is easy to understand, but it can display the detailed exergy 

characteristic of a packed RD column entirely. The graphical Ex-N-A 

diagram is efficient to disclosure the EXL due to the cooling, heating, 

mixing in the vapour and liquid phases, condensation, and evaporation, 
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and chemical reaction incrementally. And it is yet easy to understand even 

in a case when one of the sub-process EXL is much larger than the other. 

This diagram can also obviously exhibit the correlation of the exergy 

losses due to chemical and non-chemical sub-processes with the energy 

level difference at various heights of column. 

      A thermodynamic analysis using the graphical Ex-N-A Diagram to a 

packed RD column for biodiesel production was carried out in this work. 

Biodiesel is produced via an esterification reaction of free fatty acid (FFA) 

with methanol. This route is preferred rather than transesterification of 

triglyceride scheme, since today employing waste and non-edible 

feedstock is an obligation to meet with the ecological and ethical 

requirement for bio-fuels (Dimian et al., 2009). Waste oil and low grade 

feedstock contains a considerable value of FFA. Therefore, esterification 

of FFA is the best scheme for biodiesel production using waste and non-

edible oil as feedstock.  

      In this work, non-equilibrium (NEQ) model with three-phase approach 

is applied for the RD system. This model brings a novelty since the 

combination of the three-phases and NEQ model has been merely studied 

for a distillation process which doesn‟t involve any reaction in the system 

(Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A 

exergy analysis for presenting the energy feature of the RD column for 

biodiesel production. The effect of some parameters on the reaction 

conversion and exergy loss are also revealed. This finding will facilitate 

the designer to identify the thermodynamic problem and help to enhance 

the conversion as well as improve the energy efficiency of the RD system.  

 

2. Model and Simulation for Reactive Distillation (RD) Column 

 

A packed RD column was utilized for the biodiesel production via fatty 

acid esterification. In this case, oleic acid was taken as a compound 

representing the FFAs. As a case study, esterification of oleic acid and 

methanol in the present of solid acid catalyst namely ion-exchange 

polymeric resin of relite CFS (Tesser et al., 2005) in RD column was 

examined. The generic esterification reaction of an FFA and methanol is 

shown below: 

 

                                                              k1 

   RCOOH (A)  +  CH3OH (B)  RCOOCH3 (C)  + H2O (D)     (1) 

                                                               k2 
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 For the RD simulation, the pseudo-homogeneous second-order 

equilibrium is selected to express the reaction rate (Tesser et al., 2005): 

 

 ̇   (                  )                                (2) 

 

The values of the pre-exponential factors and activation energies (Ea) for 

the direct (1) and reverse reaction (2) are reported in Table 1. The reaction 

is slightly endothermic with ∆Hr = 11213.12 J/mol. The compounds 

involved in the reaction are oleic acid and methanol as reactants. On the 

other hand, water and methyl oleate (biodiesel) are products. Table 2 

reports the molecular structure of the chemical compounds involved in the 

reaction as well as their normal boiling points.  

 The esterification reaction was carried out in a packed RD column. 

Configuration of the RD in this work is modified from the conventional 

RD scheme. In this case, RD applies a continuous water removal system, 

in which the top product containing a mixture of methanol and water is 

separated in an additional column. The mixture of methanol and water 

vapour at the top are condensed. Subsequently, they are introduced to an 

additional distillation column for separation. Water is continuously 

withdrawn, while methanol is recycled to the main column as a reflux. 

Reflux of the methanol and both the fresh feed of methanol and fatty acid 

are introduced at the top of the column. On the other hand, methyl ester 

(biodiesel) is drawn off at the bottom. The detailed configuration of the 

packed RD column is shown in Figure 1. RD is operated in co-current 

mode between the reactants, and counter-current mode between the liquid 

and gas. The increment of the column starts from the top, hence N = 0 

meter is the top of the column, while N = n meter is the lowest part of the 

column. The base case condition employs the packed column with the 

height of 3 meter with the column diameter of 0.5 m.  The ratio of oleic 

acid to total methanol entering the column is set constant at 2:1 inside the 

column. Flow rate of oleic acid feed is 83.33 mol/s and total methanol 

inputted to the column is 166.67 mol/s. Flow rates of total vapour leaving 

the column and products discharging from the reboiler are 185 mol/s and 

69.52 mol/s, respectively.  

The simulation of the packed RD column was performed based on the 

novel NEQ model combined with three phase approach. The unit cell for 

the NEQ model for three phase RD is shown in Figure 2. It is an 

innovative approach since the previous work using this sophisticated 

model has merely been proposed for the conventional tray distillation 

column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model 

assumes that the vapour from the lower position of the packing is brought 
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into contact with liquid moving down from the upper position, allowing an 

exchange of mass and energy across the interface between these phases. 

This system involves four components, namely methanol, oleic acid, 

methyl ester, and water. The organic compounds (oleic acid and methyl 

ester) and the polar compounds (water and methanol) are immiscible, 

thus will separate into two liquid phases. Therefore, the three phases are 

defined as vapour phase which contains only methanol and water, 

alcoholic liquid phase which contains mainly water and methanol, and 

organic liquid phase which primarily contains fatty acid and methyl oleate. 

The reaction is assumed to occur in the organic phase.  

The assumptions taken in this modelling and simulation can be written 

as follows: 

1. In the FFA esterification reaction, oleic acid is taken as a compound 

representing the FFA in the vegetable oil. 

2. The FFA esterification is expressed by the pseudo-homogeneous 

second-order equilibrium kinetic model. 

3. The RD column operates at the steady state condition 

4. There are three phases which occur in the system, namely: vapour 

phase, alcoholic phase (liquid-1) and organic phase (liquid-2). 

5. The reaction takes place in the organic phase (liquid-2) 

6. Temperatures of the alcoholic phase (liquid-1) and organic phase 

(liquid-2) are similar, which is called temperature of liquid. 

7. The RD column is modelled based on the NEQ approach. Hence the 

interfacial mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three phase RD are 

summarized as follows. The mass balances of each compound in the 

vapour, Liquid-1, and Liquid-2 phases are formulated in the equations (3), 

(4), and (5), respectively:  

 

     

  
 

(  ̇   )   
   

  

  
                         (3) 

 

      

  
 

 (  ̇    )    
   

 

  

  
               (4) 

 

      

  
 

 (  ̇    )   
   

 

  

  
               (5) 

 

Meanwhile, the total mass balance of the vapour, Liquid-1, and Liquid-2 
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phase are presented in the equations (6), (7), and (8), respectively:  

 
   

  
   ∑  ̇                  (6) 

 
   

 

  
  ( ∑  ̇    

)               (7) 

 
   

 

  
  ( ∑  ̇    

)               (8) 

 

To solve the equations (3) to (8), the rate processes equations are 

necessary. The rate processes equations for the gas, liquid-1, and liquid-2 

phases are equations (9), (10), and (11), respectively. 

 

 ̇       ( ̇ 
     ̇ 

   )                       (9) 

 

 ̇    
   ̇ 

     ̇ 
                                         (10) 

 

 ̇    
   ̇ 

     ̇ 
          ̇                             (11) 

 

The result outputted from the RD simulation is utilized for the exergy 

analysis by means of the graphical Ex-N-A methods. The Ex-N-A 

thermodynamic analysis is a rigorius method to evaluate the exergy 

features of the internal RD column. It is simple but powerful to reveal the 

value of EXL at each increment of the RD column,  i.e. EXL due to the 

temperature change, phase change, mixing in liquid and vapour phase, and 

chemical reaction. The loss in reboiler and condenser are also examined.  

Effects of the main parameters, specifically molar ratio and the column 

height, on the conversion and EXL inside the column are also analysed. 

  

3. Graphical Ex-N-A Methods 

 

Thermodynamic analysis using graphical Ex-N-A methods departs from 

the basic exergy concept and the second law of thermodynamics (Suphanit 

et al., 2007). The formula of non-chemical EXL calculation refers to the 

work of Budiman and Ishida (2004). Determination of the non-chemical 

reaction loss, i.e. EXL due to changes of the concentration (mixing), phase 

of the component, and  temperature have been described in their work and 

are adopted for calculation in this study. On the other hand, the formula 

for finding out the EXL due to the chemical reaction starts from the 
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concept of the energy level. Availability factor or energy level (A) is 

explained as (Srinophakun et al., 2001): 

 

  
   ̇

  
                       (12) 

 

EXL is then defined by the following equation. 

   ̇                                              (13) 

    

Hence,  

 

  (     
  

  
)                       (14) 

 

It illustrates the maximum fraction of energy which can be converted to 

useful work. Thus, energy level of the chemical reaction is expressed by:  

 

      (     
  

  
)                                  (15) 

 

On the equilibrium condition in which the reaction doesn‟t occurs, entropy 

can be defined as:  

 

   
  

 
                         (16) 

 

In this condition, energy level A generally can be written as:  

 

  (  
  

 
)                                                                                (17) 

 

Hence, for the liquid flowing along the column, the energy level is 

expressed as: 

 

     (  
  

 
)                                                                           (18) 

 

For the gas flowing along the column, the energy level is expressed as: 

 

     (  
  

 
)                                                                          (19) 

 

 T in the energy level formula depends on the phase. T is gas 

temperature for the energy level of the gas, and it is liquid temperature for 

http://www.sciencedirect.com/science/article/pii/S0196890400001424
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the energy level of the liquid. The reaction takes place in the liquid phase. 

Thus, EXL due to the chemical reaction is closely related to the difference 

between the energy level of the liquid and that of the chemical reaction. 

Hence, EXL loss due to the chemical reaction can be written as: 

 

   ̇      (          )                                                  (20) 

 

4. Display of Packed Reactive Distillation Column on Graphical  

Ex-N-A Diagram 

 

4.  1. Base Case Analysis 

 

Ex-N-A Diagram is an-exergy features based diagram that is designed to 

present exergy characteristic of separation and chemical processes in a 

simple diagram. In this work, the Ex-N-A presentation was developed 

based on the fundamental concept of the previous graphical methods 

(Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 

work on MUD, Budiman and Ishida (2004), Budiman (2008), and 

Budiman et al. (2011) composed the graph for EXL due to  concentration, 

phase and temperature changes by putting the mole number (nj) as 

abscissa and          as ordinate for the liquid phase and          for 

the gas phase. Meanwhile, in this work, the Ex-N-A Diagram is made by 

placing the two types of diagram in a single feature. The height of the 

column (N) is put as ordinate while the total EXL, the non-chemical 

reaction EXL, and A (energy level) are placed as abscissa. The first type 

of the diagram is entitled the Ex-N diagram, which consists of N as 

ordinate while total EXL and non-chemical reaction EXL (Ex) as abscissa. 

The second type of the diagram is called the A-N diagram, in which N was 

put as ordinate and A is set as abscissa. The two other diagrams exhibiting 

the correlation between the column height with total EXL and reaction 

conversion are also composed. 

 The graphical Ex-N-A method has numerous advantages compared to 

the previous literature work. It is a simple diagram, however, can display 

the detailed exergy characteristic in the whole RD column. The Ex-N-A 

diagram describes all the EXL sub-processes, namely the chemical EXL  

and non-chemical EXL (EXL due to the cooling, heating, mixing in the 

vapour and liquid phases, as well as phase change) incrementally.  This 

graphical method does not reveal a complicated diagram even in a case 

when one of the sub process EXL is much larger than the other. It also can 

combine two types of graphs (Ex-N and A-N graphs) in a single diagram.  
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This Ex-N-A diagram implements the principle of energy level 

difference. In this concept, every process must donate or accept energy. 

The process donating energy is referred to as the energy donor and the one 

accepting energy is referred to as the energy acceptor (Srinophakun et al., 

2001). The energy level difference between AGas and ALiq (AGas – ALiq) 

indicates the driving force for the energy transformation (Budiman and 

Ishida, 2004). In the literature work, this concept is commonly applied for 

a graphical methodology to exemplify the driving force as the energy level 

difference and exergy consumption as the shaded area in the diagrams. 

Hence, it doesn‟t clearly show the exergy profile at the difference levels of 

the column.  

On the other hand, in composing the Ex-N-A diagram, column height 

(N) is plotted as abscissa against the total EXL, non-chemical reaction 

EXL, and energy level. Based on this diagram, the graphical correlation 

between total EXL, non-chemical reaction EXL, and energy level 

difference between gas and liquid (Agas-Aliq) are incrementally revealed 

along the column. The Ex-N-A diagram is illustrated in the form of a bar 

graph which consists of the two graphs, namely the Ex-N and the N-A 

graphs. Ex-N graph also splits into two types of sub graphs. The first Ex-N 

graph shows the EXL in the reboiler and condenser, EXL due to the 

chemical reaction, and non-chemical EXL (i.e losses due to the 

temperature change, mixing, and phase change) incrementally from top to 

the bottom. EXL in the condenser and reboiler are shown on the 

uppermost part and the bottom of the graph, respectively. Meanwhile, at 

each increment, EXL of all the sub-processes, i.e. EXL due to chemical 

reaction, phase change of methanol, phase change of water, mixing 

process in the liquid phase, mixing in the vapour phase, temperature 

change in liquid phase and temperature change in gas phases, are 

displayed in a bar graph from the left to the right, correspondingly.  

The second Ex-N diagram shows the non-chemical reaction EXL. It 

consists of losses due to phase change of methanol compounds, phase 

change of water compounds, mixing process in the liquid phase, mixing 

process in the vapour phase, temperature change in liquid phase, and 

temperature change in liquid phase, which are drawn from the right to the 

left, respectively. On the other hand, the N-A diagram exhibits the bar 

indicating the energy level (A) of the liquid and gas incrementally. For 

each increment, the energy level (A) of the liquid is placed at the upper 

position, whereas the energy level (A) of the gas is placed at the lower 

position. Based on this N-A graph, the energy level difference between 

gas and liquid (Agas-Aliq) incrementally can be exposed.  

In this work, the base case of the simulation was set up with the 
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following condition: the height of the column (N) was 3 meter, the column 

diameter was 0.5 meter and the molar ratio of methanol to oleic acid was 

2:1. It resulted in total oleic acid conversion of 30.76%. The concentration 

of the compounds, total molar flow rate of each phase and temperature 

profiles at the different heights of the columns are exhibited on Figures 3, 

4 and 5, respectively. These data are required for the EXL calculation.  

Figure 6 demonstrates the Ex-N-A Diagram over the whole column for 

the base case condition. The EXL profile shows large EXL at the 

condenser and reboiler compared to the other parts of the column. Hence, 

this serves as an account of the large driving forces for heat and mass 

transfer at these regions. The total EXL at reboiler is 1256638.9211 J/s 

while in condenser it is 769351.3847 J/s. In Figure 6a, EXL of the reboiler 

and condenser are shown by the scale of 1/5 because of their large values. 

The larger EXL at the reboiler than at condenser is not surprising. This 

could be as a consequence of the large concentration of compounds as 

well as the high heat load at reboiler than those at condenser. This 

phenomenon agrees with the result previously obtained by Budiman and 

Ishida (2004) and Khoa et al. (2010). 

The incrementally assessment on the RD column using Ex-N-A 

Diagram was also depicted in Figure 6. The Ex-N diagram in Figure 6a 

shows that the non-chemical EXL, i.e. the summation of EXL due to the 

concentration change (mixing), temperature and phase changes, decreases 

from the top to bottom. Then, start from N= 2 meter from the top, the non-

chemical EXL turns into a very small quantity. This tendency agrees with 

the A-N Diagram in Figure 6b, which displays the profile of the energy 

level difference between gas and liquid (Agas-Aliq) inside the column or so-

called driving force. Energy level difference between gas and liquid 

strongly corresponds to the temperature profile along the RD column. The 

temperature difference between gas and liquid will result in the energy 

level difference.  

Based on the A-N diagram in Figure 6b, it is disclosed that there is a 

large gas-liquid temperature difference at the top, which then gets smaller 

towards the bottom. Subsequently, at the height of 2 meter from the top 

(N=2), the liquid temperature almost reaches the similar temperature to 

that of the gas, which is represented by the equal value of the gas and 

liquid energy level. This condition has an important effect on the non-

chemical reaction EXL value. The diagram exhibits that, for the non-

chemical reaction EXL, the values of all the losses which are influenced 

by temperature is zero. Hence, simply the EXL due to the mixing exists at 

N= 2 meter moved downwards. EXL due to mixing is affected only by the 

concentration change, so the alteration of the temperature does not provide 
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so much influence. On the other hand, EXL due to the temperature and 

phase change absolutely depend on the temperature difference between 

gas and liquid. When the temperature of the liquid is just about equal to 

the gas temperature, it can be said that the near equilibrium condition has 

been reached. In this condition, a macro heat transfer between the two 

phases does not occur. Therefore, the section inside the column can be 

divided into two regions. The first region is the non-equilibrium zone, and 

the second one is the close-to-equilibrium zone.  

Two regions, non-equilibrium and close to equilibrium zones, exist in 

the packed RD column in this operation. Non-equilibrium zone takes place 

at the upper part of the column. Meanwhile, the close to equilibrium zone 

comes about at the lower part of the column. At the lower part of the 

column, there is an abundant heat supply from reboiler, leading to an 

excellent heat transfer between the gas and liquid phase. It causes a very 

small difference temperature between gas and liquid, which also results in 

a very small (near to zero) energy level difference. The condition where 

the energy level difference or the driving force is very small (let‟s say 

“zero”) is described as the ideal column with minimum thermodynamic 

condition (Pinto et al., 2011). This condition has brought about the close-

to-equilibrium zone on the lower part of the column. An intensive 

discussion on close-to-equilibrium zone, or sometimes called close-to-

equilibrium point (CEP), has also been presented by Budiman et al. 

(2011), in which CEP is shown on MUD for the minimum reflux ratio. 

Pinto et al. (2011) and Budiman et al. (2011) suggest that the procedure to 

improve the energy efficiency of a distillation column should involve the 

use of the so-called minimum thermodynamic condition of columns.  

Non-equilibrium zone emerges at the upper part of the column. At the 

top of the column all feeds are introduced; explicitly both the fresh feed of 

methanol and oleic acid, as well as methanol reflux. The abundant liquid 

stream entering the column has drastically changed the gas-liquid 

composition and brings about a distance between the actual with the near 

to equilibrium condition. It causes an inefficient heat transfer between the 

gas flowing from the lower increment and the liquid stream. Thus, there is 

a large temperature difference between the gas as the heat donor and the 

liquid as the heat acceptor. This large temperature difference is shown by 

the large energy level difference (driving force) between gas and liquid at 

the column top (A-N Diagram in Figure 6b). In addition, the energy level 

difference decreases from the top to the bottom. Ultimately, at a certain 

height of the column, it comes up to the Close-to-Equilibrium zone. The 

A-N diagram profile agrees with the non-chemical reaction EXL profile as 

shown on Ex-N diagram in Figure 6a. Thus, it depicts that the largest non-



   

 

   

   

 

   

   

 

   

   Graphical Exergy Analysis of Reactive Distillation Column for Biodiesel Production                 13    

 

    

 

 

   

   

 

   

   

 

   

       
 

chemical reaction EXL is located at the top of the column. This finding is 

valuable for guiding the improvement on RD design.  

 A comprehensive thermodynamic analysis on a packed RD column 

should involve the EXL analysis due to the chemical reaction. However, 

assessment on the EXL due to chemical reaction incrementally never been 

discussed intensively in the previous literature. In this work, this type of 

EXL becomes one main focus to evaluate. Ex-N Diagrams in Figure 6a 

exposes a different tendency between the profile of the total EXL and 

EXL due to the chemical reaction on one side, and EXL due to the non-

chemical reaction on the other side. The profile of total EXL and EXL due 

to chemical reaction increases from the top to the bottom. This fact is 

absolutely the opposite of the profile of the non-chemical reaction EXL. It 

indicates that EXL due to chemical reaction gives a dominant contribution 

to the total EXL at each increment. Hence, the profile of total EXL is 

reminiscent of the EXL due to chemical reaction profile.  

 Based on the Ex-N diagram, it is revealed that the amount of EXL due 

to chemical reaction increases from the top to the bottom. The higher EXL 

is probably correlated to the amount of the mole reacting at each 

increment.  The higher amount of reactants react, the higher EXL is 

resulted. In this RD system, at the top of the column, the fresh feed and 

reflux of methanol meets the fresh feed of oleic acid. Methanol has a small 

solubility with long fatty acid. Therefore, at the beginning of the column, 

only a little mole of methanol diffuses into the organic liquid phase, which 

contains mainly oleic acid. While flowing downward the column, more 

amount of methanol is dissolved into the organic phase and reacts with 

fatty acids. It results in a higher conversion at each increment as well as 

higher EXL. Therefore, it is found that the EXL due to chemical reaction 

as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a 

distillation column can provide a useful understanding and insights, 

leading to a better design of a distillation system. Thus, in order to acquire 

an in-depth understanding of the thermodynamic aspects of an RD 

column, examination on the influence of the main process parameters 

should be conducted. Parameters observed in this study are molar ratio of 

the reactants and column height (N). The knowledge of their effects on 

RD performance and thermodynamic behaviour is useful for the designer 

to judge the process feasibility and perform the optimization graphically.  
 

4.  2. Effect of the Molar Ratio of the Reactants  

 

To understand the influence of molar ratio on the thermodynamic 
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behaviour and RD performance, firstly, the molar ratio of total methanol 

and oleic acid entering the column is increased from 2:1 to 6:1 at the same 

column height of 3 meter (N = 3) and column diameter of 0.5 meter. By 

employing the molar ratio of 6:1, it is shown that the reaction conversion 

enhances about twice times from 30.76% to 66.41%. However, the Ex-N 

diagram in Figure 7a shows that the profile of non-chemical EXL does not 

change so much compared to the result given by the molar ratio of 2:1. At 

molar ratio of 6:1, the area in the packed RD column splits into two 

regions. The lower part of the column is the close-to-equilibrium zone 

with near to zero driving force, while the upper part is non-equilibrium 

zone. However, enhancing molar ratio from 2:1 to 6:1 has considerably 

extended the area of the close-to-equilibrium zone. The A-N diagram in 

Figure 7b shows that, when molar ratio of 6:1 is applied, the close-to-

equilibrium zone starts at N = 0.75 meter downward. Hence, the area of 

the close-to-equilibrium zone is notably larger than that of the non-

equilibrium zone inside the column. The larger area of the close-

equilibrium zone occurs since there is a far excess of methanol in the 

mixture. The large excess of methanol to oleic acid eases a good contact to 

the two phases and leads to the excellent distribution of methanol in the 

organic phase. When the ideal condition is approached and the driving 

force is near to zero, the equilibrium condition will be easier to reach. 

Consequently, the region of close to equilibrium point gets larger when the 

higher molar ratio of reaction is applied.  

  It can be confirmed that the higher molar ratio of the reactants leads to 

the wider equilibrium region in the column. This statement is convinced 

by the result obtained when applying the molar ratio of methanol to oleic 

acid of 1:1 with N = 3. At this operation condition, the oleic acid 

conversion drops to 9.57%. Meanwhile, the thermodynamic evaluation 

depicts that the CEP cannot be reached with this low molar ratio. As 

shown on the A-N diagram in the Figure 8b, all the areas in RD column 

are non-equilibrium zone, disclosed by the existence of the driving force 

and all the non-chemical reaction EXL (losses due to mixing, phase, and 

temperature changes) along the column. The amount of non-chemical 

reaction EXL decreases from the top to the bottom.  

 To evaluate the impact of varying the molar ratio on the value of the 

EXL due to chemical reaction, both the diagrams in Figures 7 and 8 are 

examined. It is exhibited on the Ex-N Diagram in Figures 7 and 8 that the 

EXL due to the chemical reaction is clearly affected by the changing of 

molar ratio of the reactants. As displayed in Figure 8, when the molar ratio 

of 1:1 is employed, the Ex-N profile is almost similar to the result gotten 

by applying molar ratio of 2:1.  
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 However, if molar ratio of the reactants is drastically enhanced to 6:1, 

the new Ex-N profile seems interesting. It is shown that EXL due to the 

chemical reaction gets higher from the top downward as seen on the Ex-N 

Diagram in Figure 7a. In spite of this, at a certain point in the column, 

EXL due to chemical reaction tends to decrease and achieve the minimum 

value at the lowest increment of the column. The value of EXL due to 

chemical reaction strongly corresponds to the number of moles that reacts 

at each increment. Hence, this phenomenon can be explained as follows. 

When the high molar ratio of methanol to oleic acid is applied, the mass 

transfer of methanol to organic phase becomes easier. An excellent 

dispersion of methanol in the organic phase leads the reactants to reacts 

easily. Consequently, from the top downward, there is a severe increase in 

the number of moles of reactants involved in the reaction at each 

increment, which causes high reaction rate enhancement at the upper part 

of the column. However, at a certain point, the remaining un-reacted oleic 

acid is too small to achieve high reaction rate. At this increment, only a 

small number of oleic acid involves in the reaction, which results in the 

decrease of the reaction rate from this point to the bottom. The profile of 

the reaction rate is identical to the profile of the EXL due to chemical 

reaction in the column. It can be observed that EXL due to the chemical 

reaction increases significantly at each increment on the upper part of the 

column. However, at a certain point it decreases and reaches a minimum 

point at the lowest increment.  

 To obtain the appropriate molar ratio of the reactants that provides 

high RD performance but low total EXL, an integrated graphical 

examination should be composed. Figure 9 presents the profile of oleic 

acid conversion and total EXL against the reactant molar ratio. It is 

revealed that the higher molar ratio results in the higher reaction 

conversion but lower EXL. Thus, the higher molar ratio of methanol to 

oleic acid will give great benefit, both from the RD performance and the 

thermodynamic aspect‟s point of view.  

 

4.  3. Effect of the Height of the Packed Column (N) 

 

The subsequent important aspect to be analysed is the height of the 

column (N). To study this parameter, N is increased from 3 to 6 meter 

with the similar reactants molar ratio of 2:1, while the column diameter is 

kept the same (0.5 meter). Hence, it reveals that the reaction conversion is 

enhanced from 30.76 to 58.52%. On the other hand, the result of the 

thermodynamic evaluation is displayed in Figure 10. The Ex-N Diagram 



   

 

   

   

 

   

   

 

   

    Author                                                                                                                  16    

 

    

 

 

   

   

 

   

   

 

   

       
 

in Figure 10a shows that increasing the height of the column does not so 

much change the profile of the non-chemical reaction EXL compared to 

the profile of the column with the height of 3 meter (N = 3). The highest 

value of non-chemical EXL occurs at the top of the column, thereafter it  

decreases downward. Subsequently, starting from the N = 2 meters from 

the top, EXL of the sub processes which depends on temperature (loss due 

to temperature and phase changes) approaches zero. This tendency agrees 

with the trend of the driving force profile exhibited on the A-N Diagram in 

Figure 10b. Nevertheless, it is shown that the energy level difference 

between gas and liquid decreases from the top downward. Then, starting at 

N = 2 meter downward, the energy level difference is near to zero. Thus, 

the area in the column can be separated into two regions, i.e. the non-

equilibrium zone and the close-to-equilibrium zone. Non-equilibrium 

region covers the section from the top to N = 2, while the rest are the 

close-to-equilibrium zone. Thus, the increasing of the column height does 

not change the non-equilibrium area. However, it just prolongs the close-

to-equilibrium zone. The existing of non-equilibrium region is mostly 

caused by the extremely abundant input of the reactants and reflux at the 

top. Conclusively, the changing on the molar flow rate will provide more 

influence on it than the variation on the column height.  

 Effect of the column height (N) on the EXL due to the chemical 

reaction is evaluated, as well. Ex-N Diagram in Figure 10 presents the 

profile of EXL due to the chemical reaction. It is observed that EXL due 

to the chemical reaction increases from the top downward. When it 

reaches the increment of N = 2, EXL due to the chemical reaction values 

remain almost constant, and finally decreases at N = 4 to bottom. EXL due 

to the chemical reaction is strongly affected by the reaction behaviour. In 

this operation condition, reaction rate at each increment in the upper part 

of the column increases from the top downward. However, at a certain 

height, the remaining moles of the unreacted oleic acid are not sufficient 

to continuously enhance the reaction rate. Hence, the reaction rate at a 

certain increment turns into constant if compared to the rate at the upper 

increment. Finally, the rate decreases at a certain increment downward.  

 To obtain a more profound comprehension on the influence of the 

column height to the RD performance and thermodynamic behaviour, a 

diagram presenting the profile of total EXL and reaction conversion 

against the column height is composed. Figure 11 discloses that the 

increase in the column height leads to the higher conversion and the larger 

total EXL. Thus, the best point on the column yielding an excellent 

performance on the reaction conversion and the thermodynamic efficiency 

should be determined.  
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 Conclusively, there are some finding obtained by analysing the effects 

of the reactant molar ratio and column height. Based on the 

thermodynamic point of view, EXL can be reduced by distributing the 

inlet of the reactants at the different places. For example, shifting the feed 

point location of one reactant from the top will reduce the load at the top 

and lessen EXL. It probably facilitates the reduction of the driving force 

and enlarges the close-to-equilibrium region inside the column. This 

suggestion agrees with the work on exergy analysis using MUD (Budiman 

et al., 2011). Besides, the optimum efficiency of the RD can be achieved 

by determining the best column height which results in low EXL but high 

reaction conversion. The other way to improve the reaction performance 

and reduce EXL is through employing higher molar ratio of the reactants, 

which can be done by increasing the reflux ratio as suggested by Pinto et 

al. (2011), or by introducing higher fresh feed stream.  

 

5.  Conclusions 

 

 A graphical method called Ex-N-A Diagram has been applied to assess 

the performance and efficiency of a packed RD column. This 

technique displays the reaction performance, EXL and energy level 

characteristic incrementally over the whole packed RD column in a 

simple way. Nevertheless, it is easy to understand, even when one of 

the sub-process has a much larger EXL than the others.  

 The base case of the RD simulation was studied at N = 3 meter, the 

column diameter of 0.5 meter and the molar ratio of methanol to oleic 

acid of 2:1. This results in total oleic acid conversion of 30.76%. The 

total EXL at reboiler is 1256638.9211 J/s while in condenser it is 

769351.3847 J/s. The incremental assessment on the RD column 

shows that the non-chemical EXL decreases from the top to bottom 

which agrees with the A-N profile.  

 The influence of molar ratio is examined by changing the molar ratio 

of total methanol to oleic acid entering the column of 2:1 to 6:1 at the 

similar N of 3 meter and column diameter of 0.5 meter. By employing 

the molar ratio of 6:1, the reaction conversion enhances from 30.76% 

to 66.41%. On the contrary, it drops to 9.57% by applying the molar 

ratio of 1:1. It can also be confirmed that the higher molar ratio of the 

reactants leads to the wider equilibrium region in the column.  
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 To study the effect of column height, N is increased from 3 to 6 meter, 

while the reactants molar ratio and column diameter are kept at 2:1 and 

0.5 meter, respectively. This reveals that the conversion is enhanced 

from 30.76 to 58.52%. Thus, the increase in the column height does 

not change the non-equilibrium area, nevertheless it just prolong the 

close-to-equilibrium zone. 

