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This work presents a process design methodology that evaluates the distillation sys-
tems based on exergetic, economic, and greenhouse gas (GHG) emission aspects. The
aim of the methodology is to determine how these three features should be applied in
process design to obtain information about the accuracy of the design alternatives.
The methodology is tested and demonstrated on three different energy-integrated distil-
lation systems: the direct sequence with backward heat-integration (DQB), fully
thermally coupled distillation column (FTCDC), and sloppy distillation system with
forward heat-integration (SQF). The average relative emission saving is the highest
for the DQB scheme and this sequence shows the most flexible range of use. The case
studies prove the accuracy of our evaluation methodology. On the other hand, it
highlights and demonstrates that the exergy analysis can predict the results of the eco-
nomic study and the environmental evaluation to make the decisions, associated with
process design, much simpler. VVC 2009 American Institute of Chemical Engineers AIChE J,

56: 1776–1786, 2010
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TAC, CO2 equivalent emission

Introduction

The early stage of process design was practically based on
engineering design and the alternatives were evaluated
merely according to their economic features.1 The methodol-
ogy of process design requires, however, reconsideration and
it should be completed with new steps. Nowadays, because
of increasing energy prices and strict environmental regula-
tions the investigation of the energy efficiency and the emis-
sions of the process must take place simultaneously at the
early stage of process design.

The demand for energy has been continuously increasing
for years and operation units with large energy demand have
become more difficult to be supplied. The energy efficiency

of a system becomes an important criterion during retrofit-
ting and design of industrial processes.

On the other hand, the emission regulations constrain
engineers to consider the concept of environmentally con-
sciousness in their work.

Even today, the most frequently studied energy consum-
ing process in the chemical industry is the separation sys-
tems based on distillation. The large energy requirement of
these processes can be reduced by using energy integration
like heat integration, thermocoupling, or heat pumping.
Energy integration is an important method for conserving
energy in the case of distillation systems, demonstrated by
different authors.2–8 Annakou and Mizsey2 have studied
heat-integrated schemes and fully thermally coupled distilla-
tion columns (FTCDC) by rigorous modeling and compared
them to conventional schemes. They have found that
FTCDC can be competitive with the heat-integrated schemes
only in those cases when the concentration of the middle
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component is high and the A/B split is harder than B/C split
otherwise FTCDC is less economic than the heat-integrated
scheme.

Regarding to the energy demand of the thermally coupled
distillation columns Hernandez et al.7 have studied the Pet-
lyuk column and six alternative arrangements for ternary
hydrocarbon mixture separation. They have found that the
alternative distillation systems have very similar values of
energy demands and thermodynamic efficiencies.

The large energy demand of the distillation urges to study
the process and to identify the energy losses. Certainly the
low thermodynamic efficiency of distillation is caused not
by the separation process but mainly by the work necessary
to introduce and remove the heat from the column.9 To
investigate the energy wastes a useful tool is the exergy
analysis, which gives an overall view about the location and
scale of energy losses in the process. Some published works
in literature focus on development of exergy analysis meth-
ods and expressive parameters in order to quantify and rep-
resent the lost energy and the thermodynamic efficiency of
the distillation columns.10–14 Other research works similarly
to this one, apply the basic equations of the second law of
thermodynamics and calculate the thermodynamic efficiency
for different distillation systems.15,16

Suphanit et al. use successfully the exergy loss profile
combined with the real column T-H profile in order to locate
the heat transfer across the wall of the dividing-wall distilla-
tion column. The exergy analysis can be applied also for the
study of complex distillation plants to identify the process
sections with the highest exergy losses and to locate process
sections with exergy improvement potential.16,17

The use of energy efficient distillation is beneficial also
from the point of view of GHG emission because it is lim-
ited in most of the countries. The CO2 emission of distilla-
tion systems is investigated by Gadalla et al.18,19 The authors
quantify the CO2 emission for a propylene-propane splitting
process and propose a model for the estimation of CO2. The
model calculates the emissions flow rates from furnaces,
boilers, and integrated gas turbines. According to the
authors, the CO2 emission can be decreased by 83%, using
internally heat-integrated distillation column compared to
conventional alternatives in the case of a state of art propyl-
ene-propane split. In our article, the CO2 emission calcula-
tions are verified using the model proposed by Gadalla
et al.19

These studies, however, do not make a complex investiga-
tion of the different energy consuming systems and their
environmental effects, that is, how the results of the exergy
analysis can be applied to evaluate economic and environ-
mental features in advance making the process design step
simpler. Therefore, the goal of this study is to elaborate and
propose such an evaluation methodology of process design
alternatives that helps to accomplish more energy efficient,
economic, and environmental friendly processes. The pro-
posed methodology is evaluated and demonstrated on
energy-integrated distillation systems. It helps to decide
among the different kinds of energy integration solution for
ternary mixture separation.

The final aim is to classify the different process design
alternatives to make the evaluation of the synthesis step sim-
pler at the early stage of process design.

The Proposed Methodology

In the course of process design, there are several steps on

different design layers of the process synthesis activity.20

These general steps of a process design project are: concep-

tual design, detailed engineering design, project execution,

start up and trial runs, and finally the production. In the con-
ceptual design step, also known as early stage of the process

design, complex evaluation can be carried out since in the

last decades the process design became computer aided and
does not require as much time and effort as in the past.

There are also several attempts to make the process synthesis

activity simpler so that the design engineer can find the best
process alternative. In this early phase of design, the concep-

tion of elaboration methodology has a great importance. Our

work proposes an evaluation methodology of distillation sys-
tems that consists of three levels and takes in account

exergy, economic, and emission criteria in order to find the

most adequate process structure.
These three levels of the methodology are the following:
(1) definition of the problem and selection of the competi-

tive process alternatives,
(2) multicriteria evaluation of the process alternatives

including exergy analysis, economic study, and GHG emis-
sion estimation,
(3) ranking of the process alternatives based on the sum-

marized indicator and the choice of the most adequate one.
The proposed methodology is demonstrated on distillation

systems as one of the highest energy utilizing system in the
separation industry. The steps of the methodology are shown
in Figure 1 and are described as follows.
(1) The first level of the methodology named as the prob-

lem definition includes the elaboration of process alterna-
tives, the definition of system boundaries, and the selection
of the input/output parameters.

The elaboration of the process alternatives in the case of the

distillation processes consists of the preliminary shortcut design

defining the number of trays, feed location according to the sepa-

ration task. The set of the process alternatives increases with the

consideration of the available energy integration, which can have

different types and they can be used at different locations. This

step also includes the selection of the competitive design alterna-

tives from the wide range of solutions.
The second step of the methodology defines the system

boundaries of the competitive alternatives. The well-defined
process segments include the distillation columns and the
process utilities in this work and they are subject to the com-
parative study.

The selection of identical input/output parameters makes

possible the comparative study of the distillation design

alternatives. The basic assumption is the fixation of the input

and output data in order to study the process itself, thus the

different distillation design alternatives can be compared

between each other or to a reference process.
(2) The second level of the methodology carries out the

multicriteria evaluation of the design alternatives.
The starting step is the collection of data necessary for the

different analyses. The summary of the data is presented in
Table 1.

The multicriteria evaluation of distillation system alter-
natives focuses on (i) exergy analysis, (ii) economic study,
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(iii) GHG emission estimation. Each of the analysis calcu-
lates an indicator that can be summarized at the next level
of the evaluation methodology. These indicators are the fol-
lowing: thermodynamic efficiency, total annual cost, and the
carbon dioxide equivalent emission. The following section
describes the applied analyses in detail.

Exergy analysis

Energy efficiency