 The changing on molar flow rate provides more effect on reaction 

conversion and EXL profile than the variation on column height.  
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Nomenclature 

 

Symbols   

A Energy level 

AChem Energy level of the chemical reaction 

AGas  Energy level of the gas phase 

ALiq Energy level of the liquid phase 

Ccat  Concentration of the solid catalyst (kgcat /m
3
) 

Ea  Activation energies (J/mol) 

   ̇  Exergy loss rate (J/s) 

∆H  Enthalpy change (J/mol) 

∆Hr  Heat of reaction (J/mol) 

k1 Direct reaction rate constant (mol·m
3
/kgcat

2
/ s) 

k2 Reverse reaction rate constant (mol·m
3
/kgcat

2
/s) 

L1 Molar liquid flow rate of liquid phase 1 (mol/s) 

L2 Molar liquid flow rate of liquid phase 2 (mol/s) 

N  Height of the column (m) 

 ̇ 
    Mass transfer rate of component i from the gas phase to 

liquid 1 phase (mol/s)  

 ̇ 
    Mass transfer rate of component i from the gas phase to 

liquid 2 phase (mol/s) 

 ̇ 
     Mass transfer rate of component i from the liquid 1 phase    

to liquid 2 phase (mol/s) 

 ̇ Reaction rate (mol/s) 

 ̇ Rate of the compounds generated (mol/s) 

∆S  Entropy change (J/mol/K) 

T Temperature (K) 

T0 Reference Temperature (K) 

Tb Boiling point (K) 

V Molar liquid flow rate of  vapour phase (mol/s) 

x  Mole fraction of the compounds in the liquid phase 

y Mole fraction of the compounds in the vapour phase 

dz Increment of the column height (m) 

vi Reaction coefficient 

  

Subscripts  

A, B, C, D Fatty acid (oleic acid), methanol,  biodiesel (methyl 

oleate),  water, respectively 

i Component index 

G Referring to gas phase 
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L1 Referring to liquid 1 phase 

L2 Referring to liquid 2 phase 

  

Abbreviation   

EXL Exergy loss 

FFA Free fatty acid 

NEQ Non equilibrium 

RD Reactive distillation 

 

 

 

Figure 1. The Configuration of Packed RD Column for Biodiesel 

Production 
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Figure 2. Schematic Representation of One Cell of Three-Phase 

Packed RD Column  
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Figure 3. Concentration Profiles of the Compounds in Liquid-1, 

Liquid-2 and Vapour Phases at Different Column Height 
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Figure 4. Total Molar Flow of Each Phase at Different Column 

Height 
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Figure 5. Temperature Profile of Liquid and Vapour Phase at 

Different Column Height 
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Figure 6. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio of 

Methanol to FFA of 2:1 at N = 3 m 
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Figure 7. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio  

of Methanol to FFA of 6:1 at N = 3 m 
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Figure 8. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio 

of Methanol to FFA of 1:1 at N = 3 m 
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Figure 9. Profile of Total Exergy Loss and Fatty Acid                              

Conversion at Different Reactant Molar Ratio 
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Figure 10. Exergy Loss Profile (Ex-N-A Diagram) for Molar Ratio of 

Methanol to FFA of 2:1 at N = 6 m 
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Figure 11. Profile of Total Exergy Loss and Fatty Acid Conversion at 

Different Column Height 
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Table 1. Kinetic parameters of the pseudo-homogeneous model  

Reaction Rate Constant 

(mol·m
3
/kgcat

2
/s) 

Ln (pre-exponential factor) 

 

Ea  

(J/mol) 

k1  0.2155 58576.0000 

k2  0.1460 47362.8800 

 

 

 

 

 

 

 

Table 2.  Molecular structure and normal boiling points of all the  

  chemical compounds  

Compounds Molecular structure Boiling 

point, K 

Oleic Acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 

Methanol (B) CH3OH 337.7 

Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 

Water (D) H2O 373 
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Abstract: This paper brings the novelty of the exergy analysis technique using 
Ex-N-A diagram to a packed reactive distillation (RD) column for biodiesel 
production. In this study, biodiesel is produced through the esterification of 
fatty acid with methanol. The simulation of the column was performed based 
on the non-equilibrium (NEQ) model of a three-phase packed RD system. The 
graphical Ex-N-A method was utilised to evaluate exergy features of the 
internal RD column. This technique rigorously demonstrated the value of 
exergy losses at each increment of the column, i.e., losses owing to the 
temperature change, phase change, mixing in liquid and vapour phases and 
chemical reaction. The effects of the molar ratio of the reactant and the height 
of the packed column on the conversion and exergy losses were examined and 
displayed in a simple figure. 

Keywords: exergy analysis; RD; reactive distillation; esterification; Ex-N-A; 
biodiesel. 
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1 Introduction 

Reactive distillation (RD) is a promising alternative process for equilibrium-limited 
reaction, such as biodiesel production via fatty acid esterification scheme. It is caused by 
the fact that the continuous removal of one product will shift the equilibrium to the 
product formation. Besides, RD integrates the reaction and separation in one shell 
(Dragomir and Jobson, 2005; Dimian et al., 2009; Gomez-Castro et al., 2010). However, 
the process involving distillation process is usually associated with the high energy 
consumption. Therefore, thermodynamic analysis, or specifically recognised as exergy 
analysis, on an RD column is important to evaluate the energy efficiency of the process. 

Exergy is a type of useful or available energy (Ao et al., 2012). Exergy analysis is a 
robust analysis tool that is based on the first and the second law of thermodynamics. It is 
efficient for examining the energy quantity and quality of a process accurately (Suphanit 
et al., 2007). This analysis can be used to find the locations, source and magnitudes of 
exergy losses in the energy systems and process, hence it plays an important role for 
designing, developing and optimising an energy-efficient RD process (Budiman and 
Ishida, 2004; Colpan, 2012). 

Various methods of exergy analysis have been proposed for distillation process.  
Le Goff et al. (1996) introduced the Carnot-factor-specific enthalpy diagram. This 
method is easy to utilise for calculating the exergy target, but it cannot describe the  
stage-by-stage exergy characteristic. Dhole and Linnhoff (1993) proposed a procedure for 
composing a T-H curve called the column grand composite curve (CGCC). Demirel 
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(2006) suggested that the CGCC is useful for exploring the energy-saving potential, 
determining the targets for column modifications and recommending retrofits. This 
method, however, is simple but does not offer information with respect to exergy loss 
caused by chemical reaction. 

A more advanced method was developed by Taprap and Ishida (1996), named energy 
utilisation diagram (EUD). This method is functional for analysing stage-by-stage exergy 
loss inside the distillation column. The overall exergy loss in the column can be broken 
down into six types of exergy losses (EXLs), namely EXL owing to the cooling, heating, 
mixing in the vapour and liquid phases, condensation and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed information for 
exergy characteristic. However, it is not convenient when the number of plates in a 
column is increased. The EUD method was then modified by Budiman and Ishida (1998) 
into a more compact graphical method called integrated energy utilisation diagram 
(IEUD). This method thus exhibits all the different types of EXL in a simple diagram. 
IEUD can show the exergy characteristic in the whole column stage-by-stage, but it 
cannot reveal the separation performance. To overcome this drawback, Budiman and 
Ishida (2004) introduced the material-utilisation diagram (MUD) graphical method. This 
method is able to present the separation performance and the EXL stage-by-stage in the 
column profile simultaneously. However, MUD diagram becomes very complicated 
when one of the sub-processes EXL is much larger than the others. Therefore, it is 
necessary to compose such a simpler and easier diagram to understand a complex RD 
process. 

On this note, the development of the novel Ex-N-A graphical method for exergy 
analysis in a complex RD system was studied in this work. Compared with the literature 
works, this graphical method is superior. The Ex-N-A method is constructed simply by 
plotting the height of the column (N) as ordinate whereas the total EXL, the non-chemical 
reaction EXL and A (energy level) as abscissa. This plotting results in a simple diagram, 
which is easy to understand, but it can display the detailed exergy characteristic of a 
packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the 
EXL owing to the cooling, heating, mixing in the vapour and liquid phases, condensation, 
and evaporation and chemical reaction incrementally. And, it is yet easy to understand 
even in a case when one of the sub-processes EXL is much larger than the others. This 
diagram can also obviously exhibit the correlation of the exergy losses owing to chemical 
and non-chemical sub-processes with the energy-level difference at various heights of 
column. 

A thermodynamic analysis using the graphical Ex-N-A diagram to a packed RD 
column for biodiesel production was carried out in this work. Biodiesel is produced via 
an esterification reaction of free fatty acid (FFA) with methanol. This route is preferred 
rather than transesterification of triglyceride scheme, since today employing waste and 
non-edible feedstock is an obligation to meet with the ecological and ethical requirement 
for bio-fuels (Dimian et al., 2009). Waste oil and low-grade feedstock contains a 
considerable value of FFA. Therefore, esterification of FFA is the best scheme for 
biodiesel production using waste and non-edible oil as feedstock. 

In this work, NEQ model with three-phase approach is applied for the RD system. 
This model brings a novelty since the combination of the three-phase and NEQ model has 
been merely studied for a distillation process, which does not involve any reaction in the 
system (Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A exergy 
analysis for presenting the energy feature of the RD column for biodiesel production.  
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The effect of some parameters on the reaction conversion and exergy loss is also 
revealed. This finding will facilitate the designer to identify the thermodynamic problem 
and help to enhance the conversion as well as improve the energy efficiency of the RD 
system. 

2 Model and simulation for reactive distillation (RD) column 

A packed RD column was utilised for the biodiesel production via fatty acid 
esterification. In this case, oleic acid was taken as a compound representing the FFAs.  
As a case study, esterification of oleic acid and methanol in the presence of solid acid 
catalyst namely ion-exchange polymeric resin of relite CFS (Tesser et al., 2005) in RD 
column was examined. The generic esterification reaction of an FFA and methanol is 
shown here: 

( ) ( ) ( ) ( )1

2
3 3 2RCOOH A   CH OH B  RCOOCH C   H O Dk

k
+ +  (1) 

For the RD simulation, the pseudo-homogeneous second-order equilibrium is selected to 
express the reaction rate (Tesser et al., 2005): 

1 2 cat( ) .A B A Br k x x k x x C= −  (2) 

The values of the pre-exponential factors and activation energies (Ea) for the direct (1) 
and reverse reaction (2) are reported in Table 1. The reaction is slightly endothermic with 
∆Hr = 11213.12 J/mol. The compounds involved in the reaction are oleic acid and 
methanol as reactants. On the other hand, water and methyl oleate (biodiesel) are 
products. Table 2 reports the molecular structure of the chemical compounds involved in 
the reaction as well as their normal boiling points. 

Table 1 Kinetic parameters of the pseudo-homogeneous model 

Reaction rate constant (mol m3/kgcat
2/s) Ln(pre-exponential factor) Ea (J/mol) 

k1 0.2155 58576.0000 
k2 0.1460 47362.8800 

Table 2 Molecular structure and normal boiling points of all the chemical compounds 

Compounds Molecular structure Boiling point (K) 

Oleic acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 
Methanol (B) CH3OH 337.7 
Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 
Water (D) H2O 373 

The esterification reaction was carried out in a packed RD column. Configuration of the 
RD in this work is modified from the conventional RD scheme. In this case, RD applies a 
continuous water removal system, in which the top product containing a mixture of 
methanol and water is separated in an additional column. The mixture of methanol and 
water vapour at the top is condensed. Subsequently, they are introduced to an additional 
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distillation column for separation. Water is continuously withdrawn, while methanol is 
recycled to the main column as a reflux. Reflux of the methanol and both the fresh feed 
of methanol and fatty acid are introduced at the top of the column. On the other hand, 
methyl ester (biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. RD is operated in co-current mode between  
the reactants, and counter-current mode between the liquid and gas. The increment of the 
column starts from the top, hence N = 0 m is the top of the column, while N = n m is the 
lowest part of the column. The base case condition employs the packed column with the 
height of 3 m with the column diameter of 0.5 m. The ratio of oleic acid to total methanol 
entering the column is set constant at 2 : 1 inside the column. Flow rate of oleic acid feed 
is 83.33 mol/s and total methanol inputted to the column is 166.67 mol/s. Flow rates of 
total vapour leaving the column and products discharging from the reboiler are 185 and 
69.52 mol/s, respectively. 

Figure 1 The configuration of packed RD column for biodiesel production 

 

The simulation of the packed RD column was performed based on the novel NEQ model 
combined with the three-phase approach. The unit cell for the NEQ model for three-phase 
RD is shown in Figure 2. It is an innovative approach since the previous work using this 
sophisticated model has merely been proposed for the conventional tray distillation 
column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model assumes that the 
vapour from the lower position of the packing is brought into contact with liquid moving 
down from the upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, namely methanol, 
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oleic acid, methyl ester and water. The organic compounds (oleic acid and methyl ester) 
and the polar compounds (water and methanol) are immiscible, thus will separate into 
two liquid phases. Therefore, the three phases are defined as vapour phase, which 
contains only methanol and water, alcoholic liquid phase, which contains mainly water 
and methanol, and organic liquid phase, which primarily contains fatty acid and methyl 
oleate. The reaction is assumed to occur in the organic phase. 

Figure 2 Schematic representation of one cell of three-phase packed RD column 

 

The assumptions taken in this modelling and simulation can be written as follows: 

1 In the FFA esterification reaction, oleic acid is taken as a compound representing 
the FFA in the vegetable oil. 

2 The FFA esterification is expressed by the pseudo-homogeneous second-order 
equilibrium kinetic model. 

3 The RD column operates at the steady-state condition. 

4 There are three phases that occur in the system, namely vapour phase, alcoholic 
phase (liquid-1) and organic phase (liquid-2). 

5 The reaction takes place in the organic phase (liquid-2). 

6 Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are 
similar, which is called temperature of liquid. 

7 The RD column is modelled based on the NEQ approach. Hence, the interfacial 
mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three-phase RD are summarised as follows. 
The mass balances of each compound in the vapour, liquid-1 and liquid-2 phases are 
formulated in equations (3)–(5), respectively: 
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Meanwhile, the total mass balance of the vapour, liquid-1 and liquid-2 phase is presented 
in equations (6)–(8), respectively: 

,

d
d i G

V R
z
′

= −∑  (6) 

( )
1

1
,

d
d i L

L
R

z
′

= − −∑  (7) 

( )
2

2
,

d
d i L

L
R

z
′

= − −∑  (8) 

To solve equations (3)–(8), the rate process equations are necessary. The rate process 
equations for the gas, liquid-1 and liquid-2 phases are equations (9)–(11), respectively. 

1 2
, ( )GL GL

i G i iR N N= − +  (9) 

1 1 2

1,
GL L L

i L i iR N N= −  (10) 

2 1 2

2, .GL L L
i L i i iR N N v r= − + +  (11) 

The result outputted from the RD simulation is utilised for the exergy analysis by means 
of the graphical Ex-N-A methods. The Ex-N-A thermodynamic analysis is a rigorous 
method to evaluate the exergy features of the internal RD column. It is simple but 
powerful to reveal the value of EXL at each increment of the RD column, i.e., EXL 
owing to the temperature change, phase change, mixing in liquid and vapour phase and 
chemical reaction. The loss in reboiler and condenser is also examined. Effects of the 
main parameters, specifically molar ratio and the column height, on the conversion and 
EXL inside the column are also analysed. 

3 Graphical Ex-N-A methods 

Thermodynamic analysis using graphical Ex-N-A methods departs from the basic exergy 
concept and the second law of thermodynamics (Suphanit et al., 2007). The formula of 
non-chemical EXL calculation refers to the work of Budiman and Ishida (2004). 
Determination of the non-chemical reaction loss, i.e., EXL owing to changes of the 
concentration (mixing), phase of the component and temperature, have been described in 
their work and are adopted for calculation in this study. On the other hand, the formula 
for finding out the EXL owing to the chemical reaction starts from the concept of the 
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energy level. Availability factor or energy level (A) is explained as (Srinophakun et al., 
2001): 

.EXLA
H

=
∆

 (12) 

EXL is then defined by the following equation. 

0 .EXL H T S= ∆ − ∆  (13) 

Hence, 

01 .sA T
H

∆ = − ∆ 
 (14) 

It illustrates the maximum fraction of energy, which can be converted to useful work. 
Thus, energy level of the chemical reaction is expressed by: 

Chem 01 .sA T
H

∆ = − ∆ 
 (15) 

On the equilibrium condition in which the reaction does not occur, entropy can be 
defined as: 

.HS
T

∆
∆ =  (16) 

In this condition, energy level A generally can be written as: 

01 .
T

A
T

 = − 
 

 (17) 

Hence, for the liquid flowing along the column, the energy level is expressed as: 

0
Liq 1 .

T
A

T
 = − 
 

 (18) 

For the gas flowing along the column, the energy level is expressed as: 

0
Gas 1 .

T
A

T
 = − 
 

 (19) 

T in the energy-level formula depends on the phase. T is the gas temperature for the 
energy level of the gas, and it is liquid temperature for the energy level of the liquid.  
The reaction takes place in the liquid phase. Thus, EXL owing to the chemical reaction is 
closely related to the difference between the energy level of the liquid and that of the 
chemical reaction. Hence, EXL owing to the chemical reaction can be written as: 

Chem Liq Chem( ) .EXL A A H= − ∆  (20) 
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4 Display of packed reactive distillation column on graphical Ex-N-A 
diagram 

4.1 Base case analysis 

Ex-N-A diagram is an exergy-feature-based diagram that is designed to present exergy 
characteristic of separation and chemical processes in a simple diagram. In this work, the 
Ex-N-A presentation was developed based on the fundamental concept of the previous 
graphical methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 
work on MUD, Budiman and Ishida (2004), Budiman (2008) and Budiman et al. (2011) 
composed the graph for EXL owing to concentration, phase and temperature changes by 
putting the mole number (nj) as abscissa and 0 ln jT xℜ  as ordinate for the liquid phase 
and 0 ln jT yℜ  for the gas phase. Meanwhile, in this work, the Ex-N-A diagram is made 
by placing the two types of diagram in a single feature. The height of the column (N) is 
put as ordinate whereas the total EXL, the non-chemical reaction EXL and A (energy 
level) are placed as abscissa. The first type of the diagram is entitled the Ex-N diagram, 
which consists of N as ordinate whereas total EXL and non-chemical reaction EXL (Ex) 
as abscissa. The second type of the diagram is called the A-N diagram, in which N was 
put as ordinate and A is set as abscissa. The other two diagrams exhibiting the correlation 
between the column height and total EXL and reaction conversion are also composed. 

The graphical Ex-N-A method has numerous advantages compared with the previous 
literature work. It is a simple diagram, however, can display the detailed exergy 
characteristic in the whole RD column. The Ex-N-A diagram describes all the EXL  
sub-processes, namely the chemical EXL and non-chemical EXL (EXL owing to the 
cooling, heating, mixing in the vapour and liquid phases, as well as phase change) 
incrementally. This graphical method does not reveal a complicated diagram even in a 
case when one of the sub-processes EXL is much larger than the others. It can also 
combine two types of graphs (Ex-N and A-N graphs) in a single diagram. 

This Ex-N-A diagram implements the principle of energy-level difference. In this 
concept, every process must donate or accept energy. The process donating energy is 
referred to as the energy donor and the one accepting energy is referred to as the energy 
acceptor (Srinophakun et al., 2001). The energy-level difference between Agas and Aliq 
(Agas – Aliq) indicates the driving force for the energy transformation (Budiman and 
Ishida, 2004). In the literature work, this concept is commonly applied for a graphical 
methodology to exemplify the driving force as the energy-level difference and exergy 
consumption as the shaded area in the diagrams. Hence, it does not clearly show the 
exergy profile at different levels of the column. 

On the other hand, in composing the Ex-N-A diagram, column height (N) is plotted as 
abscissa against the total EXL, non-chemical reaction EXL and energy level. On the basis 
of this diagram, the graphical correlation between total EXL, non-chemical reaction EXL 
and energy-level difference between gas and liquid (Agas – Aliq) is incrementally revealed 
along the column. The Ex-N-A diagram is illustrated in the form of a bar graph, which 
consists of the two graphs, namely the Ex-N and the N-A graphs. Ex-N graph also splits 
into two types of subgraphs. The first Ex-N graph shows the EXL in the reboiler and 
condenser, EXL owing to the chemical reaction and non-chemical EXL (i.e., losses 
owing to the temperature change, mixing and phase change) incrementally from top to 
the bottom. EXL in the condenser and reboiler are shown on the uppermost part and  
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the bottom of the graph, respectively. Meanwhile, at each increment, EXL of all the  
sub-processes, i.e., EXL owing to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing in the vapour phase, and 
temperature change in liquid phase and temperature change in gas phases, is displayed in 
a bar graph from the left to the right, correspondingly. 

The second Ex-N diagram shows the non-chemical reaction EXL. It consists of losses 
owing to phase change of methanol compounds, phase change of water compounds, 
mixing process in the liquid phase, mixing process in the vapour phase, temperature 
change in liquid phase and temperature change in liquid phase, which are drawn from the 
right to the left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incrementally. For each increment, 
the energy level (A) of the liquid is placed at the upper position, whereas the energy  
level (A) of the gas is placed at the lower position. On the basis of this N-A graph, the 
energy-level difference between gas and liquid (Agas – Aliq) incrementally can be exposed. 

In this work, the base case of the simulation was set up with the following condition: 
the height of the column (N) was 3 m, the column diameter was 0.5 m and the molar ratio 
of methanol to oleic acid was 2 : 1. It resulted in total oleic acid conversion of 30.76%. 
The concentration of the compounds, total molar flow rate of each phase and temperature 
profiles at the different heights of the columns are exhibited in Figures 3–5, respectively. 
These data are required for the EXL calculation. 

Figure 3 Concentration profiles of the compounds in liquid-1, liquid-2 and vapour phases  
at different column height (see online version for colours) 

 

Figure 6 demonstrates the Ex-N-A diagram over the whole column for the base case 
condition. The EXL profile shows large EXL at the condenser and reboiler compared 
with the other parts of the column. Hence, this serves as an account of the large driving 
forces for heat and mass transfer at these regions. The total EXL at reboiler is 
1256638.9211 J/s whereas in condenser it is 769351.3847 J/s. In Figure 6(a), EXL of  
the reboiler and condenser is shown by the scale of 1/5 because of their large values.  
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The larger EXL at the reboiler than at condenser is not surprising. This could be as a 
consequence of the large concentration of compounds as well as the high heat load at 
reboiler than those at condenser. This phenomenon agrees with the result previously 
obtained by Budiman and Ishida (2004) and Khoa et al. (2010). 

Figure 4 Total molar flow of each phase at different column height (see online version  
for colours) 

 

Figure 5 Temperature profile of liquid and vapour phase at different column height (see online 
version for colours) 
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Figure 6 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

The incremental assessment on the RD column using Ex-N-A diagram was also depicted 
in Figure 6. The Ex-N diagram in Figure 6(a) shows that the non-chemical EXL, i.e., the 
summation of EXL owing to the concentration change (mixing), temperature and phase 
changes, decreases from the top to bottom. Then, starting from N = 2 m from the top, the 
non-chemical EXL turns into a very small quantity. This tendency agrees with the A-N 
diagram in Figure 6(b), which displays the profile of the energy-level difference between 
gas and liquid (Agas – Aliq) inside the column or the so-called driving force. Energy-level 
difference between gas and liquid strongly corresponds to the temperature profile along 
the RD column. The temperature difference between gas and liquid will result in the 
energy-level difference. 

On the basis of the A-N diagram in Figure 6(b), it is disclosed that there is a large 
gas-liquid temperature difference at the top, which then gets smaller towards the bottom. 
Subsequently, at the height of 2 m from the top (N = 2), the liquid temperature almost 
reaches the similar temperature to that of the gas, which is represented by the equal value 
of the gas and liquid energy level. This condition has an important effect on the non-
chemical reaction EXL value. The diagram exhibits that, for the non-chemical reaction 
EXL, the values of all the losses that are influenced by temperature are zero. Hence, 
simply the EXL owing to the mixing exists at N = 2 m moved downwards. EXL owing to 
mixing is affected only by the concentration change, so the alteration of the temperature 
does not provide so much influence. On the other hand, EXL owing to the temperature 
and phase change absolutely depend on the temperature difference between gas and 
liquid. When the temperature of the liquid is just about equal to the gas temperature, it 
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can be said that the near-equilibrium condition has been reached. In this condition,  
a macro-heat transfer between the two phases does not occur. Therefore, the section 
inside the column can be divided into two regions. The first region is the non-equilibrium 
(NEQ) zone, and the second one is the close-to-equilibrium zone. 

Two regions, NEQ and close-to-equilibrium zones, exist in the packed RD column in 
this operation. Non-equilibrium zone takes place at the upper part of the column. 
Meanwhile, the close-to-equilibrium zone comes about at the lower part of the column. 
At the lower part of the column, there is an abundant heat supply from reboiler, leading to 
an excellent heat transfer between the gas and liquid phase. It causes a very small 
temperature difference between gas and liquid, which also results in a very small (near to 
zero) energy-level difference. The condition where the energy-level difference or the 
driving force is very small (let us say ‘zero’) is described as the ideal column with 
minimum thermodynamic condition (Pinto et al., 2011). This condition has brought about 
the close-to-equilibrium zone on the lower part of the column. An intensive discussion on 
close-to-equilibrium zone, or sometimes called close-to-equilibrium point (CEP), has also 
been presented by Budiman et al. (2011), in which CEP is shown on MUD for the 
minimum reflux ratio. Pinto et al. (2011) and Budiman et al. (2011) suggest that  
the procedure to improve the energy efficiency of a distillation column should involve the 
use of the so-called minimum thermodynamic condition of columns. 

Non-equilibrium zone emerges at the upper part of the column. At the top of the 
column, all feeds are introduced; explicitly both the fresh feed of methanol and oleic acid, 
as well as methanol reflux. The abundant liquid stream entering the column has 
drastically changed the gas-liquid composition and brings about a distance between the 
actual and the near-to-equilibrium condition. It causes an inefficient heat transfer between 
the gas flowing from the lower increment and the liquid stream. Thus, there is a large 
temperature difference between the gas as the heat donor and the liquid as the heat 
acceptor. This large temperature difference is shown by the large energy-level difference 
(driving force) between gas and liquid at the column top (A-N diagram in Figure 6(b)).  
In addition, the energy-level difference decreases from the top to the bottom. Ultimately, 
at a certain height of the column, it comes up to the close-to-equilibrium zone. The A-N 
diagram profile agrees with the non-chemical reaction EXL profile as shown on Ex-N 
diagram in Figure 6(a). Thus, it depicts that the largest non-chemical reaction EXL is 
located at the top of the column. This finding is valuable for guiding the improvement on 
RD design. 

A comprehensive thermodynamic analysis on a packed RD column should involve 
the EXL analysis owing to the chemical reaction. However, assessment on the EXL 
owing to chemical reaction incrementally has never been discussed intensively in the 
previous literature. In this work, this type of EXL becomes one main focus to evaluate. 
Ex-N diagrams in Figure 6(a) expose a different tendency between the profile of the total 
EXL and EXL owing to the chemical reaction, on the one side, and EXL owing to the 
non-chemical reaction, on the other side. The profile of total EXL and EXL owing to 
chemical reaction increases from the top to the bottom. This fact is absolutely the 
opposite of the profile of the non-chemical reaction EXL. It indicates that EXL owing to 
chemical reaction gives a dominant contribution to the total EXL at each increment. 
Hence, the profile of total EXL is reminiscent of the EXL owing to chemical reaction 
profile. 
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On the basis of the Ex-N diagram, it is revealed that the amount of EXL owing to 
chemical reaction increases from the top to the bottom. The higher EXL is probably 
correlated to the amount of the mole reacting at each increment. The higher the amount of 
reactants reacts, the higher the EXL is resulted. In this RD system, at the top of the 
column, the fresh feed and reflux of methanol meets the fresh feed of oleic acid. 
Methanol has a small solubility with long fatty acid. Therefore, at the beginning of the 
column, only a little mole of methanol diffuses into the organic liquid phase, which 
contains mainly oleic acid. While flowing downward the column, more amount of 
methanol is dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it is found that the 
EXL owing to chemical reaction as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a distillation column can 
provide a useful understanding and insights, leading to a better design of a distillation 
system. Thus, to acquire an in-depth understanding of the thermodynamic aspects of an 
RD column, examination on the influence of the main process parameters should be 
conducted. Parameters observed in this study are molar ratio of the reactants and column 
height (N). The knowledge of their effects on RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and perform the 
optimisation graphically. 

4.2 Effect of the molar ratio of the reactants 

To understand the influence of molar ratio on the thermodynamic behaviour and RD 
performance, first, the molar ratio of total methanol and oleic acid entering the column is 
increased from 2 : 1 to 6 : 1 at the same column height of 3 m (N = 3) and column 
diameter of 0.5 m. By employing the molar ratio of 6 : 1, it is shown that the reaction 
conversion enhances about two times from 30.76% to 66.41%. However, the Ex-N 
diagram in Figure 7(a) shows that the profile of non-chemical EXL does not change so 
much compared with the result given by the molar ratio of 2 : 1. At molar ratio of 6 : 1, 
the area in the packed RD column splits into two regions. The lower part of the column is 
the close-to-equilibrium zone with near to zero driving force, whereas the upper part  
is NEQ zone. However, enhancing molar ratio from 2 : 1 to 6 : 1 has considerably 
extended the area of the close-to-equilibrium zone. The A-N diagram in Figure 7(b) 
shows that, when molar ratio of 6 : 1 is applied, the close-to-equilibrium zone starts at 
N = 0.75 m downward. Hence, the area of the close-to-equilibrium zone is notably larger 
than that of the NEQ zone inside the column. The larger area of the close-to-equilibrium 
zone occurs since there is a far excess of methanol in the mixture. The large excess of 
methanol to oleic acid eases a good contact to the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is approached and 
the driving force is near to zero, the equilibrium condition will be easier to reach. 
Consequently, the region of CEP gets larger when the higher molar ratio of reaction is 
applied. 

It can be confirmed that the higher molar ratio of the reactants leads to the wider 
equilibrium region in the column. This statement is convinced by the result obtained 
when applying the molar ratio of methanol to oleic acid of 1 : 1 with N = 3. At this 
operation condition, the oleic acid conversion drops to 9.57%. Meanwhile, the 
thermodynamic evaluation depicts that the CEP cannot be reached with this low molar 
ratio. As shown on the A-N diagram in Figure 8(b), all the areas in RD column are  
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NEQ zone, disclosed by the existence of the driving force and all the non-chemical 
reaction EXL (losses owing to mixing, phase and temperature changes) along the column. 
The amount of non-chemical reaction EXL decreases from the top to the bottom. 

Figure 7 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 6 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

To evaluate the impact of varying the molar ratio on the value of the EXL owing to 
chemical reaction, both the diagrams in Figures 7 and 8 are examined. It is exhibited on 
the Ex-N diagram in Figures 7 and 8 that the EXL owing to the chemical reaction is 
clearly affected by the changing of molar ratio of the reactants. As displayed in Figure 8, 
when the molar ratio of 1 : 1 is employed, the Ex-N profile is almost similar to the result 
gotten by applying molar ratio of 2 : 1. 

However, if molar ratio of the reactants is drastically enhanced to 6 : 1, the new Ex-N 
profile seems interesting. It is shown that EXL owing to the chemical reaction gets higher 
from the top downward as seen on the Ex-N diagram in Figure 7(a). In spite of this, at a 
certain point in the column, EXL owing to chemical reaction tends to decrease and 
achieve the minimum value at the lowest increment of the column. The value of EXL 
owing to chemical reaction strongly corresponds to the number of moles that reacts at 
each increment. Hence, this phenomenon can be explained as follows. When the high 
molar ratio of methanol to oleic acid is applied, the mass transfer of methanol to organic 
phase becomes easier. An excellent dispersion of methanol in the organic phase leads the 
reactants to react easily. Consequently, from the top downward, there is a severe increase 
in the number of moles of reactants involved in the reaction at each increment, which 
causes high reaction rate enhancement at the upper part of the column. However, at a 
certain point, the remaining unreacted oleic acid is too small to achieve high reaction rate. 
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At this increment, only a small number of oleic acid involves in the reaction, which 
results in the decrease in the reaction rate from this point to the bottom. The profile of the 
reaction rate is identical to the profile of the EXL owing to chemical reaction in the 
column. It can be observed that EXL owing to the chemical reaction increases 
significantly at each increment on the upper part of the column. However, at a certain 
point, it decreases and reaches a minimum point at the lowest increment. 

To obtain the appropriate molar ratio of the reactants that provides high RD 
performance but low total EXL, an integrated graphical examination should be 
composed. Figure 9 presents the profile of oleic acid conversion and total EXL against 
the reactant molar ratio. It is revealed that the higher molar ratio results in the higher 
reaction conversion but lower EXL. Thus, the higher molar ratio of methanol to oleic acid 
will give great benefit, both from the RD performance and the thermodynamic aspect’s 
point of view. 

Figure 8 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 1 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

4.3 Effect of the height of the packed column (N) 

The subsequent important aspect to be analysed is the height of the column (N). To study 
this parameter, N is increased from 3 m to 6 m with the similar reactants molar ratio of 
2 : 1, whereas the column diameter is kept the same (0.5 m). Hence, it reveals that the 
reaction conversion is enhanced from 30.76% to 58.52%. On the other hand, the result  
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of the thermodynamic evaluation is displayed in Figure 10. The Ex-N diagram in  
Figure 10(a) shows that increasing the height of the column does not so much change the 
profile of the non-chemical reaction EXL compared with the profile of the column with 
the height of 3 m (N = 3). The highest value of non-chemical EXL occurs at the top of the 
column, thereafter it decreases downward. Subsequently, starting from the N = 2 m from 
the top, EXL of the sub-processes, which depends on temperature (loss owing to 
temperature and phase changes), approaches zero. This tendency agrees with the trend of 
the driving force profile exhibited on the A-N diagram in Figure 10(b). Nevertheless, it is 
shown that the energy-level difference between gas and liquid decreases from the top 
downward. Then, starting at N = 2 m downward, the energy-level difference is near  
to zero. Thus, the area in the column can be separated into two regions, i.e., the  
NEQ zone and the close-to-equilibrium zone. Non-equilibrium region covers the section 
from the top to N = 2, whereas the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the NEQ area. However, it just prolongs 
the close-to-equilibrium zone. The existing of NEQ region is mostly caused by the 
extremely abundant input of the reactants and reflux at the top. Conclusively, the 
changing on the molar flow rate will provide more influence on it than the variation on 
the column height. 

Figure 9 Profile of total exergy loss and fatty acid conversion at different reactant molar ratio 

 

Effect of the column height (N) on the EXL owing to the chemical reaction is evaluated, 
as well. Ex-N diagram in Figure 10 presents the profile of EXL owing to the chemical 
reaction. It is observed that EXL owing to the chemical reaction increases from the top 
downward. When it reaches the increment of N = 2, EXL owing to the chemical reaction 
values remains almost constant, and finally decreases at N = 4 to bottom. EXL owing to 
the chemical reaction is strongly affected by the reaction behaviour. In this operation 
condition, reaction rate at each increment in the upper part of the column increases from 
the top downward. However, at a certain height, the remaining moles of the unreacted 
oleic acid are not sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared with the rate at the upper 
increment. Finally, the rate decreases at a certain increment downward. 
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To obtain a more profound comprehension on the influence of the column height to 
the RD performance and thermodynamic behaviour, a diagram presenting the profile of 
total EXL and reaction conversion against the column height is composed. Figure 11 
discloses that the increase in the column height leads to the higher conversion and the 
larger total EXL. Thus, the best point on the column yielding an excellent performance 
on the reaction conversion and the thermodynamic efficiency should be determined. 

Figure 10 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 6 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

Figure 11 Profile of total exergy loss and fatty acid conversion at different column height 
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Conclusively, there are some findings obtained by analysing the effects of the reactant 
molar ratio and column height. On the basis of the thermodynamic point of view, EXL 
can be reduced by distributing the inlet of the reactants at different places. For example, 
shifting the feed point location of one reactant from the top will reduce the load at the top 
and lessen EXL. It probably facilitates the reduction of the driving force and enlarges the 
close-to-equilibrium region inside the column. This suggestion agrees with the work on 
exergy analysis using MUD (Budiman et al., 2011). Besides, the optimum efficiency of 
the RD can be achieved by determining the best column height, which results in low EXL 
but high reaction conversion. The other way to improve the reaction performance and 
reduce EXL is through employing higher molar ratio of the reactants, which can be done 
by increasing the reflux ratio as suggested by Pinto et al. (2011), or by introducing higher 
fresh feed stream. 

5 Conclusions 

• A graphical method called Ex-N-A diagram has been applied to assess the 
performance and efficiency of a packed RD column. This technique displays  
the reaction performance, EXL and energy-level characteristic incrementally  
over the whole packed RD column in a simple way. Nevertheless, it is easy to 
understand, even when one of the sub-processes has a much larger EXL than the 
others. 

• The base case of the RD simulation was studied at N = 3 m, the column diameter of 
0.5 m and the molar ratio of methanol to oleic acid of 2 : 1. This results in total oleic 
acid conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s whereas in 
condenser it is 769351.3847 J/s. The incremental assessment on the RD column 
shows that the non-chemical EXL decreases from the top to bottom, which agrees 
with the A-N profile. 

• The influence of molar ratio is examined by changing the molar ratio of total 
methanol to oleic acid entering the column of 2 : 1 to 6 : 1 at the similar N of 3 m 
and column diameter of 0.5 m. By employing the molar ratio of 6 : 1, the reaction 
conversion enhances from 30.76% to 66.41%. On the contrary, it drops to 9.57% by 
applying the molar ratio of 1 : 1. It can also be confirmed that the higher molar ratio 
of the reactants leads to the wider equilibrium region in the column. 

• To study the effect of column height, N is increased from 3 m to 6 m, whereas the 
reactants molar ratio and column diameter are kept at 2 : 1 and 0.5 m, respectively. 
This reveals that the conversion is enhanced from 30.76% to 58.52%. Thus, the 
increase in the column height does not change the NEQ area; nevertheless, it just 
prolongs the close-to-equilibrium zone. 

• The changing on molar flow rate provides more effect on reaction conversion and 
EXL profile than the variation on column height. 
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Nomenclature 

Symbols   
A Energy level 
AChem Energy level of the chemical reaction 
AGas  Energy level of the gas phase 
ALiq Energy level of the liquid phase 
Ccat Concentration of the solid catalyst (kgcat/m3) 
Ea Activation energies (J/mol) 

EXL  Exergy loss rate (J/s) 

∆H Enthalpy change (J/mol) 
∆Hr Heat of reaction (J/mol) 
k1 Direct reaction rate constant (mol·m3/kgcat

2/s) 
k2 Reverse reaction rate constant (mol·m3/kgcat

2/s) 
L1 Molar liquid flow rate of liquid phase 1 (mol/s) 
L2 Molar liquid flow rate of liquid phase 2 (mol/s) 
N Height of the column (m) 

1GL
iN  Mass transfer rate of component i from the gas phase to liquid 1 phase (mol/s)  

2GL
iN  Mass transfer rate of component i from the gas phase to liquid 2 phase (mol/s) 

1 2GL L
iN  Mass transfer rate of component i from the liquid 1 phase to liquid 2 phase (mol/s) 

r  Reaction rate (mol/s) 

R  Rate of the compounds generated (mol/s) 

∆S Entropy change (J/mol/K) 
T Temperature (K) 
T0 Reference temperature (K) 
Tb Boiling point (K) 
V Molar liquid flow rate of vapour phase (mol/s) 
x Mole fraction of the compounds in the liquid phase 
y Mole fraction of the compounds in the vapour phase 
dz Increment of the column height (m) 
vi Reaction coefficient 
Subscripts  
A, B, C, D Fatty acid (oleic acid), methanol, biodiesel (methyl oleate), water, respectively 
i Component index 
G Referring to gas phase 
L1 Referring to liquid 1 phase 
L2 Referring to liquid 2 phase 
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Abbreviation   
EXL Exergy loss 
FFA Free fatty acid 
NEQ Non equilibrium 
RD Reactive distillation 
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Abstract: This paper brings the novelty of the exergy analysis technique using 
Ex-N-A diagram to a packed reactive distillation (RD) column for biodiesel 
production. In this study, biodiesel is produced through the esterification of 
fatty acid with methanol. The simulation of the column was performed based 
on the non-equilibrium (NEQ) model of a three-phase packed RD system. The 
graphical Ex-N-A method was utilised to evaluate exergy features of the 
internal RD column. This technique rigorously demonstrated the value of 
exergy losses at each increment of the column, i.e., losses owing to the 
temperature change, phase change, mixing in liquid and vapour phases and 
chemical reaction. The effects of the molar ratio of the reactant and the height 
of the packed column on the conversion and exergy losses were examined and 
displayed in a simple figure. 
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1 Introduction 

Reactive distillation (RD) is a promising alternative process for equilibrium-limited 
reaction, such as biodiesel production via fatty acid esterification scheme. It is caused by 
the fact that the continuous removal of one product will shift the equilibrium to the 
product formation. Besides, RD integrates the reaction and separation in one shell 
(Dragomir and Jobson, 2005; Dimian et al., 2009; Gómez-Castro et al., 2010). However, 
the process involving distillation process is usually associated with the high energy 
consumption. Therefore, thermodynamic analysis, or specifically recognised as exergy 
analysis, on an RD column is important to evaluate the energy efficiency of the process. 

Exergy is a type of useful or available energy (Ao et al., 2012). Exergy analysis is a 
robust analysis tool that is based on the first and the second law of thermodynamics. It is 
efficient for examining the energy quantity and quality of a process accurately (Suphanit 
et al., 2007). This analysis can be used to find the locations, source and magnitudes of 
exergy losses in the energy systems and process, hence it plays an important role for 
designing, developing and optimising an energy-efficient RD process (Budiman and 
Ishida, 2004; Colpan, 2012). 

Various methods of exergy analysis have been proposed for distillation process.  
Le Goff et al. (1996) introduced the Carnot-factor-specific enthalpy diagram. This 
method is easy to utilise for calculating the exergy target, but it cannot describe the  
stage-by-stage exergy characteristic. Dhole and Linnhoff (1993) proposed a procedure for 
composing a T-H curve called the column grand composite curve (CGCC). Demirel 
(2006) suggested that the CGCC is useful for exploring the energy-saving potential, 
determining the targets for column modifications and recommending retrofits. This 
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method, however, is simple but does not offer information with respect to exergy loss 
caused by chemical reaction. 

A more advanced method was developed by Taprap and Ishida (1996), named energy 
utilisation diagram (EUD). This method is functional for analysing stage-by-stage exergy 
loss inside the distillation column. The overall exergy loss in the column can be broken 
down into six types of exergy losses (EXLs), namely EXL owing to the cooling, heating, 
mixing in the vapour and liquid phases, condensation and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed information for 
exergy characteristic. However, it is not convenient when the number of plates in a 
column is increased. The EUD method was then modified by Budiman and Ishida (1998) 
into a more compact graphical method called integrated energy utilisation diagram 
(IEUD). This method thus exhibits all the different types of EXL in a simple diagram. 
IEUD can show the exergy characteristic in the whole column stage-by-stage, but it 
cannot reveal the separation performance. To overcome this drawback, Budiman and 
Ishida (2004) introduced the material-utilisation diagram (MUD) graphical method. This 
method is able to present the separation performance and the EXL stage-by-stage in the 
column profile simultaneously. However, MUD diagram becomes very complicated 
when one of the sub-processes EXL is much larger than the others. Therefore, it is 
necessary to compose such a simpler and easier diagram to understand a complex RD 
process. 

On this note, the development of the novel Ex-N-A graphical method for exergy 
analysis in a complex RD system was studied in this work. Compared with the literature 
works, this graphical method is superior. The Ex-N-A method is constructed simply by 
plotting the height of the column (N) as ordinate whereas the total EXL, the non-chemical 
reaction EXL and A (energy level) as abscissa. This plotting results in a simple diagram, 
which is easy to understand, but it can display the detailed exergy characteristic of a 
packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the 
EXL owing to the cooling, heating, mixing in the vapour and liquid phases, condensation, 
and evaporation and chemical reaction incrementally. And, it is yet easy to understand 
even in a case when one of the sub-processes EXL is much larger than the others. This 
diagram can also obviously exhibit the correlation of the exergy losses owing to chemical 
and non-chemical sub-processes with the energy-level difference at various heights of 
column. 

A thermodynamic analysis using the graphical Ex-N-A diagram to a packed RD 
column for biodiesel production was carried out in this work. Biodiesel is produced via 
an esterification reaction of free fatty acid (FFA) with methanol. This route is preferred 
rather than transesterification of triglyceride scheme, since today employing waste and 
non-edible feedstock is an obligation to meet with the ecological and ethical requirement 
for bio-fuels (Dimian et al., 2009). Waste oil and low-grade feedstock contains a 
considerable value of FFA. Therefore, esterification of FFA is the best scheme for 
biodiesel production using waste and non-edible oil as feedstock. 

In this work, NEQ model with three-phase approach is applied for the RD system. 
This model brings a novelty since the combination of the three-phase and NEQ model has 
been merely studied for a distillation process, which does not involve any reaction in the 
system (Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A exergy 
analysis for presenting the energy feature of the RD column for biodiesel production.  
The effect of some parameters on the reaction conversion and exergy loss is also 
revealed. This finding will facilitate the designer to identify the thermodynamic problem 
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and help to enhance the conversion as well as improve the energy efficiency of the RD 
system. 

2 Model and simulation for reactive distillation (RD) column 

A packed RD column was utilised for the biodiesel production via fatty acid 
esterification. In this case, oleic acid was taken as a compound representing the FFAs.  
As a case study, esterification of oleic acid and methanol in the presence of solid acid 
catalyst namely ion-exchange polymeric resin of relite CFS (Tesser et al., 2005) in RD 
column was examined. The generic esterification reaction of an FFA and methanol is 
shown here: 

( ) ( ) ( ) ( )1

2
3 3 2RCOOH A   CH OH B  RCOOCH C   H O Dk

k
+ +  (1) 

For the RD simulation, the pseudo-homogeneous second-order equilibrium is selected to 
express the reaction rate (Tesser et al., 2005): 

1 2 cat( ) .A B A Br k x x k x x C= −  (2) 

The values of the pre-exponential factors and activation energies (Ea) for the direct (1) 
and reverse reaction (2) are reported in Table 1. The reaction is slightly endothermic with 
∆Hr = 11213.12 J/mol. The compounds involved in the reaction are oleic acid and 
methanol as reactants. On the other hand, water and methyl oleate (biodiesel) are 
products. Table 2 reports the molecular structure of the chemical compounds involved in 
the reaction as well as their normal boiling points. 

Table 1 Kinetic parameters of the pseudo-homogeneous model 

Reaction rate constant (mol m3/kgcat
2/s) Ln(pre-exponential factor) Ea (J/mol) 

k1 0.2155 58576.0000 
k2 0.1460 47362.8800 

Table 2 Molecular structure and normal boiling points of all the chemical compounds 

Compounds Molecular structure Boiling point (K) 

Oleic acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 
Methanol (B) CH3OH 337.7 
Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 
Water (D) H2O 373 

The esterification reaction was carried out in a packed RD column. Configuration of the 
RD in this work is modified from the conventional RD scheme. In this case, RD applies a 
continuous water removal system, in which the top product containing a mixture of 
methanol and water is separated in an additional column. The mixture of methanol and 
water vapour at the top is condensed. Subsequently, they are introduced to an additional 
distillation column for separation. Water is continuously withdrawn, while methanol is 
recycled to the main column as a reflux. Reflux of the methanol and both the fresh feed 
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of methanol and fatty acid are introduced at the top of the column. On the other hand, 
methyl ester (biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. RD is operated in co-current mode between  
the reactants, and counter-current mode between the liquid and gas. The increment of the 
column starts from the top, hence N = 0 m is the top of the column, while N = n m is the 
lowest part of the column. The base case condition employs the packed column with the 
height of 3 m with the column diameter of 0.5 m. The ratio of oleic acid to total methanol 
entering the column is set constant at 2 : 1 inside the column. Flow rate of oleic acid feed 
is 83.33 mol/s and total methanol inputted to the column is 166.67 mol/s. Flow rates of 
total vapour leaving the column and products discharging from the reboiler are 185 and 
69.52 mol/s, respectively. 

Figure 1 The configuration of packed RD column for biodiesel production 

 

The simulation of the packed RD column was performed based on the novel NEQ model 
combined with the three-phase approach. The unit cell for the NEQ model for three-phase 
RD is shown in Figure 2. It is an innovative approach since the previous work using this 
sophisticated model has merely been proposed for the conventional tray distillation 
column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model assumes that the 
vapour from the lower position of the packing is brought into contact with liquid moving 
down from the upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, namely methanol, 
oleic acid, methyl ester and water. The organic compounds (oleic acid and methyl ester) 
and the polar compounds (water and methanol) are immiscible, thus will separate into 
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two liquid phases. Therefore, the three phases are defined as vapour phase, which 
contains only methanol and water, alcoholic liquid phase, which contains mainly water 
and methanol, and organic liquid phase, which primarily contains fatty acid and methyl 
oleate. The reaction is assumed to occur in the organic phase. 

Figure 2 Schematic representation of one cell of three-phase packed RD column 

 

The assumptions taken in this modelling and simulation can be written as follows: 

1 In the FFA esterification reaction, oleic acid is taken as a compound representing 
the FFA in the vegetable oil. 

2 The FFA esterification is expressed by the pseudo-homogeneous second-order 
equilibrium kinetic model. 

3 The RD column operates at the steady-state condition. 

4 There are three phases that occur in the system, namely vapour phase, alcoholic 
phase (liquid-1) and organic phase (liquid-2). 

5 The reaction takes place in the organic phase (liquid-2). 

6 Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are 
similar, which is called temperature of liquid. 

7 The RD column is modelled based on the NEQ approach. Hence, the interfacial 
mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three-phase RD are summarised as follows. 
The mass balances of each compound in the vapour, liquid-1 and liquid-2 phases are 
formulated in equations (3)–(5), respectively: 
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Meanwhile, the total mass balance of the vapour, liquid-1 and liquid-2 phase is presented 
in equations (6)–(8), respectively: 

,

d
d i G

V R
z
′

= −∑  (6) 

( )
1

1
,

d
d i L

L
R

z
′

= − −∑  (7) 

( )
2

2
,

d
d i L

L
R

z
′

= − −∑  (8) 

To solve equations (3)–(8), the rate process equations are necessary. The rate process 
equations for the gas, liquid-1 and liquid-2 phases are equations (9)–(11), respectively. 

1 2
, ( )GL GL

i G i iR N N= − +  (9) 

1 1 2

1,
GL L L

i L i iR N N= −  (10) 

2 1 2

2, .GL L L
i L i i iR N N v r= − + +  (11) 

The result outputted from the RD simulation is utilised for the exergy analysis by means 
of the graphical Ex-N-A methods. The Ex-N-A thermodynamic analysis is a rigorous 
method to evaluate the exergy features of the internal RD column. It is simple but 
powerful to reveal the value of EXL at each increment of the RD column, i.e., EXL 
owing to the temperature change, phase change, mixing in liquid and vapour phase and 
chemical reaction. The loss in reboiler and condenser is also examined. Effects of the 
main parameters, specifically molar ratio and the column height, on the conversion and 
EXL inside the column are also analysed. 

3 Graphical Ex-N-A methods 

Thermodynamic analysis using graphical Ex-N-A methods departs from the basic exergy 
concept and the second law of thermodynamics (Suphanit et al., 2007). The formula of 
non-chemical EXL calculation refers to the work of Budiman and Ishida (2004). 
Determination of the non-chemical reaction loss, i.e., EXL owing to changes of the 
concentration (mixing), phase of the component and temperature, have been described in 
their work and are adopted for calculation in this study. On the other hand, the formula 
for finding out the EXL owing to the chemical reaction starts from the concept of the 
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energy level. Availability factor or energy level (A) is explained as (Srinophakun et al., 
2001): 

.EXLA
H

=
∆

 (12) 

EXL is then defined by the following equation. 

0 .EXL H T S= ∆ − ∆  (13) 

Hence, 

01 .sA T
H

∆ = − ∆ 
 (14) 

It illustrates the maximum fraction of energy, which can be converted to useful work. 
Thus, energy level of the chemical reaction is expressed by: 

Chem 01 .sA T
H

∆ = − ∆ 
 (15) 

On the equilibrium condition in which the reaction does not occur, entropy can be 
defined as: 

.HS
T

∆
∆ =  (16) 

In this condition, energy level A generally can be written as: 

01 .
T

A
T

 = − 
 

 (17) 

Hence, for the liquid flowing along the column, the energy level is expressed as: 

0
Liq 1 .

T
A

T
 = − 
 

 (18) 

For the gas flowing along the column, the energy level is expressed as: 

0
Gas 1 .

T
A

T
 = − 
 

 (19) 

T in the energy-level formula depends on the phase. T is the gas temperature for the 
energy level of the gas, and it is liquid temperature for the energy level of the liquid.  
The reaction takes place in the liquid phase. Thus, EXL owing to the chemical reaction is 
closely related to the difference between the energy level of the liquid and that of the 
chemical reaction. Hence, EXL owing to the chemical reaction can be written as: 

Chem Liq Chem( ) .EXL A A H= − ∆  (20) 
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4 Display of packed reactive distillation column on graphical Ex-N-A 
diagram 

4.1 Base case analysis 

Ex-N-A diagram is an exergy-feature-based diagram that is designed to present exergy 
characteristic of separation and chemical processes in a simple diagram. In this work, the 
Ex-N-A presentation was developed based on the fundamental concept of the previous 
graphical methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 
work on MUD, Budiman and Ishida (2004), Budiman (2008) and Budiman et al. (2011) 
composed the graph for EXL owing to concentration, phase and temperature changes by 
putting the mole number (nj) as abscissa and 0 ln jT xℜ  as ordinate for the liquid phase 
and 0 ln jT yℜ  for the gas phase. Meanwhile, in this work, the Ex-N-A diagram is made 
by placing the two types of diagram in a single feature. The height of the column (N) is 
put as ordinate whereas the total EXL, the non-chemical reaction EXL and A (energy 
level) are placed as abscissa. The first type of the diagram is entitled the Ex-N diagram, 
which consists of N as ordinate whereas total EXL and non-chemical reaction EXL (Ex) 
as abscissa. The second type of the diagram is called the A-N diagram, in which N was 
put as ordinate and A is set as abscissa. The other two diagrams exhibiting the correlation 
between the column height and total EXL and reaction conversion are also composed. 

The graphical Ex-N-A method has numerous advantages compared with the previous 
literature work. It is a simple diagram, however, can display the detailed exergy 
characteristic in the whole RD column. The Ex-N-A diagram describes all the EXL  
sub-processes, namely the chemical EXL and non-chemical EXL (EXL owing to the 
cooling, heating, mixing in the vapour and liquid phases, as well as phase change) 
incrementally. This graphical method does not reveal a complicated diagram even in a 
case when one of the sub-processes EXL is much larger than the others. It can also 
combine two types of graphs (Ex-N and A-N graphs) in a single diagram. 

This Ex-N-A diagram implements the principle of energy-level difference. In this 
concept, every process must donate or accept energy. The process donating energy is 
referred to as the energy donor and the one accepting energy is referred to as the energy 
acceptor (Srinophakun et al., 2001). The energy-level difference between Agas and Aliq 
(Agas – Aliq) indicates the driving force for the energy transformation (Budiman and 
Ishida, 2004). In the literature work, this concept is commonly applied for a graphical 
methodology to exemplify the driving force as the energy-level difference and exergy 
consumption as the shaded area in the diagrams. Hence, it does not clearly show the 
exergy profile at different levels of the column. 

On the other hand, in composing the Ex-N-A diagram, column height (N) is plotted as 
abscissa against the total EXL, non-chemical reaction EXL and energy level. On the basis 
of this diagram, the graphical correlation between total EXL, non-chemical reaction EXL 
and energy-level difference between gas and liquid (Agas – Aliq) is incrementally revealed 
along the column. The Ex-N-A diagram is illustrated in the form of a bar graph, which 
consists of the two graphs, namely the Ex-N and the N-A graphs. Ex-N graph also splits 
into two types of subgraphs. The first Ex-N graph shows the EXL in the reboiler and 
condenser, EXL owing to the chemical reaction and non-chemical EXL (i.e., losses 
owing to the temperature change, mixing and phase change) incrementally from top to 
the bottom. EXL in the condenser and reboiler are shown on the uppermost part and  
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the bottom of the graph, respectively. Meanwhile, at each increment, EXL of all the  
sub-processes, i.e., EXL owing to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing in the vapour phase, and 
temperature change in liquid phase and temperature change in gas phases, is displayed in 
a bar graph from the left to the right, correspondingly. 

The second Ex-N diagram shows the non-chemical reaction EXL. It consists of losses 
owing to phase change of methanol compounds, phase change of water compounds, 
mixing process in the liquid phase, mixing process in the vapour phase, temperature 
change in liquid phase and temperature change in liquid phase, which are drawn from the 
right to the left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incrementally. For each increment, 
the energy level (A) of the liquid is placed at the upper position, whereas the energy  
level (A) of the gas is placed at the lower position. On the basis of this N-A graph, the 
energy-level difference between gas and liquid (Agas – Aliq) incrementally can be exposed. 

In this work, the base case of the simulation was set up with the following condition: 
the height of the column (N) was 3 m, the column diameter was 0.5 m and the molar ratio 
of methanol to oleic acid was 2 : 1. It resulted in total oleic acid conversion of 30.76%. 
The concentration of the compounds, total molar flow rate of each phase and temperature 
profiles at the different heights of the columns are exhibited in Figures 3–5, respectively. 
These data are required for the EXL calculation. 

Figure 3 Concentration profiles of the compounds in liquid-1, liquid-2 and vapour phases  
at different column height (see online version for colours) 

 

Figure 6 demonstrates the Ex-N-A diagram over the whole column for the base case 
condition. The EXL profile shows large EXL at the condenser and reboiler compared 
with the other parts of the column. Hence, this serves as an account of the large driving 
forces for heat and mass transfer at these regions. The total EXL at reboiler is 
1256638.9211 J/s whereas in condenser it is 769351.3847 J/s. In Figure 6(a), EXL of  
the reboiler and condenser is shown by the scale of 1/5 because of their large values.  
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The larger EXL at the reboiler than at condenser is not surprising. This could be as a 
consequence of the large concentration of compounds as well as the high heat load at 
reboiler than those at condenser. This phenomenon agrees with the result previously 
obtained by Budiman and Ishida (2004) and Khoa et al. (2010). 

Figure 4 Total molar flow of each phase at different column height (see online version  
for colours) 

 

Figure 5 Temperature profile of liquid and vapour phase at different column height (see online 
version for colours) 
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Figure 6 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

The incremental assessment on the RD column using Ex-N-A diagram was also depicted 
in Figure 6. The Ex-N diagram in Figure 6(a) shows that the non-chemical EXL, i.e., the 
summation of EXL owing to the concentration change (mixing), temperature and phase 
changes, decreases from the top to bottom. Then, starting from N = 2 m from the top, the 
non-chemical EXL turns into a very small quantity. This tendency agrees with the A-N 
diagram in Figure 6(b), which displays the profile of the energy-level difference between 
gas and liquid (Agas – Aliq) inside the column or the so-called driving force. Energy-level 
difference between gas and liquid strongly corresponds to the temperature profile along 
the RD column. The temperature difference between gas and liquid will result in the 
energy-level difference. 

On the basis of the A-N diagram in Figure 6(b), it is disclosed that there is a large 
gas-liquid temperature difference at the top, which then gets smaller towards the bottom. 
Subsequently, at the height of 2 m from the top (N = 2), the liquid temperature almost 
reaches the similar temperature to that of the gas, which is represented by the equal value 
of the gas and liquid energy level. This condition has an important effect on the non-
chemical reaction EXL value. The diagram exhibits that, for the non-chemical reaction 
EXL, the values of all the losses that are influenced by temperature are zero. Hence, 
simply the EXL owing to the mixing exists at N = 2 m moved downwards. EXL owing to 
mixing is affected only by the concentration change, so the alteration of the temperature 
does not provide so much influence. On the other hand, EXL owing to the temperature 
and phase change absolutely depend on the temperature difference between gas and 
liquid. When the temperature of the liquid is just about equal to the gas temperature, it 



   

 

   

   
 

   

   

 

   

    Graphical exergy analysis of reactive distillation column 13    
 

    
 
 

   

   
 

   

   

 

   

       
 

can be said that the near-equilibrium condition has been reached. In this condition,  
a macro-heat transfer between the two phases does not occur. Therefore, the section 
inside the column can be divided into two regions. The first region is the non-equilibrium 
(NEQ) zone, and the second one is the close-to-equilibrium zone. 

Two regions, NEQ and close-to-equilibrium zones, exist in the packed RD column in 
this operation. Non-equilibrium zone takes place at the upper part of the column. 
Meanwhile, the close-to-equilibrium zone comes about at the lower part of the column. 
At the lower part of the column, there is an abundant heat supply from reboiler, leading to 
an excellent heat transfer between the gas and liquid phase. It causes a very small 
temperature difference between gas and liquid, which also results in a very small (near to 
zero) energy-level difference. The condition where the energy-level difference or the 
driving force is very small (let us say ‘zero’) is described as the ideal column with 
minimum thermodynamic condition (Pinto et al., 2011). This condition has brought about 
the close-to-equilibrium zone on the lower part of the column. An intensive discussion on 
close-to-equilibrium zone, or sometimes called close-to-equilibrium point (CEP), has also 
been presented by Budiman et al. (2011), in which CEP is shown on MUD for the 
minimum reflux ratio. Pinto et al. (2011) and Budiman et al. (2011) suggest that  
the procedure to improve the energy efficiency of a distillation column should involve the 
use of the so-called minimum thermodynamic condition of columns. 

Non-equilibrium zone emerges at the upper part of the column. At the top of the 
column, all feeds are introduced; explicitly both the fresh feed of methanol and oleic acid, 
as well as methanol reflux. The abundant liquid stream entering the column has 
drastically changed the gas-liquid composition and brings about a distance between the 
actual and the near-to-equilibrium condition. It causes an inefficient heat transfer between 
the gas flowing from the lower increment and the liquid stream. Thus, there is a large 
temperature difference between the gas as the heat donor and the liquid as the heat 
acceptor. This large temperature difference is shown by the large energy-level difference 
(driving force) between gas and liquid at the column top (A-N diagram in Figure 6(b)).  
In addition, the energy-level difference decreases from the top to the bottom. Ultimately, 
at a certain height of the column, it comes up to the close-to-equilibrium zone. The A-N 
diagram profile agrees with the non-chemical reaction EXL profile as shown on Ex-N 
diagram in Figure 6(a). Thus, it depicts that the largest non-chemical reaction EXL is 
located at the top of the column. This finding is valuable for guiding the improvement on 
RD design. 

A comprehensive thermodynamic analysis on a packed RD column should involve 
the EXL analysis owing to the chemical reaction. However, assessment on the EXL 
owing to chemical reaction incrementally has never been discussed intensively in the 
previous literature. In this work, this type of EXL becomes one main focus to evaluate. 
Ex-N diagrams in Figure 6(a) expose a different tendency between the profile of the total 
EXL and EXL owing to the chemical reaction, on the one side, and EXL owing to the 
non-chemical reaction, on the other side. The profile of total EXL and EXL owing to 
chemical reaction increases from the top to the bottom. This fact is absolutely the 
opposite of the profile of the non-chemical reaction EXL. It indicates that EXL owing to 
chemical reaction gives a dominant contribution to the total EXL at each increment. 
Hence, the profile of total EXL is reminiscent of the EXL owing to chemical reaction 
profile. 
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On the basis of the Ex-N diagram, it is revealed that the amount of EXL owing to 
chemical reaction increases from the top to the bottom. The higher EXL is probably 
correlated to the amount of the mole reacting at each increment. The higher the amount of 
reactants reacts, the higher the EXL is resulted. In this RD system, at the top of the 
column, the fresh feed and reflux of methanol meets the fresh feed of oleic acid. 
Methanol has a small solubility with long fatty acid. Therefore, at the beginning of the 
column, only a little mole of methanol diffuses into the organic liquid phase, which 
contains mainly oleic acid. While flowing downward the column, more amount of 
methanol is dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it is found that the 
EXL owing to chemical reaction as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a distillation column can 
provide a useful understanding and insights, leading to a better design of a distillation 
system. Thus, to acquire an in-depth understanding of the thermodynamic aspects of an 
RD column, examination on the influence of the main process parameters should be 
conducted. Parameters observed in this study are molar ratio of the reactants and column 
height (N). The knowledge of their effects on RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and perform the 
optimisation graphically. 

4.2 Effect of the molar ratio of the reactants 

To understand the influence of molar ratio on the thermodynamic behaviour and RD 
performance, first, the molar ratio of total methanol and oleic acid entering the column is 
increased from 2 : 1 to 6 : 1 at the same column height of 3 m (N = 3) and column 
diameter of 0.5 m. By employing the molar ratio of 6 : 1, it is shown that the reaction 
conversion enhances about two times from 30.76% to 66.41%. However, the Ex-N 
diagram in Figure 7(a) shows that the profile of non-chemical EXL does not change so 
much compared with the result given by the molar ratio of 2 : 1. At molar ratio of 6 : 1, 
the area in the packed RD column splits into two regions. The lower part of the column is 
the close-to-equilibrium zone with near to zero driving force, whereas the upper part  
is NEQ zone. However, enhancing molar ratio from 2 : 1 to 6 : 1 has considerably 
extended the area of the close-to-equilibrium zone. The A-N diagram in Figure 7(b) 
shows that, when molar ratio of 6 : 1 is applied, the close-to-equilibrium zone starts at 
N = 0.75 m downward. Hence, the area of the close-to-equilibrium zone is notably larger 
than that of the NEQ zone inside the column. The larger area of the close-to-equilibrium 
zone occurs since there is a far excess of methanol in the mixture. The large excess of 
methanol to oleic acid eases a good contact to the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is approached and 
the driving force is near to zero, the equilibrium condition will be easier to reach. 
Consequently, the region of CEP gets larger when the higher molar ratio of reaction is 
applied. 

It can be confirmed that the higher molar ratio of the reactants leads to the wider 
equilibrium region in the column. This statement is convinced by the result obtained 
when applying the molar ratio of methanol to oleic acid of 1 : 1 with N = 3. At this 
operation condition, the oleic acid conversion drops to 9.57%. Meanwhile, the 
thermodynamic evaluation depicts that the CEP cannot be reached with this low molar 
ratio. As shown on the A-N diagram in Figure 8(b), all the areas in RD column are  
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NEQ zone, disclosed by the existence of the driving force and all the non-chemical 
reaction EXL (losses owing to mixing, phase and temperature changes) along the column. 
The amount of non-chemical reaction EXL decreases from the top to the bottom. 

Figure 7 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 6 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

To evaluate the impact of varying the molar ratio on the value of the EXL owing to 
chemical reaction, both the diagrams in Figures 7 and 8 are examined. It is exhibited on 
the Ex-N diagram in Figures 7 and 8 that the EXL owing to the chemical reaction is 
clearly affected by the changing of molar ratio of the reactants. As displayed in Figure 8, 
when the molar ratio of 1 : 1 is employed, the Ex-N profile is almost similar to the result 
gotten by applying molar ratio of 2 : 1. 

However, if molar ratio of the reactants is drastically enhanced to 6 : 1, the new Ex-N 
profile seems interesting. It is shown that EXL owing to the chemical reaction gets higher 
from the top downward as seen on the Ex-N diagram in Figure 7(a). In spite of this, at a 
certain point in the column, EXL owing to chemical reaction tends to decrease and 
achieve the minimum value at the lowest increment of the column. The value of EXL 
owing to chemical reaction strongly corresponds to the number of moles that reacts at 
each increment. Hence, this phenomenon can be explained as follows. When the high 
molar ratio of methanol to oleic acid is applied, the mass transfer of methanol to organic 
phase becomes easier. An excellent dispersion of methanol in the organic phase leads the 
reactants to react easily. Consequently, from the top downward, there is a severe increase 
in the number of moles of reactants involved in the reaction at each increment, which 
causes high reaction rate enhancement at the upper part of the column. However, at a 
certain point, the remaining unreacted oleic acid is too small to achieve high reaction rate. 
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At this increment, only a small number of oleic acid involves in the reaction, which 
results in the decrease in the reaction rate from this point to the bottom. The profile of the 
reaction rate is identical to the profile of the EXL owing to chemical reaction in the 
column. It can be observed that EXL owing to the chemical reaction increases 
significantly at each increment on the upper part of the column. However, at a certain 
point, it decreases and reaches a minimum point at the lowest increment. 

To obtain the appropriate molar ratio of the reactants that provides high RD 
performance but low total EXL, an integrated graphical examination should be 
composed. Figure 9 presents the profile of oleic acid conversion and total EXL against 
the reactant molar ratio. It is revealed that the higher molar ratio results in the higher 
reaction conversion but lower EXL. Thus, the higher molar ratio of methanol to oleic acid 
will give great benefit, both from the RD performance and the thermodynamic aspect’s 
point of view. 

Figure 8 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 1 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

4.3 Effect of the height of the packed column (N) 

The subsequent important aspect to be analysed is the height of the column (N). To study 
this parameter, N is increased from 3 m to 6 m with the similar reactants molar ratio of 
2 : 1, whereas the column diameter is kept the same (0.5 m). Hence, it reveals that the 
reaction conversion is enhanced from 30.76% to 58.52%. On the other hand, the result  
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of the thermodynamic evaluation is displayed in Figure 10. The Ex-N diagram in  
Figure 10(a) shows that increasing the height of the column does not so much change the 
profile of the non-chemical reaction EXL compared with the profile of the column with 
the height of 3 m (N = 3). The highest value of non-chemical EXL occurs at the top of the 
column, thereafter it decreases downward. Subsequently, starting from the N = 2 m from 
the top, EXL of the sub-processes, which depends on temperature (loss owing to 
temperature and phase changes), approaches zero. This tendency agrees with the trend of 
the driving force profile exhibited on the A-N diagram in Figure 10(b). Nevertheless, it is 
shown that the energy-level difference between gas and liquid decreases from the top 
downward. Then, starting at N = 2 m downward, the energy-level difference is near  
to zero. Thus, the area in the column can be separated into two regions, i.e., the  
NEQ zone and the close-to-equilibrium zone. Non-equilibrium region covers the section 
from the top to N = 2, whereas the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the NEQ area. However, it just prolongs 
the close-to-equilibrium zone. The existing of NEQ region is mostly caused by the 
extremely abundant input of the reactants and reflux at the top. Conclusively, the 
changing on the molar flow rate will provide more influence on it than the variation on 
the column height. 

Figure 9 Profile of total exergy loss and fatty acid conversion at different reactant molar ratio 

 

Effect of the column height (N) on the EXL owing to the chemical reaction is evaluated, 
as well. Ex-N diagram in Figure 10 presents the profile of EXL owing to the chemical 
reaction. It is observed that EXL owing to the chemical reaction increases from the top 
downward. When it reaches the increment of N = 2, EXL owing to the chemical reaction 
values remains almost constant, and finally decreases at N = 4 to bottom. EXL owing to 
the chemical reaction is strongly affected by the reaction behaviour. In this operation 
condition, reaction rate at each increment in the upper part of the column increases from 
the top downward. However, at a certain height, the remaining moles of the unreacted 
oleic acid are not sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared with the rate at the upper 
increment. Finally, the rate decreases at a certain increment downward. 
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To obtain a more profound comprehension on the influence of the column height to 
the RD performance and thermodynamic behaviour, a diagram presenting the profile of 
total EXL and reaction conversion against the column height is composed. Figure 11 
discloses that the increase in the column height leads to the higher conversion and the 
larger total EXL. Thus, the best point on the column yielding an excellent performance 
on the reaction conversion and the thermodynamic efficiency should be determined. 

Figure 10 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 6 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

Figure 11 Profile of total exergy loss and fatty acid conversion at different column height 
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Conclusively, there are some findings obtained by analysing the effects of the reactant 
molar ratio and column height. On the basis of the thermodynamic point of view, EXL 
can be reduced by distributing the inlet of the reactants at different places. For example, 
shifting the feed point location of one reactant from the top will reduce the load at the top 
and lessen EXL. It probably facilitates the reduction of the driving force and enlarges the 
close-to-equilibrium region inside the column. This suggestion agrees with the work on 
exergy analysis using MUD (Budiman et al., 2011). Besides, the optimum efficiency of 
the RD can be achieved by determining the best column height, which results in low EXL 
but high reaction conversion. The other way to improve the reaction performance and 
reduce EXL is through employing higher molar ratio of the reactants, which can be done 
by increasing the reflux ratio as suggested by Pinto et al. (2011), or by introducing higher 
fresh feed stream. 

5 Conclusions 

• A graphical method called Ex-N-A diagram has been applied to assess the 
performance and efficiency of a packed RD column. This technique displays  
the reaction performance, EXL and energy-level characteristic incrementally  
over the whole packed RD column in a simple way. Nevertheless, it is easy to 
understand, even when one of the sub-processes has a much larger EXL than the 
others. 

• The base case of the RD simulation was studied at N = 3 m, the column diameter of 
0.5 m and the molar ratio of methanol to oleic acid of 2 : 1. This results in total oleic 
acid conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s whereas in 
condenser it is 769351.3847 J/s. The incremental assessment on the RD column 
shows that the non-chemical EXL decreases from the top to bottom, which agrees 
with the A-N profile. 

• The influence of molar ratio is examined by changing the molar ratio of total 
methanol to oleic acid entering the column of 2 : 1 to 6 : 1 at the similar N of 3 m 
and column diameter of 0.5 m. By employing the molar ratio of 6 : 1, the reaction 
conversion enhances from 30.76% to 66.41%. On the contrary, it drops to 9.57% by 
applying the molar ratio of 1 : 1. It can also be confirmed that the higher molar ratio 
of the reactants leads to the wider equilibrium region in the column. 

• To study the effect of column height, N is increased from 3 m to 6 m, whereas the 
reactants molar ratio and column diameter are kept at 2 : 1 and 0.5 m, respectively. 
This reveals that the conversion is enhanced from 30.76% to 58.52%. Thus, the 
increase in the column height does not change the NEQ area; nevertheless, it just 
prolongs the close-to-equilibrium zone. 

• The changing on molar flow rate provides more effect on reaction conversion and 
EXL profile than the variation on column height. 
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Nomenclature 

Symbols   
A Energy level 
AChem Energy level of the chemical reaction 
AGas  Energy level of the gas phase 
ALiq Energy level of the liquid phase 
Ccat Concentration of the solid catalyst (kgcat/m3) 
Ea Activation energies (J/mol) 

EXL  Exergy loss rate (J/s) 

∆H Enthalpy change (J/mol) 
∆Hr Heat of reaction (J/mol) 
k1 Direct reaction rate constant (mol·m3/kgcat

2/s) 
k2 Reverse reaction rate constant (mol·m3/kgcat

2/s) 
L1 Molar liquid flow rate of liquid phase 1 (mol/s) 
L2 Molar liquid flow rate of liquid phase 2 (mol/s) 
N Height of the column (m) 

1GL
iN  Mass transfer rate of component i from the gas phase to liquid 1 phase (mol/s)  

2GL
iN  Mass transfer rate of component i from the gas phase to liquid 2 phase (mol/s) 

1 2GL L
iN  Mass transfer rate of component i from the liquid 1 phase to liquid 2 phase (mol/s) 

r  Reaction rate (mol/s) 

R  Rate of the compounds generated (mol/s) 

∆S Entropy change (J/mol/K) 
T Temperature (K) 
T0 Reference temperature (K) 
Tb Boiling point (K) 
V Molar liquid flow rate of vapour phase (mol/s) 
x Mole fraction of the compounds in the liquid phase 
y Mole fraction of the compounds in the vapour phase 
dz Increment of the column height (m) 
vi Reaction coefficient 
Subscripts  
A, B, C, D Fatty acid (oleic acid), methanol, biodiesel (methyl oleate), water, respectively 
i Component index 
G Referring to gas phase 
L1 Referring to liquid 1 phase 
L2 Referring to liquid 2 phase 
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Abbreviation   
EXL Exergy loss 
FFA Free fatty acid 
NEQ Non equilibrium 
RD Reactive distillation 
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Abstract: This paper brings the novelty of the exergy analysis technique using 
Ex-N-A diagram to a packed reactive distillation (RD) column for biodiesel 
production. In this study, biodiesel is produced through the esterification of 
fatty acid with methanol. The simulation of the column was performed based 
on the non-equilibrium (NEQ) model of a three-phase packed RD system. The 
graphical Ex-N-A method was utilised to evaluate exergy features of the 
internal RD column. This technique rigorously demonstrated the value of 
exergy losses at each increment of the column, i.e., losses owing to the 
temperature change, phase change, mixing in liquid and vapour phases and 
chemical reaction. The effects of the molar ratio of the reactant and the height 
of the packed column on the conversion and exergy losses were examined and 
displayed in a simple figure. 

Keywords: exergy analysis; reactive distillation; esterification; Ex-N-A; 
biodiesel. 
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1 Introduction 

Reactive distillation (RD) is a promising alternative process for equilibrium-limited 
reaction, such as biodiesel production via fatty acid esterification scheme. It is caused by 
the fact that the continuous removal of one product will shift the equilibrium to the 
product formation. Besides, RD integrates the reaction and separation in one shell 
(Dragomir and Jobson, 2005; Dimian et al., 2009; Gómez-Castro et al., 2010). However, 
the process involving distillation process is usually associated with the high energy 
consumption. Therefore, thermodynamic analysis, or specifically recognised as exergy 
analysis, on an RD column is important to evaluate the energy efficiency of the process. 

Exergy is a type of useful or available energy (Ao et al., 2012). Exergy analysis is a 
robust analysis tool that is based on the first and the second law of thermodynamics. It is 
efficient for examining the energy quantity and quality of a process accurately (Suphanit 
et al., 2007). This analysis can be used to find the locations, source and magnitudes of 
exergy losses in the energy systems and process, hence it plays an important role for 
designing, developing and optimising an energy-efficient RD process (Budiman and 
Ishida, 2004; Colpan, 2012). 

Various methods of exergy analysis have been proposed for distillation process.  
Le Goff et al. (1996) introduced the Carnot-factor-specific enthalpy diagram. This 
method is easy to utilise for calculating the exergy target, but it cannot describe the  
stage-by-stage exergy characteristic. Dhole and Linnhoff (1993) proposed a procedure for 
composing a T-H curve called the column grand composite curve (CGCC). Demirel 
(2006) suggested that the CGCC is useful for exploring the energy-saving potential, 
determining the targets for column modifications and recommending retrofits. This 
method, however, is simple but does not offer information with respect to exergy loss 
caused by chemical reaction. 



   

 

   

   
 

   

   

 

   

    Graphical exergy analysis of reactive distillation column 3    
 

    
 
 

   

   
 

   

   

 

   

       
 

A more advanced method was developed by Taprap and Ishida (1996), named energy 
utilisation diagram (EUD). This method is functional for analysing stage-by-stage exergy 
loss inside the distillation column. The overall exergy loss in the column can be broken 
down into six types of exergy losses (EXLs), namely EXL owing to the cooling, heating, 
mixing in the vapour and liquid phases, condensation and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed information for 
exergy characteristic. However, it is not convenient when the number of plates in a 
column is increased. The EUD method was then modified by Budiman and Ishida (1998) 
into a more compact graphical method called integrated energy utilisation diagram 
(IEUD). This method thus exhibits all the different types of EXL in a simple diagram. 
IEUD can show the exergy characteristic in the whole column stage-by-stage, but it 
cannot reveal the separation performance. To overcome this drawback, Budiman and 
Ishida (2004) introduced the material-utilisation diagram (MUD) graphical method. This 
method is able to present the separation performance and the EXL stage-by-stage in the 
column profile simultaneously. However, MUD diagram becomes very complicated 
when one of the sub-processes EXL is much larger than the others. Therefore, it is 
necessary to compose such a simpler and easier diagram to understand a complex RD 
process. 

On this note, the development of the novel Ex-N-A graphical method for exergy 
analysis in a complex RD system was studied in this work. Compared with the literature 
works, this graphical method is superior. The Ex-N-A method is constructed simply by 
plotting the height of the column (N) as ordinate whereas the total EXL, the non-chemical 
reaction EXL and A (energy level) as abscissa. This plotting results in a simple diagram, 
which is easy to understand, but it can display the detailed exergy characteristic of a 
packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the 
EXL owing to the cooling, heating, mixing in the vapour and liquid phases, condensation, 
and evaporation and chemical reaction incrementally. And, it is yet easy to understand 
even in a case when one of the sub-processes EXL is much larger than the others. This 
diagram can also obviously exhibit the correlation of the exergy losses owing to chemical 
and non-chemical sub-processes with the energy-level difference at various heights of 
column. 

A thermodynamic analysis using the graphical Ex-N-A diagram to a packed RD 
column for biodiesel production was carried out in this work. Biodiesel is produced via 
an esterification reaction of free fatty acid (FFA) with methanol. This route is preferred 
rather than transesterification of triglyceride scheme, since today employing waste and 
non-edible feedstock is an obligation to meet with the ecological and ethical requirement 
for bio-fuels (Dimian et al., 2009). Waste oil and low-grade feedstock contains a 
considerable value of FFA. Therefore, esterification of FFA is the best scheme for 
biodiesel production using waste and non-edible oil as feedstock. 

In this work, NEQ model with three-phase approach is applied for the RD system. 
This model brings a novelty since the combination of the three-phase and NEQ model has 
been merely studied for a distillation process, which does not involve any reaction in the 
system (Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A exergy 
analysis for presenting the energy feature of the RD column for biodiesel production.  
The effect of some parameters on the reaction conversion and exergy loss is also 
revealed. This finding will facilitate the designer to identify the thermodynamic problem 
and help to enhance the conversion as well as improve the energy efficiency of the RD 
system. 



   

 

   

   
 

   

   

 

   

   4 R.D. Kusumaningtyas et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

2 Model and simulation for reactive distillation (RD) column 

A packed RD column was utilised for the biodiesel production via fatty acid 
esterification. In this case, oleic acid was taken as a compound representing the FFAs.  
As a case study, esterification of oleic acid and methanol in the presence of solid acid 
catalyst namely ion-exchange polymeric resin of relite CFS (Tesser et al., 2005) in RD 
column was examined. The generic esterification reaction of an FFA and methanol is 
shown here: 

( ) ( ) ( ) ( )1

2
3 3 2RCOOH A   CH OH B  RCOOCH C   H O Dk

k
+ +  (1) 

For the RD simulation, the pseudo-homogeneous second-order equilibrium is selected to 
express the reaction rate (Tesser et al., 2005): 

1 2 cat( ) .A B A Br k x x k x x C= −  (2) 

The values of the pre-exponential factors and activation energies (Ea) for the direct (1) 
and reverse reaction (2) are reported in Table 1. The reaction is slightly endothermic with 
∆Hr = 11213.12 J/mol. The compounds involved in the reaction are oleic acid and 
methanol as reactants. On the other hand, water and methyl oleate (biodiesel) are 
products. Table 2 reports the molecular structure of the chemical compounds involved in 
the reaction as well as their normal boiling points. 

Table 1 Kinetic parameters of the pseudo-homogeneous model 

Reaction rate constant (mol m3/kgcat
2/s) Ln(pre-exponential factor) Ea (J/mol) 

k1 0.2155 58576.0000 
k2 0.1460 47362.8800 

Table 2 Molecular structure and normal boiling points of all the chemical compounds 

Compounds Molecular structure Boiling point (K) 
Oleic acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 
Methanol (B) CH3OH 337.7 
Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 
Water (D) H2O 373 

The esterification reaction was carried out in a packed RD column. Configuration of the 
RD in this work is modified from the conventional RD scheme. In this case, RD applies a 
continuous water removal system, in which the top product containing a mixture of 
methanol and water is separated in an additional column. The mixture of methanol and 
water vapour at the top is condensed. Subsequently, they are introduced to an additional 
distillation column for separation. Water is continuously withdrawn, while methanol is 
recycled to the main column as a reflux. Reflux of the methanol and both the fresh feed 
of methanol and fatty acid are introduced at the top of the column. On the other hand, 
methyl ester (biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. RD is operated in co-current mode between  
the reactants, and counter-current mode between the liquid and gas. The increment of the 
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column starts from the top, hence N = 0 m is the top of the column, while N = n m is the 
lowest part of the column. The base case condition employs the packed column with the 
height of 3 m with the column diameter of 0.5 m. The ratio of oleic acid to total methanol 
entering the column is set constant at 2 : 1 inside the column. Flow rate of oleic acid feed 
is 83.33 mol/s and total methanol inputted to the column is 166.67 mol/s. Flow rates of 
total vapour leaving the column and products discharging from the reboiler are 185 and 
69.52 mol/s, respectively. 

Figure 1 The configuration of packed RD column for biodiesel production 

 

The simulation of the packed RD column was performed based on the novel NEQ model 
combined with the three-phase approach. The unit cell for the NEQ model for three-phase 
RD is shown in Figure 2. It is an innovative approach since the previous work using this 
sophisticated model has merely been proposed for the conventional tray distillation 
column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model assumes that the 
vapour from the lower position of the packing is brought into contact with liquid moving 
down from the upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, namely methanol, 
oleic acid, methyl ester and water. The organic compounds (oleic acid and methyl ester) 
and the polar compounds (water and methanol) are immiscible, thus will separate into 
two liquid phases. Therefore, the three phases are defined as vapour phase, which 
contains only methanol and water, alcoholic liquid phase, which contains mainly water 
and methanol, and organic liquid phase, which primarily contains fatty acid and methyl 
oleate. The reaction is assumed to occur in the organic phase. 
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Figure 2 Schematic representation of one cell of three-phase packed RD column 

 

The assumptions taken in this modelling and simulation can be written as follows: 

1 In the FFA esterification reaction, oleic acid is taken as a compound representing 
the FFA in the vegetable oil. 

2 The FFA esterification is expressed by the pseudo-homogeneous second-order 
equilibrium kinetic model. 

3 The RD column operates at the steady-state condition. 

4 There are three phases that occur in the system, namely vapour phase, alcoholic 
phase (liquid-1) and organic phase (liquid-2). 

5 The reaction takes place in the organic phase (liquid-2). 

6 Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are 
similar, which is called temperature of liquid. 

7 The RD column is modelled based on the NEQ approach. Hence, the interfacial 
mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three-phase RD are summarised as follows. 
The mass balances of each compound in the vapour, liquid-1 and liquid-2 phases are 
formulated in equations (3)–(5), respectively: 

d
, , dd ( )

d

V
i G i G i zy R y
z V

′− −
=

′
 (3) 

1

1 1

d
, , d

1

d ( )
d

L
i L i L i zx R x
z L

′− −
=

′
 (4) 
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′− − −
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′
 (5) 

Meanwhile, the total mass balance of the vapour, liquid-1 and liquid-2 phase is presented 
in equations (6)–(8), respectively: 

,

d
d i G

V R
z
′
= −∑  (6) 

( )
1

1
,

d
d i L

L
R

z
′
= − −∑  (7) 

( )
2

2
,

d
d i L

L
R

z
′
= − −∑  (8) 

To solve equations (3)–(8), the rate process equations are necessary. The rate process 
equations for the gas, liquid-1 and liquid-2 phases are equations (9)–(11), respectively. 

1 2
, ( )GL GL

i G i iR N N= − +  (9) 

1 1 2

1,
GL L L

i L i iR N N= −  (10) 

2 1 2

2, .GL L L
i L i i iR N N v r= − + +  (11) 

The result outputted from the RD simulation is utilised for the exergy analysis by means 
of the graphical Ex-N-A methods. The Ex-N-A thermodynamic analysis is a rigorous 
method to evaluate the exergy features of the internal RD column. It is simple but 
powerful to reveal the value of EXL at each increment of the RD column, i.e., EXL 
owing to the temperature change, phase change, mixing in liquid and vapour phase and 
chemical reaction. The loss in reboiler and condenser is also examined. Effects of the 
main parameters, specifically molar ratio and the column height, on the conversion and 
EXL inside the column are also analysed. 

3 Graphical Ex-N-A methods 

Thermodynamic analysis using graphical Ex-N-A methods departs from the basic exergy 
concept and the second law of thermodynamics (Suphanit et al., 2007). The formula of 
non-chemical EXL calculation refers to the work of Budiman and Ishida (2004). 
Determination of the non-chemical reaction loss, i.e., EXL owing to changes of the 
concentration (mixing), phase of the component and temperature, have been described in 
their work and are adopted for calculation in this study. On the other hand, the formula 
for finding out the EXL owing to the chemical reaction starts from the concept of the 
energy level. Availability factor or energy level (A) is explained as (Srinophakun et al., 
2001): 

.EXLA
H

=
∆

 (12) 

EXL is then defined by the following equation. 
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0 .EXL H T S= ∆ − ∆  (13) 

Hence, 

01 .sA T
H
∆ = − ∆ 

 (14) 

It illustrates the maximum fraction of energy, which can be converted to useful work. 
Thus, energy level of the chemical reaction is expressed by: 

Chem 01 .sA T
H
∆ = − ∆ 

 (15) 

On the equilibrium condition in which the reaction does not occur, entropy can be 
defined as: 

.HS
T
∆

∆ =  (16) 

In this condition, energy level A generally can be written as: 

01 .
T

A
T

 = − 
 

 (17) 

Hence, for the liquid flowing along the column, the energy level is expressed as: 

0
Liq 1 .

T
A

T
 = − 
 

 (18) 

For the gas flowing along the column, the energy level is expressed as: 

0
Gas 1 .

T
A

T
 = − 
 

 (19) 

T in the energy-level formula depends on the phase. T is the gas temperature for the 
energy level of the gas, and it is liquid temperature for the energy level of the liquid.  
The reaction takes place in the liquid phase. Thus, EXL owing to the chemical reaction is 
closely related to the difference between the energy level of the liquid and that of the 
chemical reaction. Hence, EXL owing to the chemical reaction can be written as: 

Chem Liq Chem( ) .EXL A A H= − ∆  (20) 

4 Display of packed reactive distillation column on graphical Ex-N-A 
diagram 

4.1 Base case analysis 

Ex-N-A diagram is an exergy-feature-based diagram that is designed to present exergy 
characteristic of separation and chemical processes in a simple diagram. In this work, the 
Ex-N-A presentation was developed based on the fundamental concept of the previous 
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graphical methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 
work on MUD, Budiman and Ishida (2004), Budiman (2008) and Budiman et al. (2011) 
composed the graph for EXL owing to concentration, phase and temperature changes by 
putting the mole number (nj) as abscissa and 0 ln jT xℜ  as ordinate for the liquid phase 
and 0 ln jT yℜ  for the gas phase. Meanwhile, in this work, the Ex-N-A diagram is made 
by placing the two types of diagram in a single feature. The height of the column (N) is 
put as ordinate whereas the total EXL, the non-chemical reaction EXL and A (energy 
level) are placed as abscissa. The first type of the diagram is entitled the Ex-N diagram, 
which consists of N as ordinate whereas total EXL and non-chemical reaction EXL (Ex) 
as abscissa. The second type of the diagram is called the A-N diagram, in which N was 
put as ordinate and A is set as abscissa. The other two diagrams exhibiting the correlation 
between the column height and total EXL and reaction conversion are also composed. 

The graphical Ex-N-A method has numerous advantages compared with the previous 
literature work. It is a simple diagram, however, can display the detailed exergy 
characteristic in the whole RD column. The Ex-N-A diagram describes all the EXL  
sub-processes, namely the chemical EXL and non-chemical EXL (EXL owing to the 
cooling, heating, mixing in the vapour and liquid phases, as well as phase change) 
incrementally. This graphical method does not reveal a complicated diagram even in a 
case when one of the sub-processes EXL is much larger than the others. It can also 
combine two types of graphs (Ex-N and A-N graphs) in a single diagram. 

This Ex-N-A diagram implements the principle of energy-level difference. In this 
concept, every process must donate or accept energy. The process donating energy is 
referred to as the energy donor and the one accepting energy is referred to as the energy 
acceptor (Srinophakun et al., 2001). The energy-level difference between Agas and Aliq 
(Agas – Aliq) indicates the driving force for the energy transformation (Budiman and 
Ishida, 2004). In the literature work, this concept is commonly applied for a graphical 
methodology to exemplify the driving force as the energy-level difference and exergy 
consumption as the shaded area in the diagrams. Hence, it does not clearly show the 
exergy profile at different levels of the column. 

On the other hand, in composing the Ex-N-A diagram, column height (N) is plotted as 
abscissa against the total EXL, non-chemical reaction EXL and energy level. On the basis 
of this diagram, the graphical correlation between total EXL, non-chemical reaction EXL 
and energy-level difference between gas and liquid (Agas – Aliq) is incrementally revealed 
along the column. The Ex-N-A diagram is illustrated in the form of a bar graph, which 
consists of the two graphs, namely the Ex-N and the N-A graphs. Ex-N graph also splits 
into two types of subgraphs. The first Ex-N graph shows the EXL in the reboiler and 
condenser, EXL owing to the chemical reaction and non-chemical EXL (i.e., losses 
owing to the temperature change, mixing and phase change) incrementally from top to 
the bottom. EXL in the condenser and reboiler are shown on the uppermost part and  
the bottom of the graph, respectively. Meanwhile, at each increment, EXL of all the  
sub-processes, i.e., EXL owing to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing in the vapour phase, and 
temperature change in liquid phase and temperature change in gas phases, is displayed in 
a bar graph from the left to the right, correspondingly. 

The second Ex-N diagram shows the non-chemical reaction EXL. It consists of losses 
owing to phase change of methanol compounds, phase change of water compounds, 
mixing process in the liquid phase, mixing process in the vapour phase, temperature 
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change in liquid phase and temperature change in liquid phase, which are drawn from the 
right to the left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incrementally. For each increment, 
the energy level (A) of the liquid is placed at the upper position, whereas the energy  
level (A) of the gas is placed at the lower position. On the basis of this N-A graph, the 
energy-level difference between gas and liquid (Agas – Aliq) incrementally can be exposed. 

In this work, the base case of the simulation was set up with the following condition: 
the height of the column (N) was 3 m, the column diameter was 0.5 m and the molar ratio 
of methanol to oleic acid was 2 : 1. It resulted in total oleic acid conversion of 30.76%. 
The concentration of the compounds, total molar flow rate of each phase and temperature 
profiles at the different heights of the columns are exhibited in Figures 3–5, respectively. 
These data are required for the EXL calculation. 

Figure 3 Concentration profiles of the compounds in liquid-1, liquid-2 and vapour phases  
at different column height (see online version for colours) 

 

Figure 6 demonstrates the Ex-N-A diagram over the whole column for the base case 
condition. The EXL profile shows large EXL at the condenser and reboiler compared 
with the other parts of the column. Hence, this serves as an account of the large driving 
forces for heat and mass transfer at these regions. The total EXL at reboiler is 
1256638.9211 J/s whereas in condenser it is 769351.3847 J/s. In Figure 6(a), EXL of  
the reboiler and condenser is shown by the scale of 1/5 because of their large values.  
 
The larger EXL at the reboiler than at condenser is not surprising. This could be as a 
consequence of the large concentration of compounds as well as the high heat load at 
reboiler than those at condenser. This phenomenon agrees with the result previously 
obtained by Budiman and Ishida (2004) and Khoa et al. (2010). 

Figure 4 Total molar flow of each phase at different column height (see online version  
for colours) 
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Figure 5 Temperature profile of liquid and vapour phase at different column height (see online 
version for colours) 

 

Figure 6 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 



   

 

   

   
 

   

   

 

   

   12 R.D. Kusumaningtyas et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

 
 (a) (b) 

The incremental assessment on the RD column using Ex-N-A diagram was also depicted 
in Figure 6. The Ex-N diagram in Figure 6(a) shows that the non-chemical EXL, i.e., the 
summation of EXL owing to the concentration change (mixing), temperature and phase 
changes, decreases from the top to bottom. Then, starting from N = 2 m from the top, the 
non-chemical EXL turns into a very small quantity. This tendency agrees with the A-N 
diagram in Figure 6(b), which displays the profile of the energy-level difference between 
gas and liquid (Agas – Aliq) inside the column or the so-called driving force. Energy-level 
difference between gas and liquid strongly corresponds to the temperature profile along 
the RD column. The temperature difference between gas and liquid will result in the 
energy-level difference. 

On the basis of the A-N diagram in Figure 6(b), it is disclosed that there is a large 
gas-liquid temperature difference at the top, which then gets smaller towards the bottom. 
Subsequently, at the height of 2 m from the top (N = 2), the liquid temperature almost 
reaches the similar temperature to that of the gas, which is represented by the equal value 
of the gas and liquid energy level. This condition has an important effect on the non-
chemical reaction EXL value. The diagram exhibits that, for the non-chemical reaction 
EXL, the values of all the losses that are influenced by temperature are zero. Hence, 
simply the EXL owing to the mixing exists at N = 2 m moved downwards. EXL owing to 
mixing is affected only by the concentration change, so the alteration of the temperature 
does not provide so much influence. On the other hand, EXL owing to the temperature 
and phase change absolutely depend on the temperature difference between gas and 
liquid. When the temperature of the liquid is just about equal to the gas temperature, it 
can be said that the near-equilibrium condition has been reached. In this condition,  
a macro-heat transfer between the two phases does not occur. Therefore, the section 
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inside the column can be divided into two regions. The first region is the non-equilibrium 
(NEQ) zone, and the second one is the close-to-equilibrium zone. 

Two regions, NEQ and close-to-equilibrium zones, exist in the packed RD column in 
this operation. Non-equilibrium zone takes place at the upper part of the column. 
Meanwhile, the close-to-equilibrium zone comes about at the lower part of the column. 
At the lower part of the column, there is an abundant heat supply from reboiler, leading to 
an excellent heat transfer between the gas and liquid phase. It causes a very small 
temperature difference between gas and liquid, which also results in a very small (near to 
zero) energy-level difference. The condition where the energy-level difference or the 
driving force is very small (let us say ‘zero’) is described as the ideal column with 
minimum thermodynamic condition (Pinto et al., 2011). This condition has brought about 
the close-to-equilibrium zone on the lower part of the column. An intensive discussion on 
close-to-equilibrium zone, or sometimes called close-to-equilibrium point (CEP), has also 
been presented by Budiman et al. (2011), in which CEP is shown on MUD for the 
minimum reflux ratio. Pinto et al. (2011) and Budiman et al. (2011) suggest that  
the procedure to improve the energy efficiency of a distillation column should involve the 
use of the so-called minimum thermodynamic condition of columns. 

Non-equilibrium zone emerges at the upper part of the column. At the top of the 
column, all feeds are introduced; explicitly both the fresh feed of methanol and oleic acid, 
as well as methanol reflux. The abundant liquid stream entering the column has 
drastically changed the gas-liquid composition and brings about a distance between the 
actual and the near-to-equilibrium condition. It causes an inefficient heat transfer between 
the gas flowing from the lower increment and the liquid stream. Thus, there is a large 
temperature difference between the gas as the heat donor and the liquid as the heat 
acceptor. This large temperature difference is shown by the large energy-level difference 
(driving force) between gas and liquid at the column top (A-N diagram in Figure 6(b)).  
In addition, the energy-level difference decreases from the top to the bottom. Ultimately, 
at a certain height of the column, it comes up to the close-to-equilibrium zone. The A-N 
diagram profile agrees with the non-chemical reaction EXL profile as shown on Ex-N 
diagram in Figure 6(a). Thus, it depicts that the largest non-chemical reaction EXL is 
located at the top of the column. This finding is valuable for guiding the improvement on 
RD design. 

A comprehensive thermodynamic analysis on a packed RD column should involve 
the EXL analysis owing to the chemical reaction. However, assessment on the EXL 
owing to chemical reaction incrementally has never been discussed intensively in the 
previous literature. In this work, this type of EXL becomes one main focus to evaluate. 
Ex-N diagrams in Figure 6(a) expose a different tendency between the profile of the total 
EXL and EXL owing to the chemical reaction, on the one side, and EXL owing to the 
non-chemical reaction, on the other side. The profile of total EXL and EXL owing to 
chemical reaction increases from the top to the bottom. This fact is absolutely the 
opposite of the profile of the non-chemical reaction EXL. It indicates that EXL owing to 
chemical reaction gives a dominant contribution to the total EXL at each increment. 
Hence, the profile of total EXL is reminiscent of the EXL owing to chemical reaction 
profile. 
 
 

On the basis of the Ex-N diagram, it is revealed that the amount of EXL owing to 
chemical reaction increases from the top to the bottom. The higher EXL is probably 
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correlated to the amount of the mole reacting at each increment. The higher the amount of 
reactants reacts, the higher the EXL is resulted. In this RD system, at the top of the 
column, the fresh feed and reflux of methanol meets the fresh feed of oleic acid. 
Methanol has a small solubility with long fatty acid. Therefore, at the beginning of the 
column, only a little mole of methanol diffuses into the organic liquid phase, which 
contains mainly oleic acid. While flowing downward the column, more amount of 
methanol is dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it is found that the 
EXL owing to chemical reaction as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a distillation column can 
provide a useful understanding and insights, leading to a better design of a distillation 
system. Thus, to acquire an in-depth understanding of the thermodynamic aspects of an 
RD column, examination on the influence of the main process parameters should be 
conducted. Parameters observed in this study are molar ratio of the reactants and column 
height (N). The knowledge of their effects on RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and perform the 
optimisation graphically. 

4.2 Effect of the molar ratio of the reactants 

To understand the influence of molar ratio on the thermodynamic behaviour and RD 
performance, first, the molar ratio of total methanol and oleic acid entering the column is 
increased from 2 : 1 to 6 : 1 at the same column height of 3 m (N = 3) and column 
diameter of 0.5 m. By employing the molar ratio of 6 : 1, it is shown that the reaction 
conversion enhances about two times from 30.76% to 66.41%. However, the Ex-N 
diagram in Figure 7(a) shows that the profile of non-chemical EXL does not change so 
much compared with the result given by the molar ratio of 2 : 1. At molar ratio of 6 : 1, 
the area in the packed RD column splits into two regions. The lower part of the column is 
the close-to-equilibrium zone with near to zero driving force, whereas the upper part  
is NEQ zone. However, enhancing molar ratio from 2 : 1 to 6 : 1 has considerably 
extended the area of the close-to-equilibrium zone. The A-N diagram in Figure 7(b) 
shows that, when molar ratio of 6 : 1 is applied, the close-to-equilibrium zone starts at 
N = 0.75 m downward. Hence, the area of the close-to-equilibrium zone is notably larger 
than that of the NEQ zone inside the column. The larger area of the close-to-equilibrium 
zone occurs since there is a far excess of methanol in the mixture. The large excess of 
methanol to oleic acid eases a good contact to the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is approached and 
the driving force is near to zero, the equilibrium condition will be easier to reach. 
Consequently, the region of CEP gets larger when the higher molar ratio of reaction is 
applied. 

It can be confirmed that the higher molar ratio of the reactants leads to the wider 
equilibrium region in the column. This statement is convinced by the result obtained 
when applying the molar ratio of methanol to oleic acid of 1 : 1 with N = 3. At this 
operation condition, the oleic acid conversion drops to 9.57%. Meanwhile, the 
thermodynamic evaluation depicts that the CEP cannot be reached with this low molar 
ratio. As shown on the A-N diagram in Figure 8(b), all the areas in RD column are  
NEQ zone, disclosed by the existence of the driving force and all the non-chemical 
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reaction EXL (losses owing to mixing, phase and temperature changes) along the column. 
The amount of non-chemical reaction EXL decreases from the top to the bottom. 

Figure 7 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 6 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

To evaluate the impact of varying the molar ratio on the value of the EXL owing to 
chemical reaction, both the diagrams in Figures 7 and 8 are examined. It is exhibited on 
the Ex-N diagram in Figures 7 and 8 that the EXL owing to the chemical reaction is 
clearly affected by the changing of molar ratio of the reactants. As displayed in Figure 8, 
when the molar ratio of 1 : 1 is employed, the Ex-N profile is almost similar to the result 
gotten by applying molar ratio of 2 : 1. 

However, if molar ratio of the reactants is drastically enhanced to 6 : 1, the new Ex-N 
profile seems interesting. It is shown that EXL owing to the chemical reaction gets higher 
from the top downward as seen on the Ex-N diagram in Figure 7(a). In spite of this, at a 
certain point in the column, EXL owing to chemical reaction tends to decrease and 
achieve the minimum value at the lowest increment of the column. The value of EXL 
owing to chemical reaction strongly corresponds to the number of moles that reacts at 
each increment. Hence, this phenomenon can be explained as follows. When the high 
molar ratio of methanol to oleic acid is applied, the mass transfer of methanol to organic 
phase becomes easier. An excellent dispersion of methanol in the organic phase leads the 
reactants to react easily. Consequently, from the top downward, there is a severe increase 
in the number of moles of reactants involved in the reaction at each increment, which 
causes high reaction rate enhancement at the upper part of the column. However, at a 
certain point, the remaining unreacted oleic acid is too small to achieve high reaction rate. 
At this increment, only a small number of oleic acid involves in the reaction, which 
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results in the decrease in the reaction rate from this point to the bottom. The profile of the 
reaction rate is identical to the profile of the EXL owing to chemical reaction in the 
column. It can be observed that EXL owing to the chemical reaction increases 
significantly at each increment on the upper part of the column. However, at a certain 
point, it decreases and reaches a minimum point at the lowest increment. 

To obtain the appropriate molar ratio of the reactants that provides high RD 
performance but low total EXL, an integrated graphical examination should be 
composed. Figure 9 presents the profile of oleic acid conversion and total EXL against 
the reactant molar ratio. It is revealed that the higher molar ratio results in the higher 
reaction conversion but lower EXL. Thus, the higher molar ratio of methanol to oleic acid 
will give great benefit, both from the RD performance and the thermodynamic aspect’s 
point of view. 

Figure 8 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 1 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

4.3 Effect of the height of the packed column (N) 

The subsequent important aspect to be analysed is the height of the column (N). To study 
this parameter, N is increased from 3 m to 6 m with the similar reactants molar ratio of 
2 : 1, whereas the column diameter is kept the same (0.5 m). Hence, it reveals that the 
reaction conversion is enhanced from 30.76% to 58.52%. On the other hand, the result  
of the thermodynamic evaluation is displayed in Figure 10. The Ex-N diagram in  
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Figure 10(a) shows that increasing the height of the column does not so much change the 
profile of the non-chemical reaction EXL compared with the profile of the column with 
the height of 3 m (N = 3). The highest value of non-chemical EXL occurs at the top of the 
column, thereafter it decreases downward. Subsequently, starting from the N = 2 m from 
the top, EXL of the sub-processes, which depends on temperature (loss owing to 
temperature and phase changes), approaches zero. This tendency agrees with the trend of 
the driving force profile exhibited on the A-N diagram in Figure 10(b). Nevertheless, it is 
shown that the energy-level difference between gas and liquid decreases from the top 
downward. Then, starting at N = 2 m downward, the energy-level difference is near  
to zero. Thus, the area in the column can be separated into two regions, i.e., the  
NEQ zone and the close-to-equilibrium zone. Non-equilibrium region covers the section 
from the top to N = 2, whereas the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the NEQ area. However, it just prolongs 
the close-to-equilibrium zone. The existing of NEQ region is mostly caused by the 
extremely abundant input of the reactants and reflux at the top. Conclusively, the 
changing on the molar flow rate will provide more influence on it than the variation on 
the column height. 

Figure 9 Profile of total exergy loss and fatty acid conversion at different reactant molar ratio 

 

Effect of the column height (N) on the EXL owing to the chemical reaction is evaluated, 
as well. Ex-N diagram in Figure 10 presents the profile of EXL owing to the chemical 
reaction. It is observed that EXL owing to the chemical reaction increases from the top 
downward. When it reaches the increment of N = 2, EXL owing to the chemical reaction 
values remains almost constant, and finally decreases at N = 4 to bottom. EXL owing to 
the chemical reaction is strongly affected by the reaction behaviour. In this operation 
condition, reaction rate at each increment in the upper part of the column increases from 
the top downward. However, at a certain height, the remaining moles of the unreacted 
oleic acid are not sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared with the rate at the upper 
increment. Finally, the rate decreases at a certain increment downward. 

To obtain a more profound comprehension on the influence of the column height to 
the RD performance and thermodynamic behaviour, a diagram presenting the profile of 
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total EXL and reaction conversion against the column height is composed. Figure 11 
discloses that the increase in the column height leads to the higher conversion and the 
larger total EXL. Thus, the best point on the column yielding an excellent performance 
on the reaction conversion and the thermodynamic efficiency should be determined. 

Figure 10 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 6 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

Figure 11 Profile of total exergy loss and fatty acid conversion at different column height 
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Conclusively, there are some findings obtained by analysing the effects of the reactant 
molar ratio and column height. On the basis of the thermodynamic point of view, EXL 
can be reduced by distributing the inlet of the reactants at different places. For example, 
shifting the feed point location of one reactant from the top will reduce the load at the top 
and lessen EXL. It probably facilitates the reduction of the driving force and enlarges the 
close-to-equilibrium region inside the column. This suggestion agrees with the work on 
exergy analysis using MUD (Budiman et al., 2011). Besides, the optimum efficiency of 
the RD can be achieved by determining the best column height, which results in low EXL 
but high reaction conversion. The other way to improve the reaction performance and 
reduce EXL is through employing higher molar ratio of the reactants, which can be done 
by increasing the reflux ratio as suggested by Pinto et al. (2011), or by introducing higher 
fresh feed stream. 

5 Conclusions 

• A graphical method called Ex-N-A diagram has been applied to assess the 
performance and efficiency of a packed RD column. This technique displays  
the reaction performance, EXL and energy-level characteristic incrementally  
over the whole packed RD column in a simple way. Nevertheless, it is easy to 
understand, even when one of the sub-processes has a much larger EXL than the 
others. 

• The base case of the RD simulation was studied at N = 3 m, the column diameter of 
0.5 m and the molar ratio of methanol to oleic acid of 2 : 1. This results in total oleic 
acid conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s whereas in 
condenser it is 769351.3847 J/s. The incremental assessment on the RD column 
shows that the non-chemical EXL decreases from the top to bottom, which agrees 
with the A-N profile. 

• The influence of molar ratio is examined by changing the molar ratio of total 
methanol to oleic acid entering the column of 2 : 1 to 6 : 1 at the similar N of 3 m 
and column diameter of 0.5 m. By employing the molar ratio of 6 : 1, the reaction 
conversion enhances from 30.76% to 66.41%. On the contrary, it drops to 9.57% by 
applying the molar ratio of 1 : 1. It can also be confirmed that the higher molar ratio 
of the reactants leads to the wider equilibrium region in the column. 

• To study the effect of column height, N is increased from 3 m to 6 m, whereas the 
reactants molar ratio and column diameter are kept at 2 : 1 and 0.5 m, respectively. 
This reveals that the conversion is enhanced from 30.76% to 58.52%. Thus, the 
increase in the column height does not change the NEQ area; nevertheless, it just 
prolongs the close-to-equilibrium zone. 

• The changing on molar flow rate provides more effect on reaction conversion and 
EXL profile than the variation on column height. 
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Nomenclature 

Symbols   
A Energy level 
AChem Energy level of the chemical reaction 
AGas  Energy level of the gas phase 
ALiq Energy level of the liquid phase 
Ccat Concentration of the solid catalyst (kgcat/m3) 
Ea Activation energies (J/mol) 

EXL  Exergy loss rate (J/s) 

∆H Enthalpy change (J/mol) 
∆Hr Heat of reaction (J/mol) 
k1 Direct reaction rate constant (mol·m3/kgcat

2/s) 
k2 Reverse reaction rate constant (mol·m3/kgcat

2/s) 
L1 Molar liquid flow rate of liquid phase 1 (mol/s) 
L2 Molar liquid flow rate of liquid phase 2 (mol/s) 
N Height of the column (m) 

1GL
iN  Mass transfer rate of component i from the gas phase to liquid 1 phase (mol/s)  

2GL
iN  Mass transfer rate of component i from the gas phase to liquid 2 phase (mol/s) 

1 2GL L
iN  Mass transfer rate of component i from the liquid 1 phase to liquid 2 phase (mol/s) 

r  Reaction rate (mol/s) 

R  Rate of the compounds generated (mol/s) 

∆S Entropy change (J/mol/K) 
T Temperature (K) 
T0 Reference temperature (K) 
Tb Boiling point (K) 
V Molar liquid flow rate of vapour phase (mol/s) 
x Mole fraction of the compounds in the liquid phase 
y Mole fraction of the compounds in the vapour phase 
dz Increment of the column height (m) 
vi Reaction coefficient 
Subscripts  
A, B, C, D Fatty acid (oleic acid), methanol, biodiesel (methyl oleate), water, respectively 
i Component index 
G Referring to gas phase 
L1 Referring to liquid 1 phase 
L2 Referring to liquid 2 phase 
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Abbreviation   
EXL Exergy loss 
FFA Free fatty acid 
NEQ Non equilibrium 
RD Reactive distillation 
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Abstract: This paper brings the novelty of the exergy analysis technique using 
Ex-N-A diagram to a packed reactive distillation (RD) column for biodiesel 
production. In this study, biodiesel is produced through the esterification of 
fatty acid with methanol. The simulation of the column was performed based 
on the non-equilibrium (NEQ) model of a three-phase packed RD system. The 
graphical Ex-N-A method was utilised to evaluate exergy features of the 
internal RD column. This technique rigorously demonstrated the value of 
exergy losses at each increment of the column, i.e., losses owing to the 
temperature change, phase change, mixing in liquid and vapour phases and 
chemical reaction. The effects of the molar ratio of the reactant and the height 
of the packed column on the conversion and exergy losses were examined and 
displayed in a simple figure. 
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1 Introduction 

Reactive distillation (RD) is a promising alternative process for equilibrium-limited 
reaction, such as biodiesel production via fatty acid esterification scheme. It is caused by 
the fact that the continuous removal of one product will shift the equilibrium to the 
product formation. Besides, RD integrates the reaction and separation in one shell 
(Dragomir and Jobson, 2005; Dimian et al., 2009; Gómez-Castro et al., 2010). However, 
the process involving distillation process is usually associated with the high energy 
consumption. Therefore, thermodynamic analysis, or specifically recognised as exergy 
analysis, on an RD column is important to evaluate the energy efficiency of the process. 

Exergy is a type of useful or available energy (Ao et al., 2012). Exergy analysis is a 
robust analysis tool that is based on the first and the second law of thermodynamics. It is 
efficient for examining the energy quantity and quality of a process accurately (Suphanit 
et al., 2007). This analysis can be used to find the locations, source and magnitudes of 
exergy losses in the energy systems and process, hence it plays an important role for 
designing, developing and optimising an energy-efficient RD process (Budiman and 
Ishida, 2004; Colpan, 2012). 

Various methods of exergy analysis have been proposed for distillation process.  
Le Goff et al. (1996) introduced the Carnot-factor-specific enthalpy diagram. This 
method is easy to utilise for calculating the exergy target, but it cannot describe the  
stage-by-stage exergy characteristic. Dhole and Linnhoff (1993) proposed a procedure for 
composing a T-H curve called the column grand composite curve (CGCC). Demirel 
(2006) suggested that the CGCC is useful for exploring the energy-saving potential, 
determining the targets for column modifications and recommending retrofits. This 
method, however, is simple but does not offer information with respect to exergy loss 
caused by chemical reaction. 
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A more advanced method was developed by Taprap and Ishida (1996), named energy 
utilisation diagram (EUD). This method is functional for analysing stage-by-stage exergy 
loss inside the distillation column. The overall exergy loss in the column can be broken 
down into six types of exergy losses (EXLs), namely EXL owing to the cooling, heating, 
mixing in the vapour and liquid phases, condensation and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed information for 
exergy characteristic. However, it is not convenient when the number of plates in a 
column is increased. The EUD method was then modified by Budiman and Ishida (1998) 
into a more compact graphical method called integrated energy utilisation diagram 
(IEUD). This method thus exhibits all the different types of EXL in a simple diagram. 
IEUD can show the exergy characteristic in the whole column stage-by-stage, but it 
cannot reveal the separation performance. To overcome this drawback, Budiman and 
Ishida (2004) introduced the material-utilisation diagram (MUD) graphical method. This 
method is able to present the separation performance and the EXL stage-by-stage in the 
column profile simultaneously. However, MUD diagram becomes very complicated 
when one of the sub-processes EXL is much larger than the others. Therefore, it is 
necessary to compose such a simpler and easier diagram to understand a complex RD 
process. 

On this note, the development of the novel Ex-N-A graphical method for exergy 
analysis in a complex RD system was studied in this work. Compared with the literature 
works, this graphical method is superior. The Ex-N-A method is constructed simply by 
plotting the height of the column (N) as ordinate whereas the total EXL, the non-chemical 
reaction EXL and A (energy level) as abscissa. This plotting results in a simple diagram, 
which is easy to understand, but it can display the detailed exergy characteristic of a 
packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the 
EXL owing to the cooling, heating, mixing in the vapour and liquid phases, condensation, 
and evaporation and chemical reaction incrementally. And, it is yet easy to understand 
even in a case when one of the sub-processes EXL is much larger than the others. This 
diagram can also obviously exhibit the correlation of the exergy losses owing to chemical 
and non-chemical sub-processes with the energy-level difference at various heights of 
column. 

A thermodynamic analysis using the graphical Ex-N-A diagram to a packed RD 
column for biodiesel production was carried out in this work. Biodiesel is produced via 
an esterification reaction of free fatty acid (FFA) with methanol. This route is preferred 
rather than transesterification of triglyceride scheme, since today employing waste and 
non-edible feedstock is an obligation to meet with the ecological and ethical requirement 
for bio-fuels (Dimian et al., 2009). Waste oil and low-grade feedstock contains a 
considerable value of FFA. Therefore, esterification of FFA is the best scheme for 
biodiesel production using waste and non-edible oil as feedstock. 

In this work, NEQ model with three-phase approach is applied for the RD system. 
This model brings a novelty since the combination of the three-phase and NEQ model has 
been merely studied for a distillation process, which does not involve any reaction in the 
system (Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A exergy 
analysis for presenting the energy feature of the RD column for biodiesel production.  
The effect of some parameters on the reaction conversion and exergy loss is also 
revealed. This finding will facilitate the designer to identify the thermodynamic problem 
and help to enhance the conversion as well as improve the energy efficiency of the RD 
system. 
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2 Model and simulation for reactive distillation (RD) column 

A packed RD column was utilised for the biodiesel production via fatty acid 
esterification. In this case, oleic acid was taken as a compound representing the FFAs.  
As a case study, esterification of oleic acid and methanol in the presence of solid acid 
catalyst namely ion-exchange polymeric resin of relite CFS (Tesser et al., 2005) in RD 
column was examined. The generic esterification reaction of an FFA and methanol is 
shown here: 

( ) ( ) ( ) ( )1

2
3 3 2RCOOH A   CH OH B  RCOOCH C   H O Dk

k
+ +  (1) 

For the RD simulation, the pseudo-homogeneous second-order equilibrium is selected to 
express the reaction rate (Tesser et al., 2005): 

1 2 cat( ) .A B A Br k x x k x x C= −  (2) 

The values of the pre-exponential factors and activation energies (Ea) for the direct (1) 
and reverse reaction (2) are reported in Table 1. The reaction is slightly endothermic with 
∆Hr = 11213.12 J/mol. The compounds involved in the reaction are oleic acid and 
methanol as reactants. On the other hand, water and methyl oleate (biodiesel) are 
products. Table 2 reports the molecular structure of the chemical compounds involved in 
the reaction as well as their normal boiling points. 

Table 1 Kinetic parameters of the pseudo-homogeneous model 

Reaction rate constant (mol m3/kgcat
2/s) Ln(pre-exponential factor) Ea (J/mol) 

k1 0.2155 58576.0000 
k2 0.1460 47362.8800 

Table 2 Molecular structure and normal boiling points of all the chemical compounds 

Compounds Molecular structure Boiling point (K) 
Oleic acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 
Methanol (B) CH3OH 337.7 
Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 
Water (D) H2O 373 

The esterification reaction was carried out in a packed RD column. Configuration of the 
RD in this work is modified from the conventional RD scheme. In this case, RD applies a 
continuous water removal system, in which the top product containing a mixture of 
methanol and water is separated in an additional column. The mixture of methanol and 
water vapour at the top is condensed. Subsequently, they are introduced to an additional 
distillation column for separation. Water is continuously withdrawn, while methanol is 
recycled to the main column as a reflux. Reflux of the methanol and both the fresh feed 
of methanol and fatty acid are introduced at the top of the column. On the other hand, 
methyl ester (biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. RD is operated in co-current mode between  
the reactants, and counter-current mode between the liquid and gas. The increment of the 
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column starts from the top, hence N = 0 m is the top of the column, while N = n m is the 
lowest part of the column. The base case condition employs the packed column with the 
height of 3 m with the column diameter of 0.5 m. The ratio of oleic acid to total methanol 
entering the column is set constant at 2 : 1 inside the column. Flow rate of oleic acid feed 
is 83.33 mol/s and total methanol inputted to the column is 166.67 mol/s. Flow rates of 
total vapour leaving the column and products discharging from the reboiler are 185 and 
69.52 mol/s, respectively. 

Figure 1 The configuration of packed RD column for biodiesel production 

 

The simulation of the packed RD column was performed based on the novel NEQ model 
combined with the three-phase approach. The unit cell for the NEQ model for three-phase 
RD is shown in Figure 2. It is an innovative approach since the previous work using this 
sophisticated model has merely been proposed for the conventional tray distillation 
column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model assumes that the 
vapour from the lower position of the packing is brought into contact with liquid moving 
down from the upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, namely methanol, 
oleic acid, methyl ester and water. The organic compounds (oleic acid and methyl ester) 
and the polar compounds (water and methanol) are immiscible, thus will separate into 
two liquid phases. Therefore, the three phases are defined as vapour phase, which 
contains only methanol and water, alcoholic liquid phase, which contains mainly water 
and methanol, and organic liquid phase, which primarily contains fatty acid and methyl 
oleate. The reaction is assumed to occur in the organic phase. 
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Figure 2 Schematic representation of one cell of three-phase packed RD column 

 

The assumptions taken in this modelling and simulation can be written as follows: 

1 In the FFA esterification reaction, oleic acid is taken as a compound representing 
the FFA in the vegetable oil. 

2 The FFA esterification is expressed by the pseudo-homogeneous second-order 
equilibrium kinetic model. 

3 The RD column operates at the steady-state condition. 

4 There are three phases that occur in the system, namely vapour phase, alcoholic 
phase (liquid-1) and organic phase (liquid-2). 

5 The reaction takes place in the organic phase (liquid-2). 

6 Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are 
similar, which is called temperature of liquid. 

7 The RD column is modelled based on the NEQ approach. Hence, the interfacial 
mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three-phase RD are summarised as follows. 
The mass balances of each compound in the vapour, liquid-1 and liquid-2 phases are 
formulated in equations (3)–(5), respectively: 

d
, , dd ( )

d

V
i G i G i zy R y
z V

′− −
=

′
 (3) 

1

1 1

d
, , d

1

d ( )
d

L
i L i L i zx R x
z L

′− −
=

′
 (4) 
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Meanwhile, the total mass balance of the vapour, liquid-1 and liquid-2 phase is presented 
in equations (6)–(8), respectively: 

,

d
d i G

V R
z
′
= −∑  (6) 

( )
1

1
,

d
d i L

L
R

z
′
= − −∑  (7) 

( )
2

2
,

d
d i L

L
R

z
′
= − −∑  (8) 

To solve equations (3)–(8), the rate process equations are necessary. The rate process 
equations for the gas, liquid-1 and liquid-2 phases are equations (9)–(11), respectively. 

1 2
, ( )GL GL

i G i iR N N= − +  (9) 

1 1 2

1,
GL L L

i L i iR N N= −  (10) 

2 1 2

2, .GL L L
i L i i iR N N v r= − + +  (11) 

The result outputted from the RD simulation is utilised for the exergy analysis by means 
of the graphical Ex-N-A methods. The Ex-N-A thermodynamic analysis is a rigorous 
method to evaluate the exergy features of the internal RD column. It is simple but 
powerful to reveal the value of EXL at each increment of the RD column, i.e., EXL 
owing to the temperature change, phase change, mixing in liquid and vapour phase and 
chemical reaction. The loss in reboiler and condenser is also examined. Effects of the 
main parameters, specifically molar ratio and the column height, on the conversion and 
EXL inside the column are also analysed. 

3 Graphical Ex-N-A methods 

Thermodynamic analysis using graphical Ex-N-A methods departs from the basic exergy 
concept and the second law of thermodynamics (Suphanit et al., 2007). The formula of 
non-chemical EXL calculation refers to the work of Budiman and Ishida (2004). 
Determination of the non-chemical reaction loss, i.e., EXL owing to changes of the 
concentration (mixing), phase of the component and temperature, have been described in 
their work and are adopted for calculation in this study. On the other hand, the formula 
for finding out the EXL owing to the chemical reaction starts from the concept of the 
energy level. Availability factor or energy level (A) is explained as (Srinophakun et al., 
2001): 

.EXLA
H

=
∆

 (12) 

EXL is then defined by the following equation. 
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0 .EXL H T S= ∆ − ∆  (13) 

Hence, 

01 .sA T
H
∆ = − ∆ 

 (14) 

It illustrates the maximum fraction of energy, which can be converted to useful work. 
Thus, energy level of the chemical reaction is expressed by: 

Chem 01 .sA T
H
∆ = − ∆ 

 (15) 

On the equilibrium condition in which the reaction does not occur, entropy can be 
defined as: 

.HS
T
∆

∆ =  (16) 

In this condition, energy level A generally can be written as: 

01 .
T

A
T

 = − 
 

 (17) 

Hence, for the liquid flowing along the column, the energy level is expressed as: 

0
Liq 1 .

T
A

T
 = − 
 

 (18) 

For the gas flowing along the column, the energy level is expressed as: 

0
Gas 1 .

T
A

T
 = − 
 

 (19) 

T in the energy-level formula depends on the phase. T is the gas temperature for the 
energy level of the gas, and it is liquid temperature for the energy level of the liquid.  
The reaction takes place in the liquid phase. Thus, EXL owing to the chemical reaction is 
closely related to the difference between the energy level of the liquid and that of the 
chemical reaction. Hence, EXL owing to the chemical reaction can be written as: 

Chem Liq Chem( ) .EXL A A H= − ∆  (20) 

4 Display of packed reactive distillation column on graphical Ex-N-A 
diagram 

4.1 Base case analysis 

Ex-N-A diagram is an exergy-feature-based diagram that is designed to present exergy 
characteristic of separation and chemical processes in a simple diagram. In this work, the 
Ex-N-A presentation was developed based on the fundamental concept of the previous 
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graphical methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 
work on MUD, Budiman and Ishida (2004), Budiman (2008) and Budiman et al. (2011) 
composed the graph for EXL owing to concentration, phase and temperature changes by 
putting the mole number (nj) as abscissa and 0 ln jT xℜ  as ordinate for the liquid phase 
and 0 ln jT yℜ  for the gas phase. Meanwhile, in this work, the Ex-N-A diagram is made 
by placing the two types of diagram in a single feature. The height of the column (N) is 
put as ordinate whereas the total EXL, the non-chemical reaction EXL and A (energy 
level) are placed as abscissa. The first type of the diagram is entitled the Ex-N diagram, 
which consists of N as ordinate whereas total EXL and non-chemical reaction EXL (Ex) 
as abscissa. The second type of the diagram is called the A-N diagram, in which N was 
put as ordinate and A is set as abscissa. The other two diagrams exhibiting the correlation 
between the column height and total EXL and reaction conversion are also composed. 

The graphical Ex-N-A method has numerous advantages compared with the previous 
literature work. It is a simple diagram, however, can display the detailed exergy 
characteristic in the whole RD column. The Ex-N-A diagram describes all the EXL  
sub-processes, namely the chemical EXL and non-chemical EXL (EXL owing to the 
cooling, heating, mixing in the vapour and liquid phases, as well as phase change) 
incrementally. This graphical method does not reveal a complicated diagram even in a 
case when one of the sub-processes EXL is much larger than the others. It can also 
combine two types of graphs (Ex-N and A-N graphs) in a single diagram. 

This Ex-N-A diagram implements the principle of energy-level difference. In this 
concept, every process must donate or accept energy. The process donating energy is 
referred to as the energy donor and the one accepting energy is referred to as the energy 
acceptor (Srinophakun et al., 2001). The energy-level difference between Agas and Aliq 
(Agas – Aliq) indicates the driving force for the energy transformation (Budiman and 
Ishida, 2004). In the literature work, this concept is commonly applied for a graphical 
methodology to exemplify the driving force as the energy-level difference and exergy 
consumption as the shaded area in the diagrams. Hence, it does not clearly show the 
exergy profile at different levels of the column. 

On the other hand, in composing the Ex-N-A diagram, column height (N) is plotted as 
abscissa against the total EXL, non-chemical reaction EXL and energy level. On the basis 
of this diagram, the graphical correlation between total EXL, non-chemical reaction EXL 
and energy-level difference between gas and liquid (Agas – Aliq) is incrementally revealed 
along the column. The Ex-N-A diagram is illustrated in the form of a bar graph, which 
consists of the two graphs, namely the Ex-N and the N-A graphs. Ex-N graph also splits 
into two types of subgraphs. The first Ex-N graph shows the EXL in the reboiler and 
condenser, EXL owing to the chemical reaction and non-chemical EXL (i.e., losses 
owing to the temperature change, mixing and phase change) incrementally from top to 
the bottom. EXL in the condenser and reboiler are shown on the uppermost part and  
the bottom of the graph, respectively. Meanwhile, at each increment, EXL of all the  
sub-processes, i.e., EXL owing to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing in the vapour phase, and 
temperature change in liquid phase and temperature change in gas phases, is displayed in 
a bar graph from the left to the right, correspondingly. 

The second Ex-N diagram shows the non-chemical reaction EXL. It consists of losses 
owing to phase change of methanol compounds, phase change of water compounds, 
mixing process in the liquid phase, mixing process in the vapour phase, temperature 
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change in liquid phase and temperature change in liquid phase, which are drawn from the 
right to the left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incrementally. For each increment, 
the energy level (A) of the liquid is placed at the upper position, whereas the energy  
level (A) of the gas is placed at the lower position. On the basis of this N-A graph, the 
energy-level difference between gas and liquid (Agas – Aliq) incrementally can be exposed. 

In this work, the base case of the simulation was set up with the following condition: 
the height of the column (N) was 3 m, the column diameter was 0.5 m and the molar ratio 
of methanol to oleic acid was 2 : 1. It resulted in total oleic acid conversion of 30.76%. 
The concentration of the compounds, total molar flow rate of each phase and temperature 
profiles at the different heights of the columns are exhibited in Figures 3–5, respectively. 
These data are required for the EXL calculation. 

Figure 3 Concentration profiles of the compounds in liquid-1, liquid-2 and vapour phases  
at different column height (see online version for colours) 

 

Figure 6 demonstrates the Ex-N-A diagram over the whole column for the base case 
condition. The EXL profile shows large EXL at the condenser and reboiler compared 
with the other parts of the column. Hence, this serves as an account of the large driving 
forces for heat and mass transfer at these regions. The total EXL at reboiler is 
1256638.9211 J/s whereas in condenser it is 769351.3847 J/s. In Figure 6(a), EXL of  
the reboiler and condenser is shown by the scale of 1/5 because of their large values.  
 
The larger EXL at the reboiler than at condenser is not surprising. This could be as a 
consequence of the large concentration of compounds as well as the high heat load at 
reboiler than those at condenser. This phenomenon agrees with the result previously 
obtained by Budiman and Ishida (2004) and Khoa et al. (2010). 

Figure 4 Total molar flow of each phase at different column height (see online version  
for colours) 
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Figure 5 Temperature profile of liquid and vapour phase at different column height (see online 
version for colours) 

 

Figure 6 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 
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 (a) (b) 

The incremental assessment on the RD column using Ex-N-A diagram was also depicted 
in Figure 6. The Ex-N diagram in Figure 6(a) shows that the non-chemical EXL, i.e., the 
summation of EXL owing to the concentration change (mixing), temperature and phase 
changes, decreases from the top to bottom. Then, starting from N = 2 m from the top, the 
non-chemical EXL turns into a very small quantity. This tendency agrees with the A-N 
diagram in Figure 6(b), which displays the profile of the energy-level difference between 
gas and liquid (Agas – Aliq) inside the column or the so-called driving force. Energy-level 
difference between gas and liquid strongly corresponds to the temperature profile along 
the RD column. The temperature difference between gas and liquid will result in the 
energy-level difference. 

On the basis of the A-N diagram in Figure 6(b), it is disclosed that there is a large 
gas-liquid temperature difference at the top, which then gets smaller towards the bottom. 
Subsequently, at the height of 2 m from the top (N = 2), the liquid temperature almost 
reaches the similar temperature to that of the gas, which is represented by the equal value 
of the gas and liquid energy level. This condition has an important effect on the non-
chemical reaction EXL value. The diagram exhibits that, for the non-chemical reaction 
EXL, the values of all the losses that are influenced by temperature are zero. Hence, 
simply the EXL owing to the mixing exists at N = 2 m moved downwards. EXL owing to 
mixing is affected only by the concentration change, so the alteration of the temperature 
does not provide so much influence. On the other hand, EXL owing to the temperature 
and phase change absolutely depend on the temperature difference between gas and 
liquid. When the temperature of the liquid is just about equal to the gas temperature, it 
can be said that the near-equilibrium condition has been reached. In this condition,  
a macro-heat transfer between the two phases does not occur. Therefore, the section 
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inside the column can be divided into two regions. The first region is the non-equilibrium 
(NEQ) zone, and the second one is the close-to-equilibrium zone. 

Two regions, NEQ and close-to-equilibrium zones, exist in the packed RD column in 
this operation. Non-equilibrium zone takes place at the upper part of the column. 
Meanwhile, the close-to-equilibrium zone comes about at the lower part of the column. 
At the lower part of the column, there is an abundant heat supply from reboiler, leading to 
an excellent heat transfer between the gas and liquid phase. It causes a very small 
temperature difference between gas and liquid, which also results in a very small (near to 
zero) energy-level difference. The condition where the energy-level difference or the 
driving force is very small (let us say ‘zero’) is described as the ideal column with 
minimum thermodynamic condition (Pinto et al., 2011). This condition has brought about 
the close-to-equilibrium zone on the lower part of the column. An intensive discussion on 
close-to-equilibrium zone, or sometimes called close-to-equilibrium point (CEP), has also 
been presented by Budiman et al. (2011), in which CEP is shown on MUD for the 
minimum reflux ratio. Pinto et al. (2011) and Budiman et al. (2011) suggest that  
the procedure to improve the energy efficiency of a distillation column should involve the 
use of the so-called minimum thermodynamic condition of columns. 

Non-equilibrium zone emerges at the upper part of the column. At the top of the 
column, all feeds are introduced; explicitly both the fresh feed of methanol and oleic acid, 
as well as methanol reflux. The abundant liquid stream entering the column has 
drastically changed the gas-liquid composition and brings about a distance between the 
actual and the near-to-equilibrium condition. It causes an inefficient heat transfer between 
the gas flowing from the lower increment and the liquid stream. Thus, there is a large 
temperature difference between the gas as the heat donor and the liquid as the heat 
acceptor. This large temperature difference is shown by the large energy-level difference 
(driving force) between gas and liquid at the column top (A-N diagram in Figure 6(b)).  
In addition, the energy-level difference decreases from the top to the bottom. Ultimately, 
at a certain height of the column, it comes up to the close-to-equilibrium zone. The A-N 
diagram profile agrees with the non-chemical reaction EXL profile as shown on Ex-N 
diagram in Figure 6(a). Thus, it depicts that the largest non-chemical reaction EXL is 
located at the top of the column. This finding is valuable for guiding the improvement on 
RD design. 

A comprehensive thermodynamic analysis on a packed RD column should involve 
the EXL analysis owing to the chemical reaction. However, assessment on the EXL 
owing to chemical reaction incrementally has never been discussed intensively in the 
previous literature. In this work, this type of EXL becomes one main focus to evaluate. 
Ex-N diagrams in Figure 6(a) expose a different tendency between the profile of the total 
EXL and EXL owing to the chemical reaction, on the one side, and EXL owing to the 
non-chemical reaction, on the other side. The profile of total EXL and EXL owing to 
chemical reaction increases from the top to the bottom. This fact is absolutely the 
opposite of the profile of the non-chemical reaction EXL. It indicates that EXL owing to 
chemical reaction gives a dominant contribution to the total EXL at each increment. 
Hence, the profile of total EXL is reminiscent of the EXL owing to chemical reaction 
profile. 
 
 

On the basis of the Ex-N diagram, it is revealed that the amount of EXL owing to 
chemical reaction increases from the top to the bottom. The higher EXL is probably 
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correlated to the amount of the mole reacting at each increment. The higher the amount of 
reactants reacts, the higher the EXL is resulted. In this RD system, at the top of the 
column, the fresh feed and reflux of methanol meets the fresh feed of oleic acid. 
Methanol has a small solubility with long fatty acid. Therefore, at the beginning of the 
column, only a little mole of methanol diffuses into the organic liquid phase, which 
contains mainly oleic acid. While flowing downward the column, more amount of 
methanol is dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it is found that the 
EXL owing to chemical reaction as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a distillation column can 
provide a useful understanding and insights, leading to a better design of a distillation 
system. Thus, to acquire an in-depth understanding of the thermodynamic aspects of an 
RD column, examination on the influence of the main process parameters should be 
conducted. Parameters observed in this study are molar ratio of the reactants and column 
height (N). The knowledge of their effects on RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and perform the 
optimisation graphically. 

4.2 Effect of the molar ratio of the reactants 

To understand the influence of molar ratio on the thermodynamic behaviour and RD 
performance, first, the molar ratio of total methanol and oleic acid entering the column is 
increased from 2 : 1 to 6 : 1 at the same column height of 3 m (N = 3) and column 
diameter of 0.5 m. By employing the molar ratio of 6 : 1, it is shown that the reaction 
conversion enhances about two times from 30.76% to 66.41%. However, the Ex-N 
diagram in Figure 7(a) shows that the profile of non-chemical EXL does not change so 
much compared with the result given by the molar ratio of 2 : 1. At molar ratio of 6 : 1, 
the area in the packed RD column splits into two regions. The lower part of the column is 
the close-to-equilibrium zone with near to zero driving force, whereas the upper part  
is NEQ zone. However, enhancing molar ratio from 2 : 1 to 6 : 1 has considerably 
extended the area of the close-to-equilibrium zone. The A-N diagram in Figure 7(b) 
shows that, when molar ratio of 6 : 1 is applied, the close-to-equilibrium zone starts at 
N = 0.75 m downward. Hence, the area of the close-to-equilibrium zone is notably larger 
than that of the NEQ zone inside the column. The larger area of the close-to-equilibrium 
zone occurs since there is a far excess of methanol in the mixture. The large excess of 
methanol to oleic acid eases a good contact to the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is approached and 
the driving force is near to zero, the equilibrium condition will be easier to reach. 
Consequently, the region of CEP gets larger when the higher molar ratio of reaction is 
applied. 

It can be confirmed that the higher molar ratio of the reactants leads to the wider 
equilibrium region in the column. This statement is convinced by the result obtained 
when applying the molar ratio of methanol to oleic acid of 1 : 1 with N = 3. At this 
operation condition, the oleic acid conversion drops to 9.57%. Meanwhile, the 
thermodynamic evaluation depicts that the CEP cannot be reached with this low molar 
ratio. As shown on the A-N diagram in Figure 8(b), all the areas in RD column are  
NEQ zone, disclosed by the existence of the driving force and all the non-chemical 
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reaction EXL (losses owing to mixing, phase and temperature changes) along the column. 
The amount of non-chemical reaction EXL decreases from the top to the bottom. 

Figure 7 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 6 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

To evaluate the impact of varying the molar ratio on the value of the EXL owing to 
chemical reaction, both the diagrams in Figures 7 and 8 are examined. It is exhibited on 
the Ex-N diagram in Figures 7 and 8 that the EXL owing to the chemical reaction is 
clearly affected by the changing of molar ratio of the reactants. As displayed in Figure 8, 
when the molar ratio of 1 : 1 is employed, the Ex-N profile is almost similar to the result 
gotten by applying molar ratio of 2 : 1. 

However, if molar ratio of the reactants is drastically enhanced to 6 : 1, the new Ex-N 
profile seems interesting. It is shown that EXL owing to the chemical reaction gets higher 
from the top downward as seen on the Ex-N diagram in Figure 7(a). In spite of this, at a 
certain point in the column, EXL owing to chemical reaction tends to decrease and 
achieve the minimum value at the lowest increment of the column. The value of EXL 
owing to chemical reaction strongly corresponds to the number of moles that reacts at 
each increment. Hence, this phenomenon can be explained as follows. When the high 
molar ratio of methanol to oleic acid is applied, the mass transfer of methanol to organic 
phase becomes easier. An excellent dispersion of methanol in the organic phase leads the 
reactants to react easily. Consequently, from the top downward, there is a severe increase 
in the number of moles of reactants involved in the reaction at each increment, which 
causes high reaction rate enhancement at the upper part of the column. However, at a 
certain point, the remaining unreacted oleic acid is too small to achieve high reaction rate. 
At this increment, only a small number of oleic acid involves in the reaction, which 
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results in the decrease in the reaction rate from this point to the bottom. The profile of the 
reaction rate is identical to the profile of the EXL owing to chemical reaction in the 
column. It can be observed that EXL owing to the chemical reaction increases 
significantly at each increment on the upper part of the column. However, at a certain 
point, it decreases and reaches a minimum point at the lowest increment. 

To obtain the appropriate molar ratio of the reactants that provides high RD 
performance but low total EXL, an integrated graphical examination should be 
composed. Figure 9 presents the profile of oleic acid conversion and total EXL against 
the reactant molar ratio. It is revealed that the higher molar ratio results in the higher 
reaction conversion but lower EXL. Thus, the higher molar ratio of methanol to oleic acid 
will give great benefit, both from the RD performance and the thermodynamic aspect’s 
point of view. 

Figure 8 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 1 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

4.3 Effect of the height of the packed column (N) 

The subsequent important aspect to be analysed is the height of the column (N). To study 
this parameter, N is increased from 3 m to 6 m with the similar reactants molar ratio of 
2 : 1, whereas the column diameter is kept the same (0.5 m). Hence, it reveals that the 
reaction conversion is enhanced from 30.76% to 58.52%. On the other hand, the result  
of the thermodynamic evaluation is displayed in Figure 10. The Ex-N diagram in  
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Figure 10(a) shows that increasing the height of the column does not so much change the 
profile of the non-chemical reaction EXL compared with the profile of the column with 
the height of 3 m (N = 3). The highest value of non-chemical EXL occurs at the top of the 
column, thereafter it decreases downward. Subsequently, starting from the N = 2 m from 
the top, EXL of the sub-processes, which depends on temperature (loss owing to 
temperature and phase changes), approaches zero. This tendency agrees with the trend of 
the driving force profile exhibited on the A-N diagram in Figure 10(b). Nevertheless, it is 
shown that the energy-level difference between gas and liquid decreases from the top 
downward. Then, starting at N = 2 m downward, the energy-level difference is near  
to zero. Thus, the area in the column can be separated into two regions, i.e., the  
NEQ zone and the close-to-equilibrium zone. Non-equilibrium region covers the section 
from the top to N = 2, whereas the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the NEQ area. However, it just prolongs 
the close-to-equilibrium zone. The existing of NEQ region is mostly caused by the 
extremely abundant input of the reactants and reflux at the top. Conclusively, the 
changing on the molar flow rate will provide more influence on it than the variation on 
the column height. 

Figure 9 Profile of total exergy loss and fatty acid conversion at different reactant molar ratio 

 

Effect of the column height (N) on the EXL owing to the chemical reaction is evaluated, 
as well. Ex-N diagram in Figure 10 presents the profile of EXL owing to the chemical 
reaction. It is observed that EXL owing to the chemical reaction increases from the top 
downward. When it reaches the increment of N = 2, EXL owing to the chemical reaction 
values remains almost constant, and finally decreases at N = 4 to bottom. EXL owing to 
the chemical reaction is strongly affected by the reaction behaviour. In this operation 
condition, reaction rate at each increment in the upper part of the column increases from 
the top downward. However, at a certain height, the remaining moles of the unreacted 
oleic acid are not sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared with the rate at the upper 
increment. Finally, the rate decreases at a certain increment downward. 

To obtain a more profound comprehension on the influence of the column height to 
the RD performance and thermodynamic behaviour, a diagram presenting the profile of 
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total EXL and reaction conversion against the column height is composed. Figure 11 
discloses that the increase in the column height leads to the higher conversion and the 
larger total EXL. Thus, the best point on the column yielding an excellent performance 
on the reaction conversion and the thermodynamic efficiency should be determined. 

Figure 10 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 6 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

Figure 11 Profile of total exergy loss and fatty acid conversion at different column height 
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Conclusively, there are some findings obtained by analysing the effects of the reactant 
molar ratio and column height. On the basis of the thermodynamic point of view, EXL 
can be reduced by distributing the inlet of the reactants at different places. For example, 
shifting the feed point location of one reactant from the top will reduce the load at the top 
and lessen EXL. It probably facilitates the reduction of the driving force and enlarges the 
close-to-equilibrium region inside the column. This suggestion agrees with the work on 
exergy analysis using MUD (Budiman et al., 2011). Besides, the optimum efficiency of 
the RD can be achieved by determining the best column height, which results in low EXL 
but high reaction conversion. The other way to improve the reaction performance and 
reduce EXL is through employing higher molar ratio of the reactants, which can be done 
by increasing the reflux ratio as suggested by Pinto et al. (2011), or by introducing higher 
fresh feed stream. 

5 Conclusions 

• A graphical method called Ex-N-A diagram has been applied to assess the 
performance and efficiency of a packed RD column. This technique displays  
the reaction performance, EXL and energy-level characteristic incrementally  
over the whole packed RD column in a simple way. Nevertheless, it is easy to 
understand, even when one of the sub-processes has a much larger EXL than the 
others. 

• The base case of the RD simulation was studied at N = 3 m, the column diameter of 
0.5 m and the molar ratio of methanol to oleic acid of 2 : 1. This results in total oleic 
acid conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s whereas in 
condenser it is 769351.3847 J/s. The incremental assessment on the RD column 
shows that the non-chemical EXL decreases from the top to bottom, which agrees 
with the A-N profile. 

• The influence of molar ratio is examined by changing the molar ratio of total 
methanol to oleic acid entering the column of 2 : 1 to 6 : 1 at the similar N of 3 m 
and column diameter of 0.5 m. By employing the molar ratio of 6 : 1, the reaction 
conversion enhances from 30.76% to 66.41%. On the contrary, it drops to 9.57% by 
applying the molar ratio of 1 : 1. It can also be confirmed that the higher molar ratio 
of the reactants leads to the wider equilibrium region in the column. 

• To study the effect of column height, N is increased from 3 m to 6 m, whereas the 
reactants molar ratio and column diameter are kept at 2 : 1 and 0.5 m, respectively. 
This reveals that the conversion is enhanced from 30.76% to 58.52%. Thus, the 
increase in the column height does not change the NEQ area; nevertheless, it just 
prolongs the close-to-equilibrium zone. 

• The changing on molar flow rate provides more effect on reaction conversion and 
EXL profile than the variation on column height. 
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Nomenclature 

Symbols   
A Energy level 
AChem Energy level of the chemical reaction 
AGas  Energy level of the gas phase 
ALiq Energy level of the liquid phase 
Ccat Concentration of the solid catalyst (kgcat/m3) 
Ea Activation energies (J/mol) 

EXL  Exergy loss rate (J/s) 

∆H Enthalpy change (J/mol) 
∆Hr Heat of reaction (J/mol) 
k1 Direct reaction rate constant (mol·m3/kgcat

2/s) 
k2 Reverse reaction rate constant (mol·m3/kgcat

2/s) 
L1 Molar liquid flow rate of liquid phase 1 (mol/s) 
L2 Molar liquid flow rate of liquid phase 2 (mol/s) 
N Height of the column (m) 

1GL
iN  Mass transfer rate of component i from the gas phase to liquid 1 phase (mol/s)  

2GL
iN  Mass transfer rate of component i from the gas phase to liquid 2 phase (mol/s) 

1 2GL L
iN  Mass transfer rate of component i from the liquid 1 phase to liquid 2 phase (mol/s) 

r  Reaction rate (mol/s) 

R  Rate of the compounds generated (mol/s) 

∆S Entropy change (J/mol/K) 
T Temperature (K) 
T0 Reference temperature (K) 
Tb Boiling point (K) 
V Molar liquid flow rate of vapour phase (mol/s) 
x Mole fraction of the compounds in the liquid phase 
y Mole fraction of the compounds in the vapour phase 
dz Increment of the column height (m) 
vi Reaction coefficient 
Subscripts  
A, B, C, D Fatty acid (oleic acid), methanol, biodiesel (methyl oleate), water, respectively 
i Component index 
G Referring to gas phase 
L1 Referring to liquid 1 phase 
L2 Referring to liquid 2 phase 
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Abbreviation   
EXL Exergy loss 
FFA Free fatty acid 
NEQ Non equilibrium 
RD Reactive distillation 
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Abstract: This paper brings the novelty of the exergy analysis technique using 
Ex-N-A diagram to a packed reactive distillation (RD) column for biodiesel 
production. In this study, biodiesel is produced through the esterification of 
fatty acid with methanol. The simulation of the column was performed based 
on the non-equilibrium (NEQ) model of a three-phase packed RD system. The 
graphical Ex-N-A method was utilised to evaluate exergy features of the 
internal RD column. This technique rigorously demonstrated the value of 
exergy losses at each increment of the column, i.e., losses owing to the 
temperature change, phase change, mixing in liquid and vapour phases and 
chemical reaction. The effects of the molar ratio of the reactant and the height 
of the packed column on the conversion and exergy losses were examined and 
displayed in a simple figure. 

Keywords: exergy analysis; reactive distillation; esterification; Ex-N-A; 
biodiesel. 
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1 Introduction 

Reactive distillation (RD) is a promising alternative process for equilibrium-limited 
reaction, such as biodiesel production via fatty acid esterification scheme. It is caused by 
the fact that the continuous removal of one product will shift the equilibrium to the 
product formation. Besides, RD integrates the reaction and separation in one shell 
(Dragomir and Jobson, 2005; Dimian et al., 2009; Gómez-Castro et al., 2010). However, 
the process involving distillation process is usually associated with the high energy 
consumption. Therefore, thermodynamic analysis, or specifically recognised as exergy 
analysis, on an RD column is important to evaluate the energy efficiency of the process. 

Exergy is a type of useful or available energy (Ao et al., 2012). Exergy analysis is a 
robust analysis tool that is based on the first and the second law of thermodynamics. It is 
efficient for examining the energy quantity and quality of a process accurately (Suphanit 
et al., 2007). This analysis can be used to find the locations, source and magnitudes of 
exergy losses in the energy systems and process, hence it plays an important role for 
designing, developing and optimising an energy-efficient RD process (Budiman and 
Ishida, 2004; Colpan, 2012). 

Various methods of exergy analysis have been proposed for distillation process.  
Le Goff et al. (1996) introduced the Carnot-factor-specific enthalpy diagram. This 
method is easy to utilise for calculating the exergy target, but it cannot describe the  
stage-by-stage exergy characteristic. Dhole and Linnhoff (1993) proposed a procedure for 
composing a T-H curve called the column grand composite curve (CGCC). Demirel 
(2006) suggested that the CGCC is useful for exploring the energy-saving potential, 
determining the targets for column modifications and recommending retrofits. This 
method, however, is simple but does not offer information with respect to exergy loss 
caused by chemical reaction. 
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A more advanced method was developed by Taprap and Ishida (1996), named energy 
utilisation diagram (EUD). This method is functional for analysing stage-by-stage exergy 
loss inside the distillation column. The overall exergy loss in the column can be broken 
down into six types of exergy losses (EXLs), namely EXL owing to the cooling, heating, 
mixing in the vapour and liquid phases, condensation and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed information for 
exergy characteristic. However, it is not convenient when the number of plates in a 
column is increased. The EUD method was then modified by Budiman and Ishida (1998) 
into a more compact graphical method called integrated energy utilisation diagram 
(IEUD). This method thus exhibits all the different types of EXL in a simple diagram. 
IEUD can show the exergy characteristic in the whole column stage-by-stage, but it 
cannot reveal the separation performance. To overcome this drawback, Budiman and 
Ishida (2004) introduced the material-utilisation diagram (MUD) graphical method. This 
method is able to present the separation performance and the EXL stage-by-stage in the 
column profile simultaneously. However, MUD diagram becomes very complicated 
when one of the sub-processes EXL is much larger than the others. Therefore, it is 
necessary to compose such a simpler and easier diagram to understand a complex RD 
process. 

On this note, the development of the novel Ex-N-A graphical method for exergy 
analysis in a complex RD system was studied in this work. Compared with the literature 
works, this graphical method is superior. The Ex-N-A method is constructed simply by 
plotting the height of the column (N) as ordinate whereas the total EXL, the non-chemical 
reaction EXL and A (energy level) as abscissa. This plotting results in a simple diagram, 
which is easy to understand, but it can display the detailed exergy characteristic of a 
packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the 
EXL owing to the cooling, heating, mixing in the vapour and liquid phases, condensation, 
and evaporation and chemical reaction incrementally. And, it is yet easy to understand 
even in a case when one of the sub-processes EXL is much larger than the others. This 
diagram can also obviously exhibit the correlation of the exergy losses owing to chemical 
and non-chemical sub-processes with the energy-level difference at various heights of 
column. 

A thermodynamic analysis using the graphical Ex-N-A diagram to a packed RD 
column for biodiesel production was carried out in this work. Biodiesel is produced via 
an esterification reaction of free fatty acid (FFA) with methanol. This route is preferred 
rather than transesterification of triglyceride scheme, since today employing waste and 
non-edible feedstock is an obligation to meet with the ecological and ethical requirement 
for bio-fuels (Dimian et al., 2009). Waste oil and low-grade feedstock contains a 
considerable value of FFA. Therefore, esterification of FFA is the best scheme for 
biodiesel production using waste and non-edible oil as feedstock. 

In this work, NEQ model with three-phase approach is applied for the RD system. 
This model brings a novelty since the combination of the three-phase and NEQ model has 
been merely studied for a distillation process, which does not involve any reaction in the 
system (Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A exergy 
analysis for presenting the energy feature of the RD column for biodiesel production.  
The effect of some parameters on the reaction conversion and exergy loss is also 
revealed. This finding will facilitate the designer to identify the thermodynamic problem 
and help to enhance the conversion as well as improve the energy efficiency of the RD 
system. 
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2 Model and simulation for reactive distillation (RD) column 

A packed RD column was utilised for the biodiesel production via fatty acid 
esterification. In this case, oleic acid was taken as a compound representing the FFAs.  
As a case study, esterification of oleic acid and methanol in the presence of solid acid 
catalyst namely ion-exchange polymeric resin of relite CFS (Tesser et al., 2005) in RD 
column was examined. The generic esterification reaction of an FFA and methanol is 
shown here: 

( ) ( ) ( ) ( )1

2
3 3 2RCOOH A   CH OH B  RCOOCH C   H O Dk

k
+ +  (1) 

For the RD simulation, the pseudo-homogeneous second-order equilibrium is selected to 
express the reaction rate (Tesser et al., 2005): 

1 2 cat( ) .A B A Br k x x k x x C= −  (2) 

The values of the pre-exponential factors and activation energies (Ea) for the direct (1) 
and reverse reaction (2) are reported in Table 1. The reaction is slightly endothermic with 
∆Hr = 11213.12 J/mol. The compounds involved in the reaction are oleic acid and 
methanol as reactants. On the other hand, water and methyl oleate (biodiesel) are 
products. Table 2 reports the molecular structure of the chemical compounds involved in 
the reaction as well as their normal boiling points. 

Table 1 Kinetic parameters of the pseudo-homogeneous model 

Reaction rate constant (mol m3/kgcat
2/s) Ln(pre-exponential factor) Ea (J/mol) 

k1 0.2155 58576.0000 
k2 0.1460 47362.8800 

Table 2 Molecular structure and normal boiling points of all the chemical compounds 

Compounds Molecular structure Boiling point (K) 

Oleic acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 
Methanol (B) CH3OH 337.7 
Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 
Water (D) H2O 373 

The esterification reaction was carried out in a packed RD column. Configuration of the 
RD in this work is modified from the conventional RD scheme. In this case, RD applies a 
continuous water removal system, in which the top product containing a mixture of 
methanol and water is separated in an additional column. The mixture of methanol and 
water vapour at the top is condensed. Subsequently, they are introduced to an additional 
distillation column for separation. Water is continuously withdrawn, while methanol is 
recycled to the main column as a reflux. Reflux of the methanol and both the fresh feed 
of methanol and fatty acid are introduced at the top of the column. On the other hand, 
methyl ester (biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. RD is operated in co-current mode between  
the reactants, and counter-current mode between the liquid and gas. The increment of the 
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column starts from the top, hence N = 0 m is the top of the column, while N = n m is the 
lowest part of the column. The base case condition employs the packed column with the 
height of 3 m with the column diameter of 0.5 m. The ratio of oleic acid to total methanol 
entering the column is set constant at 2 : 1 inside the column. Flow rate of oleic acid feed 
is 83.33 mol/s and total methanol inputted to the column is 166.67 mol/s. Flow rates of 
total vapour leaving the column and products discharging from the reboiler are 185 and 
69.52 mol/s, respectively. 

Figure 1 The configuration of packed RD column for biodiesel production 

 

The simulation of the packed RD column was performed based on the novel NEQ model 
combined with the three-phase approach. The unit cell for the NEQ model for three-phase 
RD is shown in Figure 2. It is an innovative approach since the previous work using this 
sophisticated model has merely been proposed for the conventional tray distillation 
column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model assumes that the 
vapour from the lower position of the packing is brought into contact with liquid moving 
down from the upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, namely methanol, 
oleic acid, methyl ester and water. The organic compounds (oleic acid and methyl ester) 
and the polar compounds (water and methanol) are immiscible, thus will separate into 
two liquid phases. Therefore, the three phases are defined as vapour phase, which 
contains only methanol and water, alcoholic liquid phase, which contains mainly water 
and methanol, and organic liquid phase, which primarily contains fatty acid and methyl 
oleate. The reaction is assumed to occur in the organic phase. 
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Figure 2 Schematic representation of one cell of three-phase packed RD column 

 

The assumptions taken in this modelling and simulation can be written as follows: 

1 In the FFA esterification reaction, oleic acid is taken as a compound representing 
the FFA in the vegetable oil. 

2 The FFA esterification is expressed by the pseudo-homogeneous second-order 
equilibrium kinetic model. 

3 The RD column operates at the steady-state condition. 

4 There are three phases that occur in the system, namely vapour phase, alcoholic 
phase (liquid-1) and organic phase (liquid-2). 

5 The reaction takes place in the organic phase (liquid-2). 

6 Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are 
similar, which is called temperature of liquid. 

7 The RD column is modelled based on the NEQ approach. Hence, the interfacial 
mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three-phase RD are summarised as follows. 
The mass balances of each compound in the vapour, liquid-1 and liquid-2 phases are 
formulated in equations (3)–(5), respectively: 

d
, , dd ( )

d

V
i G i G i zy R y
z V

′− −
=

′
 (3) 

1

1 1

d
, , d

1

d ( )
d

L
i L i L i zx R x
z L

′− −
=

′
 (4) 
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Meanwhile, the total mass balance of the vapour, liquid-1 and liquid-2 phase is presented 
in equations (6)–(8), respectively: 

,

d
d i G

V R
z
′

= −∑  (6) 

( )
1

1
,

d
d i L

L
R

z
′

= − −∑  (7) 

( )
2

2
,

d
d i L

L
R

z
′

= − −∑  (8) 

To solve equations (3)–(8), the rate process equations are necessary. The rate process 
equations for the gas, liquid-1 and liquid-2 phases are equations (9)–(11), respectively. 

1 2
, ( )GL GL

i G i iR N N= − +  (9) 

1 1 2

1,
GL L L

i L i iR N N= −  (10) 

2 1 2

2, .GL L L
i L i i iR N N v r= − + +  (11) 

The result outputted from the RD simulation is utilised for the exergy analysis by means 
of the graphical Ex-N-A methods. The Ex-N-A thermodynamic analysis is a rigorous 
method to evaluate the exergy features of the internal RD column. It is simple but 
powerful to reveal the value of EXL at each increment of the RD column, i.e., EXL 
owing to the temperature change, phase change, mixing in liquid and vapour phase and 
chemical reaction. The loss in reboiler and condenser is also examined. Effects of the 
main parameters, specifically molar ratio and the column height, on the conversion and 
EXL inside the column are also analysed. 

3 Graphical Ex-N-A methods 

Thermodynamic analysis using graphical Ex-N-A methods departs from the basic exergy 
concept and the second law of thermodynamics (Suphanit et al., 2007). The formula of 
non-chemical EXL calculation refers to the work of Budiman and Ishida (2004). 
Determination of the non-chemical reaction loss, i.e., EXL owing to changes of the 
concentration (mixing), phase of the component and temperature, have been described in 
their work and are adopted for calculation in this study. On the other hand, the formula 
for finding out the EXL owing to the chemical reaction starts from the concept of the 
energy level. Availability factor or energy level (A) is explained as (Srinophakun et al., 
2001): 

.EXLA
H

=
∆

 (12) 

EXL is then defined by the following equation. 



   

 

   

   
 

   

   

 

   

   8 R.D. Kusumaningtyas et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

0 .EXL H T S= ∆ − ∆  (13) 

Hence, 

01 .sA T
H

∆ = − ∆ 
 (14) 

It illustrates the maximum fraction of energy, which can be converted to useful work. 
Thus, energy level of the chemical reaction is expressed by: 

Chem 01 .sA T
H

∆ = − ∆ 
 (15) 

On the equilibrium condition in which the reaction does not occur, entropy can be 
defined as: 

.HS
T

∆
∆ =  (16) 

In this condition, energy level A generally can be written as: 

01 .
T

A
T

 = − 
 

 (17) 

Hence, for the liquid flowing along the column, the energy level is expressed as: 

0
Liq 1 .

T
A

T
 = − 
 

 (18) 

For the gas flowing along the column, the energy level is expressed as: 

0
Gas 1 .

T
A

T
 = − 
 

 (19) 

T in the energy-level formula depends on the phase. T is the gas temperature for the 
energy level of the gas, and it is liquid temperature for the energy level of the liquid.  
The reaction takes place in the liquid phase. Thus, EXL owing to the chemical reaction is 
closely related to the difference between the energy level of the liquid and that of the 
chemical reaction. Hence, EXL owing to the chemical reaction can be written as: 

Chem Liq Chem( ) .EXL A A H= − ∆  (20) 

4 Display of packed reactive distillation column on graphical Ex-N-A 
diagram 

4.1 Base case analysis 

Ex-N-A diagram is an exergy-feature-based diagram that is designed to present exergy 
characteristic of separation and chemical processes in a simple diagram. In this work, the 
Ex-N-A presentation was developed based on the fundamental concept of the previous 
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graphical methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 
work on MUD, Budiman and Ishida (2004), Budiman (2008) and Budiman et al. (2011) 
composed the graph for EXL owing to concentration, phase and temperature changes by 
putting the mole number (nj) as abscissa and 0 ln jT xℜ  as ordinate for the liquid phase 
and 0 ln jT yℜ  for the gas phase. Meanwhile, in this work, the Ex-N-A diagram is made 
by placing the two types of diagram in a single feature. The height of the column (N) is 
put as ordinate whereas the total EXL, the non-chemical reaction EXL and A (energy 
level) are placed as abscissa. The first type of the diagram is entitled the Ex-N diagram, 
which consists of N as ordinate whereas total EXL and non-chemical reaction EXL (Ex) 
as abscissa. The second type of the diagram is called the A-N diagram, in which N was 
put as ordinate and A is set as abscissa. The other two diagrams exhibiting the correlation 
between the column height and total EXL and reaction conversion are also composed. 

The graphical Ex-N-A method has numerous advantages compared with the previous 
literature work. It is a simple diagram, however, can display the detailed exergy 
characteristic in the whole RD column. The Ex-N-A diagram describes all the EXL  
sub-processes, namely the chemical EXL and non-chemical EXL (EXL owing to the 
cooling, heating, mixing in the vapour and liquid phases, as well as phase change) 
incrementally. This graphical method does not reveal a complicated diagram even in a 
case when one of the sub-processes EXL is much larger than the others. It can also 
combine two types of graphs (Ex-N and A-N graphs) in a single diagram. 

This Ex-N-A diagram implements the principle of energy-level difference. In this 
concept, every process must donate or accept energy. The process donating energy is 
referred to as the energy donor and the one accepting energy is referred to as the energy 
acceptor (Srinophakun et al., 2001). The energy-level difference between Agas and Aliq 
(Agas – Aliq) indicates the driving force for the energy transformation (Budiman and 
Ishida, 2004). In the literature work, this concept is commonly applied for a graphical 
methodology to exemplify the driving force as the energy-level difference and exergy 
consumption as the shaded area in the diagrams. Hence, it does not clearly show the 
exergy profile at different levels of the column. 

On the other hand, in composing the Ex-N-A diagram, column height (N) is plotted as 
abscissa against the total EXL, non-chemical reaction EXL and energy level. On the basis 
of this diagram, the graphical correlation between total EXL, non-chemical reaction EXL 
and energy-level difference between gas and liquid (Agas – Aliq) is incrementally revealed 
along the column. The Ex-N-A diagram is illustrated in the form of a bar graph, which 
consists of the two graphs, namely the Ex-N and the N-A graphs. Ex-N graph also splits 
into two types of subgraphs. The first Ex-N graph shows the EXL in the reboiler and 
condenser, EXL owing to the chemical reaction and non-chemical EXL (i.e., losses 
owing to the temperature change, mixing and phase change) incrementally from top to 
the bottom. EXL in the condenser and reboiler are shown on the uppermost part and  
the bottom of the graph, respectively. Meanwhile, at each increment, EXL of all the  
sub-processes, i.e., EXL owing to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing in the vapour phase, and 
temperature change in liquid phase and temperature change in gas phases, is displayed in 
a bar graph from the left to the right, correspondingly. 
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The second Ex-N diagram shows the non-chemical reaction EXL. It consists of losses 
owing to phase change of methanol compounds, phase change of water compounds, 
mixing process in the liquid phase, mixing process in the vapour phase, temperature 
change in liquid phase and temperature change in liquid phase, which are drawn from the 
right to the left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incrementally. For each increment, 
the energy level (A) of the liquid is placed at the upper position, whereas the energy  
level (A) of the gas is placed at the lower position. On the basis of this N-A graph, the 
energy-level difference between gas and liquid (Agas – Aliq) incrementally can be exposed. 

In this work, the base case of the simulation was set up with the following condition: 
the height of the column (N) was 3 m, the column diameter was 0.5 m and the molar ratio 
of methanol to oleic acid was 2 : 1. It resulted in total oleic acid conversion of 30.76%. 
The concentration of the compounds, total molar flow rate of each phase and temperature 
profiles at the different heights of the columns are exhibited in Figures 3–5, respectively. 
These data are required for the EXL calculation. 

Figure 3 Concentration profiles of the compounds in liquid-1, liquid-2 and vapour phases  
at different column height (see online version for colours) 

 

Figure 6 demonstrates the Ex-N-A diagram over the whole column for the base case 
condition. The EXL profile shows large EXL at the condenser and reboiler compared 
with the other parts of the column. Hence, this serves as an account of the large driving 
forces for heat and mass transfer at these regions. The total EXL at reboiler is 
1256638.9211 J/s whereas in condenser it is 769351.3847 J/s. In Figure 6(a), EXL of  
the reboiler and condenser is shown by the scale of 1/5 because of their large values.  
The larger EXL at the reboiler than at condenser is not surprising. This could be as a 
consequence of the large concentration of compounds as well as the high heat load at 
reboiler than those at condenser. This phenomenon agrees with the result previously 
obtained by Budiman and Ishida (2004) and Khoa et al. (2010). 
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Figure 4 Total molar flow of each phase at different column height (see online version  
for colours) 

 

Figure 5 Temperature profile of liquid and vapour phase at different column height (see online 
version for colours) 

 

The incremental assessment on the RD column using Ex-N-A diagram was also depicted 
in Figure 6. The Ex-N diagram in Figure 6(a) shows that the non-chemical EXL, i.e., the 
summation of EXL owing to the concentration change (mixing), temperature and phase 
changes, decreases from the top to bottom. Then, starting from N = 2 m from the top,  
the non-chemical EXL turns into a very small quantity. This tendency agrees with the  
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A-N diagram in Figure 6(b), which displays the profile of the energy-level difference 
between gas and liquid (Agas – Aliq) inside the column or the so-called driving force. 
Energy-level difference between gas and liquid strongly corresponds to the temperature 
profile along the RD column. The temperature difference between gas and liquid will 
result in the energy-level difference. 

Figure 6 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

On the basis of the A-N diagram in Figure 6(b), it is disclosed that there is a large gas-
liquid temperature difference at the top, which then gets smaller towards the bottom. 
Subsequently, at the height of 2 m from the top (N = 2), the liquid temperature almost 
reaches the similar temperature to that of the gas, which is represented by the equal value 
of the gas and liquid energy level. This condition has an important effect on the non-
chemical reaction EXL value. The diagram exhibits that, for the non-chemical reaction 
EXL, the values of all the losses that are influenced by temperature are zero. Hence, 
simply the EXL owing to the mixing exists at N = 2 m moved downwards. EXL owing to 
mixing is affected only by the concentration change, so the alteration of the temperature 
does not provide so much influence. On the other hand, EXL owing to the temperature 
and phase change absolutely depend on the temperature difference between gas and 
liquid. When the temperature of the liquid is just about equal to the gas temperature, it 
can be said that the near-equilibrium condition has been reached. In this condition,  
a macro-heat transfer between the two phases does not occur. Therefore, the section 
inside the column can be divided into two regions. The first region is the non-equilibrium 
(NEQ) zone, and the second one is the close-to-equilibrium zone. 
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Two regions, NEQ and close-to-equilibrium zones, exist in the packed RD column in 
this operation. Non-equilibrium zone takes place at the upper part of the column. 
Meanwhile, the close-to-equilibrium zone comes about at the lower part of the column. 
At the lower part of the column, there is an abundant heat supply from reboiler, leading to 
an excellent heat transfer between the gas and liquid phase. It causes a very small 
temperature difference between gas and liquid, which also results in a very small (near to 
zero) energy-level difference. The condition where the energy-level difference or the 
driving force is very small (let us say ‘zero’) is described as the ideal column with 
minimum thermodynamic condition (Pinto et al., 2011). This condition has brought about 
the close-to-equilibrium zone on the lower part of the column. An intensive discussion on 
close-to-equilibrium zone, or sometimes called close-to-equilibrium point (CEP), has also 
been presented by Budiman et al. (2011), in which CEP is shown on MUD for the 
minimum reflux ratio. Pinto et al. (2011) and Budiman et al. (2011) suggest that  
the procedure to improve the energy efficiency of a distillation column should involve the 
use of the so-called minimum thermodynamic condition of columns. 

Non-equilibrium zone emerges at the upper part of the column. At the top of the 
column, all feeds are introduced; explicitly both the fresh feed of methanol and oleic acid, 
as well as methanol reflux. The abundant liquid stream entering the column has 
drastically changed the gas-liquid composition and brings about a distance between the 
actual and the near-to-equilibrium condition. It causes an inefficient heat transfer between 
the gas flowing from the lower increment and the liquid stream. Thus, there is a large 
temperature difference between the gas as the heat donor and the liquid as the heat 
acceptor. This large temperature difference is shown by the large energy-level difference 
(driving force) between gas and liquid at the column top (A-N diagram in Figure 6(b)).  
In addition, the energy-level difference decreases from the top to the bottom. Ultimately, 
at a certain height of the column, it comes up to the close-to-equilibrium zone. The A-N 
diagram profile agrees with the non-chemical reaction EXL profile as shown on Ex-N 
diagram in Figure 6(a). Thus, it depicts that the largest non-chemical reaction EXL is 
located at the top of the column. This finding is valuable for guiding the improvement on 
RD design. 

A comprehensive thermodynamic analysis on a packed RD column should involve 
the EXL analysis owing to the chemical reaction. However, assessment on the EXL 
owing to chemical reaction incrementally has never been discussed intensively in the 
previous literature. In this work, this type of EXL becomes one main focus to evaluate. 
Ex-N diagrams in Figure 6(a) expose a different tendency between the profile of the total 
EXL and EXL owing to the chemical reaction, on the one side, and EXL owing to the 
non-chemical reaction, on the other side. The profile of total EXL and EXL owing to 
chemical reaction increases from the top to the bottom. This fact is absolutely the 
opposite of the profile of the non-chemical reaction EXL. It indicates that EXL owing to 
chemical reaction gives a dominant contribution to the total EXL at each increment. 
Hence, the profile of total EXL is reminiscent of the EXL owing to chemical reaction 
profile. 

On the basis of the Ex-N diagram, it is revealed that the amount of EXL owing to 
chemical reaction increases from the top to the bottom. The higher EXL is probably 
correlated to the amount of the mole reacting at each increment. The higher the amount of 
reactants reacts, the higher the EXL is resulted. In this RD system, at the top of the 
column, the fresh feed and reflux of methanol meets the fresh feed of oleic acid. 
Methanol has a small solubility with long fatty acid. Therefore, at the beginning of the 
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column, only a little mole of methanol diffuses into the organic liquid phase, which 
contains mainly oleic acid. While flowing downward the column, more amount of 
methanol is dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it is found that the 
EXL owing to chemical reaction as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a distillation column can 
provide a useful understanding and insights, leading to a better design of a distillation 
system. Thus, to acquire an in-depth understanding of the thermodynamic aspects of an 
RD column, examination on the influence of the main process parameters should be 
conducted. Parameters observed in this study are molar ratio of the reactants and column 
height (N). The knowledge of their effects on RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and perform the 
optimisation graphically. 

4.2 Effect of the molar ratio of the reactants 

To understand the influence of molar ratio on the thermodynamic behaviour and RD 
performance, first, the molar ratio of total methanol and oleic acid entering the column is 
increased from 2 : 1 to 6 : 1 at the same column height of 3 m (N = 3) and column 
diameter of 0.5 m. By employing the molar ratio of 6 : 1, it is shown that the reaction 
conversion enhances about two times from 30.76% to 66.41%. However, the Ex-N 
diagram in Figure 7(a) shows that the profile of non-chemical EXL does not change so 
much compared with the result given by the molar ratio of 2 : 1. At molar ratio of 6 : 1, 
the area in the packed RD column splits into two regions. The lower part of the column is 
the close-to-equilibrium zone with near to zero driving force, whereas the upper part  
is NEQ zone. However, enhancing molar ratio from 2 : 1 to 6 : 1 has considerably 
extended the area of the close-to-equilibrium zone. The A-N diagram in Figure 7(b) 
shows that, when molar ratio of 6 : 1 is applied, the close-to-equilibrium zone starts at 
N = 0.75 m downward. Hence, the area of the close-to-equilibrium zone is notably larger 
than that of the NEQ zone inside the column. The larger area of the close-to-equilibrium 
zone occurs since there is a far excess of methanol in the mixture. The large excess of 
methanol to oleic acid eases a good contact to the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is approached and 
the driving force is near to zero, the equilibrium condition will be easier to reach. 
Consequently, the region of CEP gets larger when the higher molar ratio of reaction is 
applied. 

It can be confirmed that the higher molar ratio of the reactants leads to the wider 
equilibrium region in the column. This statement is convinced by the result obtained 
when applying the molar ratio of methanol to oleic acid of 1 : 1 with N = 3. At this 
operation condition, the oleic acid conversion drops to 9.57%. Meanwhile, the 
thermodynamic evaluation depicts that the CEP cannot be reached with this low molar 
ratio. As shown on the A-N diagram in Figure 8(b), all the areas in RD column are  
NEQ zone, disclosed by the existence of the driving force and all the non-chemical 
reaction EXL (losses owing to mixing, phase and temperature changes) along the column. 
The amount of non-chemical reaction EXL decreases from the top to the bottom. 
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Figure 7 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 6 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

To evaluate the impact of varying the molar ratio on the value of the EXL owing to 
chemical reaction, both the diagrams in Figures 7 and 8 are examined. It is exhibited on 
the Ex-N diagram in Figures 7 and 8 that the EXL owing to the chemical reaction is 
clearly affected by the changing of molar ratio of the reactants. As displayed in Figure 8, 
when the molar ratio of 1 : 1 is employed, the Ex-N profile is almost similar to the result 
gotten by applying molar ratio of 2 : 1. 

However, if molar ratio of the reactants is drastically enhanced to 6 : 1, the new Ex-N 
profile seems interesting. It is shown that EXL owing to the chemical reaction gets higher 
from the top downward as seen on the Ex-N diagram in Figure 7(a). In spite of this, at a 
certain point in the column, EXL owing to chemical reaction tends to decrease and 
achieve the minimum value at the lowest increment of the column. The value of EXL 
owing to chemical reaction strongly corresponds to the number of moles that reacts at 
each increment. Hence, this phenomenon can be explained as follows. When the high 
molar ratio of methanol to oleic acid is applied, the mass transfer of methanol to organic 
phase becomes easier. An excellent dispersion of methanol in the organic phase leads the 
reactants to react easily. Consequently, from the top downward, there is a severe increase 
in the number of moles of reactants involved in the reaction at each increment, which 
causes high reaction rate enhancement at the upper part of the column. However, at a 
certain point, the remaining unreacted oleic acid is too small to achieve high reaction rate. 
At this increment, only a small number of oleic acid involves in the reaction, which 
results in the decrease in the reaction rate from this point to the bottom. The profile of the 
reaction rate is identical to the profile of the EXL owing to chemical reaction in the 
column. It can be observed that EXL owing to the chemical reaction increases 



   

 

   

   
 

   

   

 

   

   16 R.D. Kusumaningtyas et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

significantly at each increment on the upper part of the column. However, at a certain 
point, it decreases and reaches a minimum point at the lowest increment. 

To obtain the appropriate molar ratio of the reactants that provides high RD 
performance but low total EXL, an integrated graphical examination should be 
composed. Figure 9 presents the profile of oleic acid conversion and total EXL against 
the reactant molar ratio. It is revealed that the higher molar ratio results in the higher 
reaction conversion but lower EXL. Thus, the higher molar ratio of methanol to oleic acid 
will give great benefit, both from the RD performance and the thermodynamic aspect’s 
point of view. 

Figure 8 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 1 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

4.3 Effect of the height of the packed column (N) 

The subsequent important aspect to be analysed is the height of the column (N). To study 
this parameter, N is increased from 3 m to 6 m with the similar reactants molar ratio of 
2 : 1, whereas the column diameter is kept the same (0.5 m). Hence, it reveals that the 
reaction conversion is enhanced from 30.76% to 58.52%. On the other hand, the result  
of the thermodynamic evaluation is displayed in Figure 10. The Ex-N diagram in  
Figure 10(a) shows that increasing the height of the column does not so much change the 
profile of the non-chemical reaction EXL compared with the profile of the column with 
the height of 3 m (N = 3). The highest value of non-chemical EXL occurs at the top of the 
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column, thereafter it decreases downward. Subsequently, starting from the N = 2 m from 
the top, EXL of the sub-processes, which depends on temperature (loss owing to 
temperature and phase changes), approaches zero. This tendency agrees with the trend of 
the driving force profile exhibited on the A-N diagram in Figure 10(b). Nevertheless, it is 
shown that the energy-level difference between gas and liquid decreases from the top 
downward. Then, starting at N = 2 m downward, the energy-level difference is near  
to zero. Thus, the area in the column can be separated into two regions, i.e., the  
NEQ zone and the close-to-equilibrium zone. Non-equilibrium region covers the section 
from the top to N = 2, whereas the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the NEQ area. However, it just prolongs 
the close-to-equilibrium zone. The existing of NEQ region is mostly caused by the 
extremely abundant input of the reactants and reflux at the top. Conclusively, the 
changing on the molar flow rate will provide more influence on it than the variation on 
the column height. 

Figure 9 Profile of total exergy loss and fatty acid conversion at different reactant molar ratio 

 

Effect of the column height (N) on the EXL owing to the chemical reaction is evaluated, 
as well. Ex-N diagram in Figure 10 presents the profile of EXL owing to the chemical 
reaction. It is observed that EXL owing to the chemical reaction increases from the top 
downward. When it reaches the increment of N = 2, EXL owing to the chemical reaction 
values remains almost constant, and finally decreases at N = 4 to bottom. EXL owing to 
the chemical reaction is strongly affected by the reaction behaviour. In this operation 
condition, reaction rate at each increment in the upper part of the column increases from 
the top downward. However, at a certain height, the remaining moles of the unreacted 
oleic acid are not sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared with the rate at the upper 
increment. Finally, the rate decreases at a certain increment downward. 

To obtain a more profound comprehension on the influence of the column height to 
the RD performance and thermodynamic behaviour, a diagram presenting the profile of 
total EXL and reaction conversion against the column height is composed. Figure 11 
discloses that the increase in the column height leads to the higher conversion and the 
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larger total EXL. Thus, the best point on the column yielding an excellent performance 
on the reaction conversion and the thermodynamic efficiency should be determined. 

Figure 10 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 6 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

Figure 11 Profile of total exergy loss and fatty acid conversion at different column height 

 

Conclusively, there are some findings obtained by analysing the effects of the reactant 
molar ratio and column height. On the basis of the thermodynamic point of view, EXL 
can be reduced by distributing the inlet of the reactants at different places. For example, 
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shifting the feed point location of one reactant from the top will reduce the load at the top 
and lessen EXL. It probably facilitates the reduction of the driving force and enlarges the 
close-to-equilibrium region inside the column. This suggestion agrees with the work on 
exergy analysis using MUD (Budiman et al., 2011). Besides, the optimum efficiency of 
the RD can be achieved by determining the best column height, which results in low EXL 
but high reaction conversion. The other way to improve the reaction performance and 
reduce EXL is through employing higher molar ratio of the reactants, which can be done 
by increasing the reflux ratio as suggested by Pinto et al. (2011), or by introducing higher 
fresh feed stream. 

5 Conclusions 

• A graphical method called Ex-N-A diagram has been applied to assess the 
performance and efficiency of a packed RD column. This technique displays  
the reaction performance, EXL and energy-level characteristic incrementally  
over the whole packed RD column in a simple way. Nevertheless, it is easy to 
understand, even when one of the sub-processes has a much larger EXL than the 
others. 

• The base case of the RD simulation was studied at N = 3 m, the column diameter of 
0.5 m and the molar ratio of methanol to oleic acid of 2 : 1. This results in total oleic 
acid conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s whereas in 
condenser it is 769351.3847 J/s. The incremental assessment on the RD column 
shows that the non-chemical EXL decreases from the top to bottom, which agrees 
with the A-N profile. 

• The influence of molar ratio is examined by changing the molar ratio of total 
methanol to oleic acid entering the column of 2 : 1 to 6 : 1 at the similar N of 3 m 
and column diameter of 0.5 m. By employing the molar ratio of 6 : 1, the reaction 
conversion enhances from 30.76% to 66.41%. On the contrary, it drops to 9.57% by 
applying the molar ratio of 1 : 1. It can also be confirmed that the higher molar ratio 
of the reactants leads to the wider equilibrium region in the column. 

• To study the effect of column height, N is increased from 3 m to 6 m, whereas the 
reactants molar ratio and column diameter are kept at 2 : 1 and 0.5 m, respectively. 
This reveals that the conversion is enhanced from 30.76% to 58.52%. Thus, the 
increase in the column height does not change the NEQ area; nevertheless, it just 
prolongs the close-to-equilibrium zone. 

• The changing on molar flow rate provides more effect on reaction conversion and 
EXL profile than the variation on column height. 
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Nomenclature 

Symbols   
A Energy level 
AChem Energy level of the chemical reaction 
AGas  Energy level of the gas phase 
ALiq Energy level of the liquid phase 
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Ccat Concentration of the solid catalyst (kgcat/m3) 
Ea Activation energies (J/mol) 

EXL  Exergy loss rate (J/s) 

∆H Enthalpy change (J/mol) 
∆Hr Heat of reaction (J/mol) 
k1 Direct reaction rate constant (mol·m3/kgcat

2/s) 
k2 Reverse reaction rate constant (mol·m3/kgcat

2/s) 
L1 Molar liquid flow rate of liquid phase 1 (mol/s) 
L2 Molar liquid flow rate of liquid phase 2 (mol/s) 
N Height of the column (m) 

1GL
iN  Mass transfer rate of component i from the gas phase to liquid 1 phase (mol/s)  

2GL
iN  Mass transfer rate of component i from the gas phase to liquid 2 phase (mol/s) 

1 2GL L
iN  Mass transfer rate of component i from the liquid 1 phase to liquid 2 phase (mol/s) 

r  Reaction rate (mol/s) 

R  Rate of the compounds generated (mol/s) 

∆S Entropy change (J/mol/K) 
T Temperature (K) 
T0 Reference temperature (K) 
Tb Boiling point (K) 
V Molar liquid flow rate of vapour phase (mol/s) 
x Mole fraction of the compounds in the liquid phase 
y Mole fraction of the compounds in the vapour phase 
dz Increment of the column height (m) 
vi Reaction coefficient 
Subscripts  
A, B, C, D Fatty acid (oleic acid), methanol, biodiesel (methyl oleate), water, respectively 
i Component index 
G Referring to gas phase 
L1 Referring to liquid 1 phase 
L2 Referring to liquid 2 phase 
Abbreviation   
EXL Exergy loss 
FFA Free fatty acid 
NEQ Non equilibrium 
RD Reactive distillation 
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Abstract: This paper brings the novelty of the exergy analysis technique using 
Ex-N-A diagram to a packed reactive distillation (RD) column for biodiesel 
production. In this study, biodiesel is produced through the esterification of 
fatty acid with methanol. The simulation of the column was performed based 
on the non-equilibrium (NEQ) model of a three-phase packed RD system. The 
graphical Ex-N-A method was utilised to evaluate exergy features of the 
internal RD column. This technique rigorously demonstrated the value of 
exergy losses at each increment of the column, i.e., losses owing to the 
temperature change, phase change, mixing in liquid and vapour phases and 
chemical reaction. The effects of the molar ratio of the reactant and the height 
of the packed column on the conversion and exergy losses were examined and 
displayed in a simple figure. 

Keywords: exergy analysis; reactive distillation; esterification; Ex-N-A; 
biodiesel. 
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1 Introduction 

Reactive distillation (RD) is a promising alternative process for equilibrium-limited 
reaction, such as biodiesel production via fatty acid esterification scheme. It is caused by 
the fact that the continuous removal of one product will shift the equilibrium to the 
product formation. Besides, RD integrates the reaction and separation in one shell 
(Dragomir and Jobson, 2005; Dimian et al., 2009; Gómez-Castro et al., 2010). However, 
the process involving distillation process is usually associated with the high energy 
consumption. Therefore, thermodynamic analysis, or specifically recognised as exergy 
analysis, on an RD column is important to evaluate the energy efficiency of the process. 

Exergy is a type of useful or available energy (Ao et al., 2012). Exergy analysis is a 
robust analysis tool that is based on the first and the second law of thermodynamics. It is 
efficient for examining the energy quantity and quality of a process accurately (Suphanit 
et al., 2007). This analysis can be used to find the locations, source and magnitudes of 
exergy losses in the energy systems and process, hence it plays an important role for 
designing, developing and optimising an energy-efficient RD process (Budiman and 
Ishida, 2004; Colpan, 2012). 

Various methods of exergy analysis have been proposed for distillation process.  
Le Goff et al. (1996) introduced the Carnot-factor-specific enthalpy diagram. This 
method is easy to utilise for calculating the exergy target, but it cannot describe the  
stage-by-stage exergy characteristic. Dhole and Linnhoff (1993) proposed a procedure for 
composing a T-H curve called the column grand composite curve (CGCC). Demirel 
(2006) suggested that the CGCC is useful for exploring the energy-saving potential, 
determining the targets for column modifications and recommending retrofits. This 
method, however, is simple but does not offer information with respect to exergy loss 
caused by chemical reaction. 
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A more advanced method was developed by Taprap and Ishida (1996), named energy 
utilisation diagram (EUD). This method is functional for analysing stage-by-stage exergy 
loss inside the distillation column. The overall exergy loss in the column can be broken 
down into six types of exergy losses (EXLs), namely EXL owing to the cooling, heating, 
mixing in the vapour and liquid phases, condensation and evaporation. Each can be 
individually displayed in a graph. EUD method gives more detailed information for 
exergy characteristic. However, it is not convenient when the number of plates in a 
column is increased. The EUD method was then modified by Budiman and Ishida (1998) 
into a more compact graphical method called integrated energy utilisation diagram 
(IEUD). This method thus exhibits all the different types of EXL in a simple diagram. 
IEUD can show the exergy characteristic in the whole column stage-by-stage, but it 
cannot reveal the separation performance. To overcome this drawback, Budiman and 
Ishida (2004) introduced the material-utilisation diagram (MUD) graphical method. This 
method is able to present the separation performance and the EXL stage-by-stage in the 
column profile simultaneously. However, MUD diagram becomes very complicated 
when one of the sub-processes EXL is much larger than the others. Therefore, it is 
necessary to compose such a simpler and easier diagram to understand a complex RD 
process. 

On this note, the development of the novel Ex-N-A graphical method for exergy 
analysis in a complex RD system was studied in this work. Compared with the literature 
works, this graphical method is superior. The Ex-N-A method is constructed simply by 
plotting the height of the column (N) as ordinate whereas the total EXL, the non-chemical 
reaction EXL and A (energy level) as abscissa. This plotting results in a simple diagram, 
which is easy to understand, but it can display the detailed exergy characteristic of a 
packed RD column entirely. The graphical Ex-N-A diagram is efficient to disclosure the 
EXL owing to the cooling, heating, mixing in the vapour and liquid phases, condensation, 
and evaporation and chemical reaction incrementally. And, it is yet easy to understand 
even in a case when one of the sub-processes EXL is much larger than the others. This 
diagram can also obviously exhibit the correlation of the exergy losses owing to chemical 
and non-chemical sub-processes with the energy-level difference at various heights of 
column. 

A thermodynamic analysis using the graphical Ex-N-A diagram to a packed RD 
column for biodiesel production was carried out in this work. Biodiesel is produced via 
an esterification reaction of free fatty acid (FFA) with methanol. This route is preferred 
rather than transesterification of triglyceride scheme, since today employing waste and 
non-edible feedstock is an obligation to meet with the ecological and ethical requirement 
for bio-fuels (Dimian et al., 2009). Waste oil and low-grade feedstock contains a 
considerable value of FFA. Therefore, esterification of FFA is the best scheme for 
biodiesel production using waste and non-edible oil as feedstock. 

In this work, NEQ model with three-phase approach is applied for the RD system. 
This model brings a novelty since the combination of the three-phase and NEQ model has 
been merely studied for a distillation process, which does not involve any reaction in the 
system (Higler et al., 2004). This paper aims at displaying the graphical Ex-N-A exergy 
analysis for presenting the energy feature of the RD column for biodiesel production.  
The effect of some parameters on the reaction conversion and exergy loss is also 
revealed. This finding will facilitate the designer to identify the thermodynamic problem 
and help to enhance the conversion as well as improve the energy efficiency of the RD 
system. 
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2 Model and simulation for reactive distillation (RD) column 

A packed RD column was utilised for the biodiesel production via fatty acid 
esterification. In this case, oleic acid was taken as a compound representing the FFAs.  
As a case study, esterification of oleic acid and methanol in the presence of solid acid 
catalyst namely ion-exchange polymeric resin of relite CFS (Tesser et al., 2005) in RD 
column was examined. The generic esterification reaction of an FFA and methanol is 
shown here: 

( ) ( ) ( ) ( )1

2
3 3 2RCOOH A   CH OH B  RCOOCH C   H O Dk

k
+ +  (1) 

For the RD simulation, the pseudo-homogeneous second-order equilibrium is selected to 
express the reaction rate (Tesser et al., 2005): 

1 2 cat( ) .A B A Br k x x k x x C= −  (2) 

The values of the pre-exponential factors and activation energies (Ea) for the direct (1) 
and reverse reaction (2) are reported in Table 1. The reaction is slightly endothermic with 
∆Hr = 11213.12 J/mol. The compounds involved in the reaction are oleic acid and 
methanol as reactants. On the other hand, water and methyl oleate (biodiesel) are 
products. Table 2 reports the molecular structure of the chemical compounds involved in 
the reaction as well as their normal boiling points. 

Table 1 Kinetic parameters of the pseudo-homogeneous model 

Reaction rate constant (mol m3/kgcat
2/s) Ln(pre-exponential factor) Ea (J/mol) 

k1 0.2155 58576.0000 
k2 0.1460 47362.8800 

Table 2 Molecular structure and normal boiling points of all the chemical compounds 

Compounds Molecular structure Boiling point (K) 
Oleic acid (A) CH3(CH2)7CH=CH(CH2)7COOH 632.85 
Methanol (B) CH3OH 337.7 
Methyl-oleate (C) CH3(CH2)7CH=CH(CH2)7COOCH3 616.85 
Water (D) H2O 373 

The esterification reaction was carried out in a packed RD column. Configuration of the 
RD in this work is modified from the conventional RD scheme. In this case, RD applies a 
continuous water removal system, in which the top product containing a mixture of 
methanol and water is separated in an additional column. The mixture of methanol and 
water vapour at the top is condensed. Subsequently, they are introduced to an additional 
distillation column for separation. Water is continuously withdrawn, while methanol is 
recycled to the main column as a reflux. Reflux of the methanol and both the fresh feed 
of methanol and fatty acid are introduced at the top of the column. On the other hand, 
methyl ester (biodiesel) is drawn off at the bottom. The detailed configuration of the 
packed RD column is shown in Figure 1. RD is operated in co-current mode between  
the reactants, and counter-current mode between the liquid and gas. The increment of the 
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column starts from the top, hence N = 0 m is the top of the column, while N = n m is the 
lowest part of the column. The base case condition employs the packed column with the 
height of 3 m with the column diameter of 0.5 m. The ratio of oleic acid to total methanol 
entering the column is set constant at 2 : 1 inside the column. Flow rate of oleic acid feed 
is 83.33 mol/s and total methanol inputted to the column is 166.67 mol/s. Flow rates of 
total vapour leaving the column and products discharging from the reboiler are 185 and 
69.52 mol/s, respectively. 

Figure 1 The configuration of packed RD column for biodiesel production 

 

The simulation of the packed RD column was performed based on the novel NEQ model 
combined with the three-phase approach. The unit cell for the NEQ model for three-phase 
RD is shown in Figure 2. It is an innovative approach since the previous work using this 
sophisticated model has merely been proposed for the conventional tray distillation 
column (Higler et al., 2004; Lao and Taylor, 1994). The NEQ model assumes that the 
vapour from the lower position of the packing is brought into contact with liquid moving 
down from the upper position, allowing an exchange of mass and energy across the 
interface between these phases. This system involves four components, namely methanol, 
oleic acid, methyl ester and water. The organic compounds (oleic acid and methyl ester) 
and the polar compounds (water and methanol) are immiscible, thus will separate into 
two liquid phases. Therefore, the three phases are defined as vapour phase, which 
contains only methanol and water, alcoholic liquid phase, which contains mainly water 
and methanol, and organic liquid phase, which primarily contains fatty acid and methyl 
oleate. The reaction is assumed to occur in the organic phase. 



   

 

   

   
 

   

   

 

   

   452 R.D. Kusumaningtyas et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 2 Schematic representation of one cell of three-phase packed RD column 

 

The assumptions taken in this modelling and simulation can be written as follows: 

1 In the FFA esterification reaction, oleic acid is taken as a compound representing 
the FFA in the vegetable oil. 

2 The FFA esterification is expressed by the pseudo-homogeneous second-order 
equilibrium kinetic model. 

3 The RD column operates at the steady-state condition. 

4 There are three phases that occur in the system, namely vapour phase, alcoholic 
phase (liquid-1) and organic phase (liquid-2). 

5 The reaction takes place in the organic phase (liquid-2). 

6 Temperatures of the alcoholic phase (liquid-1) and organic phase (liquid-2) are 
similar, which is called temperature of liquid. 

7 The RD column is modelled based on the NEQ approach. Hence, the interfacial 
mass transfer rates play a significant role in the calculation. 

The equations applied for the NEQ model of three-phase RD are summarised as follows. 
The mass balances of each compound in the vapour, liquid-1 and liquid-2 phases are 
formulated in equations (3)–(5), respectively: 

d
, , dd ( )

d

V
i G i G i zy R y
z V

′− −
=

′
 (3) 

1

1 1

d
, , d

1

d ( )
d

L
i L i L i zx R x
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′− −
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 (4) 
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Meanwhile, the total mass balance of the vapour, liquid-1 and liquid-2 phase is presented 
in equations (6)–(8), respectively: 

,

d
d i G

V R
z
′

= −∑  (6) 

( )
1

1
,

d
d i L

L
R

z
′

= − −∑  (7) 

( )
2

2
,

d
d i L

L
R

z
′

= − −∑  (8) 

To solve equations (3)–(8), the rate process equations are necessary. The rate process 
equations for the gas, liquid-1 and liquid-2 phases are equations (9)–(11), respectively. 

1 2
, ( )GL GL

i G i iR N N= − +  (9) 

1 1 2

1,
GL L L

i L i iR N N= −  (10) 

2 1 2

2, .GL L L
i L i i iR N N v r= − + +  (11) 

The result outputted from the RD simulation is utilised for the exergy analysis by means 
of the graphical Ex-N-A methods. The Ex-N-A thermodynamic analysis is a rigorous 
method to evaluate the exergy features of the internal RD column. It is simple but 
powerful to reveal the value of EXL at each increment of the RD column, i.e., EXL 
owing to the temperature change, phase change, mixing in liquid and vapour phase and 
chemical reaction. The loss in reboiler and condenser is also examined. Effects of the 
main parameters, specifically molar ratio and the column height, on the conversion and 
EXL inside the column are also analysed. 

3 Graphical Ex-N-A methods 

Thermodynamic analysis using graphical Ex-N-A methods departs from the basic exergy 
concept and the second law of thermodynamics (Suphanit et al., 2007). The formula of 
non-chemical EXL calculation refers to the work of Budiman and Ishida (2004). 
Determination of the non-chemical reaction loss, i.e., EXL owing to changes of the 
concentration (mixing), phase of the component and temperature, have been described in 
their work and are adopted for calculation in this study. On the other hand, the formula 
for finding out the EXL owing to the chemical reaction starts from the concept of the 
energy level. Availability factor or energy level (A) is explained as (Srinophakun et al., 
2001): 

.EXLA
H

=
∆

 (12) 

EXL is then defined by the following equation. 
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0 .EXL H T S= ∆ − ∆  (13) 

Hence, 

01 .sA T
H

∆ = − ∆ 
 (14) 

It illustrates the maximum fraction of energy, which can be converted to useful work. 
Thus, energy level of the chemical reaction is expressed by: 

Chem 01 .sA T
H

∆ = − ∆ 
 (15) 

On the equilibrium condition in which the reaction does not occur, entropy can be 
defined as: 

.HS
T

∆∆ =  (16) 

In this condition, energy level A generally can be written as: 

01 .
T

A
T

 = − 
 

 (17) 

Hence, for the liquid flowing along the column, the energy level is expressed as: 

0
Liq 1 .

T
A

T
 = − 
 

 (18) 

For the gas flowing along the column, the energy level is expressed as: 

0
Gas 1 .

T
A

T
 = − 
 

 (19) 

T in the energy-level formula depends on the phase. T is the gas temperature for the 
energy level of the gas, and it is liquid temperature for the energy level of the liquid.  
The reaction takes place in the liquid phase. Thus, EXL owing to the chemical reaction is 
closely related to the difference between the energy level of the liquid and that of the 
chemical reaction. Hence, EXL owing to the chemical reaction can be written as: 

Chem Liq Chem( ) .EXL A A H= − ∆  (20) 

4 Display of packed reactive distillation column on graphical Ex-N-A 
diagram 

4.1 Base case analysis 

Ex-N-A diagram is an exergy-feature-based diagram that is designed to present exergy 
characteristic of separation and chemical processes in a simple diagram. In this work, the 
Ex-N-A presentation was developed based on the fundamental concept of the previous 
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graphical methods (Budiman and Ishida, 2004; Taprap and Ishida, 1996). In the previous 
work on MUD, Budiman and Ishida (2004), Budiman (2008) and Budiman et al. (2011) 
composed the graph for EXL owing to concentration, phase and temperature changes by 
putting the mole number (nj) as abscissa and 0 ln jT xℜ  as ordinate for the liquid phase 
and 0 ln jT yℜ  for the gas phase. Meanwhile, in this work, the Ex-N-A diagram is made 
by placing the two types of diagram in a single feature. The height of the column (N) is 
put as ordinate whereas the total EXL, the non-chemical reaction EXL and A (energy 
level) are placed as abscissa. The first type of the diagram is entitled the Ex-N diagram, 
which consists of N as ordinate whereas total EXL and non-chemical reaction EXL (Ex) 
as abscissa. The second type of the diagram is called the A-N diagram, in which N was 
put as ordinate and A is set as abscissa. The other two diagrams exhibiting the correlation 
between the column height and total EXL and reaction conversion are also composed. 

The graphical Ex-N-A method has numerous advantages compared with the previous 
literature work. It is a simple diagram, however, can display the detailed exergy 
characteristic in the whole RD column. The Ex-N-A diagram describes all the EXL  
sub-processes, namely the chemical EXL and non-chemical EXL (EXL owing to the 
cooling, heating, mixing in the vapour and liquid phases, as well as phase change) 
incrementally. This graphical method does not reveal a complicated diagram even in a 
case when one of the sub-processes EXL is much larger than the others. It can also 
combine two types of graphs (Ex-N and A-N graphs) in a single diagram. 

This Ex-N-A diagram implements the principle of energy-level difference. In this 
concept, every process must donate or accept energy. The process donating energy is 
referred to as the energy donor and the one accepting energy is referred to as the energy 
acceptor (Srinophakun et al., 2001). The energy-level difference between Agas and Aliq 
(Agas – Aliq) indicates the driving force for the energy transformation (Budiman and 
Ishida, 2004). In the literature work, this concept is commonly applied for a graphical 
methodology to exemplify the driving force as the energy-level difference and exergy 
consumption as the shaded area in the diagrams. Hence, it does not clearly show the 
exergy profile at different levels of the column. 

On the other hand, in composing the Ex-N-A diagram, column height (N) is plotted as 
abscissa against the total EXL, non-chemical reaction EXL and energy level. On the basis 
of this diagram, the graphical correlation between total EXL, non-chemical reaction EXL 
and energy-level difference between gas and liquid (Agas – Aliq) is incrementally revealed 
along the column. The Ex-N-A diagram is illustrated in the form of a bar graph, which 
consists of the two graphs, namely the Ex-N and the N-A graphs. Ex-N graph also splits 
into two types of subgraphs. The first Ex-N graph shows the EXL in the reboiler and 
condenser, EXL owing to the chemical reaction and non-chemical EXL (i.e., losses 
owing to the temperature change, mixing and phase change) incrementally from top to 
the bottom. EXL in the condenser and reboiler are shown on the uppermost part and  
the bottom of the graph, respectively. Meanwhile, at each increment, EXL of all the  
sub-processes, i.e., EXL owing to chemical reaction, phase change of methanol, phase 
change of water, mixing process in the liquid phase, mixing in the vapour phase, and 
temperature change in liquid phase and temperature change in gas phases, is displayed in 
a bar graph from the left to the right, correspondingly. 
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The second Ex-N diagram shows the non-chemical reaction EXL. It consists of losses 
owing to phase change of methanol compounds, phase change of water compounds, 
mixing process in the liquid phase, mixing process in the vapour phase, temperature 
change in liquid phase and temperature change in liquid phase, which are drawn from the 
right to the left, respectively. On the other hand, the N-A diagram exhibits the bar 
indicating the energy level (A) of the liquid and gas incrementally. For each increment, 
the energy level (A) of the liquid is placed at the upper position, whereas the energy  
level (A) of the gas is placed at the lower position. On the basis of this N-A graph, the 
energy-level difference between gas and liquid (Agas – Aliq) incrementally can be exposed. 

In this work, the base case of the simulation was set up with the following condition: 
the height of the column (N) was 3 m, the column diameter was 0.5 m and the molar ratio 
of methanol to oleic acid was 2 : 1. It resulted in total oleic acid conversion of 30.76%. 
The concentration of the compounds, total molar flow rate of each phase and temperature 
profiles at the different heights of the columns are exhibited in Figures 3–5, respectively. 
These data are required for the EXL calculation. 

Figure 3 Concentration profiles of the compounds in liquid-1, liquid-2 and vapour phases  
at different column height (see online version for colours) 

 

Figure 6 demonstrates the Ex-N-A diagram over the whole column for the base case 
condition. The EXL profile shows large EXL at the condenser and reboiler compared 
with the other parts of the column. Hence, this serves as an account of the large driving 
forces for heat and mass transfer at these regions. The total EXL at reboiler is 
1256638.9211 J/s whereas in condenser it is 769351.3847 J/s. In Figure 6(a), EXL of  
the reboiler and condenser is shown by the scale of 1/5 because of their large values.  
The larger EXL at the reboiler than at condenser is not surprising. This could be as a 
consequence of the large concentration of compounds as well as the high heat load at 
reboiler than those at condenser. This phenomenon agrees with the result previously 
obtained by Budiman and Ishida (2004) and Khoa et al. (2010). 
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Figure 4 Total molar flow of each phase at different column height (see online version  
for colours) 

 

Figure 5 Temperature profile of liquid and vapour phase at different column height (see online 
version for colours) 

 

The incremental assessment on the RD column using Ex-N-A diagram was also depicted 
in Figure 6. The Ex-N diagram in Figure 6(a) shows that the non-chemical EXL, i.e., the 
summation of EXL owing to the concentration change (mixing), temperature and phase 
changes, decreases from the top to bottom. Then, starting from N = 2 m from the top,  
the non-chemical EXL turns into a very small quantity. This tendency agrees with the  
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A-N diagram in Figure 6(b), which displays the profile of the energy-level difference 
between gas and liquid (Agas – Aliq) inside the column or the so-called driving force. 
Energy-level difference between gas and liquid strongly corresponds to the temperature 
profile along the RD column. The temperature difference between gas and liquid will 
result in the energy-level difference. 

Figure 6 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

On the basis of the A-N diagram in Figure 6(b), it is disclosed that there is a large gas-
liquid temperature difference at the top, which then gets smaller towards the bottom. 
Subsequently, at the height of 2 m from the top (N = 2), the liquid temperature almost 
reaches the similar temperature to that of the gas, which is represented by the equal value 
of the gas and liquid energy level. This condition has an important effect on the non-
chemical reaction EXL value. The diagram exhibits that, for the non-chemical reaction 
EXL, the values of all the losses that are influenced by temperature are zero. Hence, 
simply the EXL owing to the mixing exists at N = 2 m moved downwards. EXL owing to 
mixing is affected only by the concentration change, so the alteration of the temperature 
does not provide so much influence. On the other hand, EXL owing to the temperature 
and phase change absolutely depend on the temperature difference between gas and 
liquid. When the temperature of the liquid is just about equal to the gas temperature, it 
can be said that the near-equilibrium condition has been reached. In this condition,  
a macro-heat transfer between the two phases does not occur. Therefore, the section 
inside the column can be divided into two regions. The first region is the non-equilibrium 
(NEQ) zone, and the second one is the close-to-equilibrium zone. 
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Two regions, NEQ and close-to-equilibrium zones, exist in the packed RD column in 
this operation. Non-equilibrium zone takes place at the upper part of the column. 
Meanwhile, the close-to-equilibrium zone comes about at the lower part of the column. 
At the lower part of the column, there is an abundant heat supply from reboiler, leading to 
an excellent heat transfer between the gas and liquid phase. It causes a very small 
temperature difference between gas and liquid, which also results in a very small (near to 
zero) energy-level difference. The condition where the energy-level difference or the 
driving force is very small (let us say ‘zero’) is described as the ideal column with 
minimum thermodynamic condition (Pinto et al., 2011). This condition has brought about 
the close-to-equilibrium zone on the lower part of the column. An intensive discussion on 
close-to-equilibrium zone, or sometimes called close-to-equilibrium point (CEP), has also 
been presented by Budiman et al. (2011), in which CEP is shown on MUD for the 
minimum reflux ratio. Pinto et al. (2011) and Budiman et al. (2011) suggest that  
the procedure to improve the energy efficiency of a distillation column should involve the 
use of the so-called minimum thermodynamic condition of columns. 

Non-equilibrium zone emerges at the upper part of the column. At the top of the 
column, all feeds are introduced; explicitly both the fresh feed of methanol and oleic acid, 
as well as methanol reflux. The abundant liquid stream entering the column has 
drastically changed the gas-liquid composition and brings about a distance between the 
actual and the near-to-equilibrium condition. It causes an inefficient heat transfer between 
the gas flowing from the lower increment and the liquid stream. Thus, there is a large 
temperature difference between the gas as the heat donor and the liquid as the heat 
acceptor. This large temperature difference is shown by the large energy-level difference 
(driving force) between gas and liquid at the column top (A-N diagram in Figure 6(b)).  
In addition, the energy-level difference decreases from the top to the bottom. Ultimately, 
at a certain height of the column, it comes up to the close-to-equilibrium zone. The A-N 
diagram profile agrees with the non-chemical reaction EXL profile as shown on Ex-N 
diagram in Figure 6(a). Thus, it depicts that the largest non-chemical reaction EXL is 
located at the top of the column. This finding is valuable for guiding the improvement on 
RD design. 

A comprehensive thermodynamic analysis on a packed RD column should involve 
the EXL analysis owing to the chemical reaction. However, assessment on the EXL 
owing to chemical reaction incrementally has never been discussed intensively in the 
previous literature. In this work, this type of EXL becomes one main focus to evaluate. 
Ex-N diagrams in Figure 6(a) expose a different tendency between the profile of the total 
EXL and EXL owing to the chemical reaction, on the one side, and EXL owing to the 
non-chemical reaction, on the other side. The profile of total EXL and EXL owing to 
chemical reaction increases from the top to the bottom. This fact is absolutely the 
opposite of the profile of the non-chemical reaction EXL. It indicates that EXL owing to 
chemical reaction gives a dominant contribution to the total EXL at each increment. 
Hence, the profile of total EXL is reminiscent of the EXL owing to chemical reaction 
profile. 

On the basis of the Ex-N diagram, it is revealed that the amount of EXL owing to 
chemical reaction increases from the top to the bottom. The higher EXL is probably 
correlated to the amount of the mole reacting at each increment. The higher the amount of 
reactants reacts, the higher the EXL is resulted. In this RD system, at the top of the 
column, the fresh feed and reflux of methanol meets the fresh feed of oleic acid. 
Methanol has a small solubility with long fatty acid. Therefore, at the beginning of the 
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column, only a little mole of methanol diffuses into the organic liquid phase, which 
contains mainly oleic acid. While flowing downward the column, more amount of 
methanol is dissolved into the organic phase and reacts with fatty acids. It results in a 
higher conversion at each increment as well as higher EXL. Therefore, it is found that the 
EXL owing to chemical reaction as well as total EXL increase from the top to the bottom. 

Fitzmorris and Mah (1980) underline that analysing EXL in a distillation column can 
provide a useful understanding and insights, leading to a better design of a distillation 
system. Thus, to acquire an in-depth understanding of the thermodynamic aspects of an 
RD column, examination on the influence of the main process parameters should be 
conducted. Parameters observed in this study are molar ratio of the reactants and column 
height (N). The knowledge of their effects on RD performance and thermodynamic 
behaviour is useful for the designer to judge the process feasibility and perform the 
optimisation graphically. 

4.2 Effect of the molar ratio of the reactants 

To understand the influence of molar ratio on the thermodynamic behaviour and RD 
performance, first, the molar ratio of total methanol and oleic acid entering the column is 
increased from 2 : 1 to 6 : 1 at the same column height of 3 m (N = 3) and column 
diameter of 0.5 m. By employing the molar ratio of 6 : 1, it is shown that the reaction 
conversion enhances about two times from 30.76% to 66.41%. However, the Ex-N 
diagram in Figure 7(a) shows that the profile of non-chemical EXL does not change so 
much compared with the result given by the molar ratio of 2 : 1. At molar ratio of 6 : 1, 
the area in the packed RD column splits into two regions. The lower part of the column is 
the close-to-equilibrium zone with near to zero driving force, whereas the upper part  
is NEQ zone. However, enhancing molar ratio from 2 : 1 to 6 : 1 has considerably 
extended the area of the close-to-equilibrium zone. The A-N diagram in Figure 7(b) 
shows that, when molar ratio of 6 : 1 is applied, the close-to-equilibrium zone starts at 
N = 0.75 m downward. Hence, the area of the close-to-equilibrium zone is notably larger 
than that of the NEQ zone inside the column. The larger area of the close-to-equilibrium 
zone occurs since there is a far excess of methanol in the mixture. The large excess of 
methanol to oleic acid eases a good contact to the two phases and leads to the excellent 
distribution of methanol in the organic phase. When the ideal condition is approached and 
the driving force is near to zero, the equilibrium condition will be easier to reach. 
Consequently, the region of CEP gets larger when the higher molar ratio of reaction is 
applied. 

It can be confirmed that the higher molar ratio of the reactants leads to the wider 
equilibrium region in the column. This statement is convinced by the result obtained 
when applying the molar ratio of methanol to oleic acid of 1 : 1 with N = 3. At this 
operation condition, the oleic acid conversion drops to 9.57%. Meanwhile, the 
thermodynamic evaluation depicts that the CEP cannot be reached with this low molar 
ratio. As shown on the A-N diagram in Figure 8(b), all the areas in RD column are  
NEQ zone, disclosed by the existence of the driving force and all the non-chemical 
reaction EXL (losses owing to mixing, phase and temperature changes) along the column. 
The amount of non-chemical reaction EXL decreases from the top to the bottom. 
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Figure 7 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 6 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

To evaluate the impact of varying the molar ratio on the value of the EXL owing to 
chemical reaction, both the diagrams in Figures 7 and 8 are examined. It is exhibited on 
the Ex-N diagram in Figures 7 and 8 that the EXL owing to the chemical reaction is 
clearly affected by the changing of molar ratio of the reactants. As displayed in Figure 8, 
when the molar ratio of 1 : 1 is employed, the Ex-N profile is almost similar to the result 
gotten by applying molar ratio of 2 : 1. 

However, if molar ratio of the reactants is drastically enhanced to 6 : 1, the new Ex-N 
profile seems interesting. It is shown that EXL owing to the chemical reaction gets higher 
from the top downward as seen on the Ex-N diagram in Figure 7(a). In spite of this, at a 
certain point in the column, EXL owing to chemical reaction tends to decrease and 
achieve the minimum value at the lowest increment of the column. The value of EXL 
owing to chemical reaction strongly corresponds to the number of moles that reacts at 
each increment. Hence, this phenomenon can be explained as follows. When the high 
molar ratio of methanol to oleic acid is applied, the mass transfer of methanol to organic 
phase becomes easier. An excellent dispersion of methanol in the organic phase leads the 
reactants to react easily. Consequently, from the top downward, there is a severe increase 
in the number of moles of reactants involved in the reaction at each increment, which 
causes high reaction rate enhancement at the upper part of the column. However, at a 
certain point, the remaining unreacted oleic acid is too small to achieve high reaction rate. 
At this increment, only a small number of oleic acid involves in the reaction, which 
results in the decrease in the reaction rate from this point to the bottom. The profile of the 
reaction rate is identical to the profile of the EXL owing to chemical reaction in the 
column. It can be observed that EXL owing to the chemical reaction increases 
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significantly at each increment on the upper part of the column. However, at a certain 
point, it decreases and reaches a minimum point at the lowest increment. 

To obtain the appropriate molar ratio of the reactants that provides high RD 
performance but low total EXL, an integrated graphical examination should be 
composed. Figure 9 presents the profile of oleic acid conversion and total EXL against 
the reactant molar ratio. It is revealed that the higher molar ratio results in the higher 
reaction conversion but lower EXL. Thus, the higher molar ratio of methanol to oleic acid 
will give great benefit, both from the RD performance and the thermodynamic aspect’s 
point of view. 

Figure 8 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 1 : 1  
at N = 3 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

4.3 Effect of the height of the packed column (N) 

The subsequent important aspect to be analysed is the height of the column (N). To study 
this parameter, N is increased from 3 m to 6 m with the similar reactants molar ratio of 
2 : 1, whereas the column diameter is kept the same (0.5 m). Hence, it reveals that the 
reaction conversion is enhanced from 30.76% to 58.52%. On the other hand, the result  
of the thermodynamic evaluation is displayed in Figure 10. The Ex-N diagram in  
Figure 10(a) shows that increasing the height of the column does not so much change the 
profile of the non-chemical reaction EXL compared with the profile of the column with 
the height of 3 m (N = 3). The highest value of non-chemical EXL occurs at the top of the 
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column, thereafter it decreases downward. Subsequently, starting from the N = 2 m from 
the top, EXL of the sub-processes, which depends on temperature (loss owing to 
temperature and phase changes), approaches zero. This tendency agrees with the trend of 
the driving force profile exhibited on the A-N diagram in Figure 10(b). Nevertheless, it is 
shown that the energy-level difference between gas and liquid decreases from the top 
downward. Then, starting at N = 2 m downward, the energy-level difference is near  
to zero. Thus, the area in the column can be separated into two regions, i.e., the  
NEQ zone and the close-to-equilibrium zone. Non-equilibrium region covers the section 
from the top to N = 2, whereas the rest are the close-to-equilibrium zone. Thus, the 
increasing of the column height does not change the NEQ area. However, it just prolongs 
the close-to-equilibrium zone. The existing of NEQ region is mostly caused by the 
extremely abundant input of the reactants and reflux at the top. Conclusively, the 
changing on the molar flow rate will provide more influence on it than the variation on 
the column height. 

Figure 9 Profile of total exergy loss and fatty acid conversion at different reactant molar ratio 

 

Effect of the column height (N) on the EXL owing to the chemical reaction is evaluated, 
as well. Ex-N diagram in Figure 10 presents the profile of EXL owing to the chemical 
reaction. It is observed that EXL owing to the chemical reaction increases from the top 
downward. When it reaches the increment of N = 2, EXL owing to the chemical reaction 
values remains almost constant, and finally decreases at N = 4 to bottom. EXL owing to 
the chemical reaction is strongly affected by the reaction behaviour. In this operation 
condition, reaction rate at each increment in the upper part of the column increases from 
the top downward. However, at a certain height, the remaining moles of the unreacted 
oleic acid are not sufficient to continuously enhance the reaction rate. Hence, the reaction 
rate at a certain increment turns into constant if compared with the rate at the upper 
increment. Finally, the rate decreases at a certain increment downward. 

To obtain a more profound comprehension on the influence of the column height to 
the RD performance and thermodynamic behaviour, a diagram presenting the profile of 
total EXL and reaction conversion against the column height is composed. Figure 11 
discloses that the increase in the column height leads to the higher conversion and the 
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larger total EXL. Thus, the best point on the column yielding an excellent performance 
on the reaction conversion and the thermodynamic efficiency should be determined. 

Figure 10 Exergy loss profile (Ex-N-A diagram) for molar ratio of methanol to FFA of 2 : 1  
at N = 6 m: (a) Ex-N diagram and (b) A-N diagram 

 
 (a) (b) 

Figure 11 Profile of total exergy loss and fatty acid conversion at different column height 

 

Conclusively, there are some findings obtained by analysing the effects of the reactant 
molar ratio and column height. On the basis of the thermodynamic point of view, EXL 
can be reduced by distributing the inlet of the reactants at different places. For example, 
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shifting the feed point location of one reactant from the top will reduce the load at the top 
and lessen EXL. It probably facilitates the reduction of the driving force and enlarges the 
close-to-equilibrium region inside the column. This suggestion agrees with the work on 
exergy analysis using MUD (Budiman et al., 2011). Besides, the optimum efficiency of 
the RD can be achieved by determining the best column height, which results in low EXL 
but high reaction conversion. The other way to improve the reaction performance and 
reduce EXL is through employing higher molar ratio of the reactants, which can be done 
by increasing the reflux ratio as suggested by Pinto et al. (2011), or by introducing higher 
fresh feed stream. 

5 Conclusions 

• A graphical method called Ex-N-A diagram has been applied to assess the 
performance and efficiency of a packed RD column. This technique displays  
the reaction performance, EXL and energy-level characteristic incrementally  
over the whole packed RD column in a simple way. Nevertheless, it is easy to 
understand, even when one of the sub-processes has a much larger EXL than the 
others. 

• The base case of the RD simulation was studied at N = 3 m, the column diameter of 
0.5 m and the molar ratio of methanol to oleic acid of 2 : 1. This results in total oleic 
acid conversion of 30.76%. The total EXL at reboiler is 1256638.9211 J/s whereas in 
condenser it is 769351.3847 J/s. The incremental assessment on the RD column 
shows that the non-chemical EXL decreases from the top to bottom, which agrees 
with the A-N profile. 

• The influence of molar ratio is examined by changing the molar ratio of total 
methanol to oleic acid entering the column of 2 : 1 to 6 : 1 at the similar N of 3 m 
and column diameter of 0.5 m. By employing the molar ratio of 6 : 1, the reaction 
conversion enhances from 30.76% to 66.41%. On the contrary, it drops to 9.57% by 
applying the molar ratio of 1 : 1. It can also be confirmed that the higher molar ratio 
of the reactants leads to the wider equilibrium region in the column. 

• To study the effect of column height, N is increased from 3 m to 6 m, whereas the 
reactants molar ratio and column diameter are kept at 2 : 1 and 0.5 m, respectively. 
This reveals that the conversion is enhanced from 30.76% to 58.52%. Thus, the 
increase in the column height does not change the NEQ area; nevertheless, it just 
prolongs the close-to-equilibrium zone. 

• The changing on molar flow rate provides more effect on reaction conversion and 
EXL profile than the variation on column height. 

References 
Ao, Y., Wang, Y. and Rosen, M.A. (2012) ‘Analysing the effects on the atmosphere of exergy 

changes due to exhaust-gas emissions’, Int. J. Exergy, Vol. 10, No. 1, pp.21–33. 
Budiman, A. (2008) ‘Graphical separation performance-exergy analysis for revamping of 

distillation column’, ASEAN Journal of Chemical Engineering, Vol. 8, No. 1, pp.61–69. 



   

 

   

   
 

   

   

 

   

   466 R.D. Kusumaningtyas et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Budiman, A. and Ishida, M. (1998) ‘Optimal side heating and cooling in a distillation column’, 
Energy, Vol. 23, pp.365–72. 

Budiman, A. and Ishida, M. (2004) ‘A new method for disclosing internal phenomena in a 
distillation column by use of material-utilization diagram’, Energy, Vol. 29, pp.2213–2223. 

Budiman, A., Sutijan, S. and Sawitri, D.R. (2011) ‘Graphical exergy analysis of retrofitted 
distillation column’, Int. J. Exergy, Vol. 8, No. 4, pp.477–493. 

Colpan, C.O. (2012) ‘Exergy analysis of an integrated two-stage biomass gasifier and solid oxide 
fuel cell system’, Int. J. Exergy, Vol. 10, No. 1, pp.61–76. 

Demirel, Y. (2006) ‘Retrofit of distillation columns using thermodynamic analysis’, Sep. Sci. 
Technol., Vol. 41, No. 5, pp.791–817. 

Dhole, V.R. and Linnhoff, B. (1993) ‘Distillation column targets’, Comput. Chem. Eng., Vol. 17, 
Nos. 5–6, pp.549–560. 

Dimian, A.C., Bildea, C.S., Omota, F. and Kiss, A.A. (2009) ‘Innovative process for fatty acid 
esters by dual reactive distillation, Comput. Chem. Eng., Vol. 33, pp.743–750. 

Dragomir, R.M. and Jobson, M. (2005) ‘Conceptual design of single-feed hybrid reactive 
distillation columns’, Chem. Eng. Sci., Vol. 60, pp.4377–4395. 

Fitzmorris, R.E. and Mah, R.S.H. (1980) ‘Improving distillation column design using 
thermodynamic availability analysis’, AIChE J., Vol. 26, No. 2, pp.265–273. 

Gómez-Castro, F.I., Rico-Ramírez, V., Segovia-Hernández, J.G. and Hernández-Castro, S. (2010) 
‘Esterification of fatty acids in a thermally coupled reactive distillation column by the  
two-step supercritical methanol method’, Chem. Eng. Res. Des., Vol. 89, No. 4, pp.480–490. 

Higler, A., Chande, A., Taylor, R., Baur, R. and Krishna, R. (2004) ‘Nonequilibrium modeling of 
three-phase distillation’, Comput. Chem. Eng., Vol. 28, pp.2021–2036. 

Khoa, T.D., Shuhaimi, M., Hashim, H. and Panjeshahi, M.H. (2010) ‘Optimal design of distillation 
column using three dimensional exergyanalysis curves’, Energy, Vol. 35, pp.5309–5319. 

Lao, M.Z. and Taylor, R. (1994) ‘Modeling mass-transfer in 3-phasedistillation’, Ind. Eng. Chem. 
Res., Vol. 33, pp.2637–2650. 

Le Goff, P., Cachot, T. and Rivero, R. (1996) ‘Exergy analysis of distillation processes’, Chem. 
Eng. Technol., Vol. 19, No. 6, pp.478–485. 

Pinto, F.S., Zemp, R., Jobson, M. and Smith, R (2011) ‘Thermodynamic optimisation of distillation 
columns’, Chem. Eng. Sci., Vol. 66, pp.2920–2934. 

Srinophakun, T., Laowithayangkul, S. and Ishida, M. (2001) ‘Simulation of power cycle with 
energy utilization diagram’, Energy Convers. Manage., Vol. 42, No. 12, pp.1437–1456. 

Suphanit, B., Bischert, A. and Narataruksa, P. (2007) ‘Exergy loss analysis of heat transfer across 
the wall of the dividing-walldistillation column’, Energy, Vol. 32, pp.2121–2134. 

Taprap, R. and Ishida, M. (1996) ‘Graphic exergy analysis of processes in distillation column by 
energy-utilization diagrams’, AIChe J., Vol. 42, No. 6, pp.1633–1641. 

Tesser, R., Di Serio, M., Guida, M., Nastasi, M. and Santacesaria, E. (2005) ‘Kinetics of oleic acid 
esterification with methanol in the presence of triglycerides’, Ind. Eng. Chem. Res., Vol. 44, 
No. 21, pp.7978–7982. 

Nomenclature 

Symbols   
A Energy level 
AChem Energy level of the chemical reaction 
AGas  Energy level of the gas phase 
ALiq Energy level of the liquid phase 
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Ccat Concentration of the solid catalyst (kgcat/m3) 
Ea Activation energies (J/mol) 

EXL  Exergy loss rate (J/s) 

∆H Enthalpy change (J/mol) 
∆Hr Heat of reaction (J/mol) 
k1 Direct reaction rate constant (mol·m3/kgcat

2/s) 
k2 Reverse reaction rate constant (mol·m3/kgcat

2/s) 
L1 Molar liquid flow rate of liquid phase 1 (mol/s) 
L2 Molar liquid flow rate of liquid phase 2 (mol/s) 
N Height of the column (m) 

1GL
iN  Mass transfer rate of component i from the gas phase to liquid 1 phase (mol/s)  

2GL
iN  Mass transfer rate of component i from the gas phase to liquid 2 phase (mol/s) 

1 2GL L
iN  Mass transfer rate of component i from the liquid 1 phase to liquid 2 phase (mol/s) 

r  Reaction rate (mol/s) 

R  Rate of the compounds generated (mol/s) 

∆S Entropy change (J/mol/K) 
T Temperature (K) 
T0 Reference temperature (K) 
Tb Boiling point (K) 
V Molar liquid flow rate of vapour phase (mol/s) 
x Mole fraction of the compounds in the liquid phase 
y Mole fraction of the compounds in the vapour phase 
dz Increment of the column height (m) 
vi Reaction coefficient 
Subscripts  
A, B, C, D Fatty acid (oleic acid), methanol, biodiesel (methyl oleate), water, respectively 
i Component index 
G Referring to gas phase 
L1 Referring to liquid 1 phase 
L2 Referring to liquid 2 phase 
Abbreviation   
EXL Exergy loss 
FFA Free fatty acid 
NEQ Non equilibrium 
RD Reactive distillation 

 


	full names of all authors: RATNA DEWI KUSUMANINGTYAS, SURYO PURWONO, ROCHMADI, ARIEF BUDIMAN
	article title: GRAPHICAL EXERGY ANALYSIS OF REACTIVE DISTILLATION COLUMN FOR BIODIESEL PRODUCTION
	date: December 6, 2013
	journal title: [Int. J. of Exergy]


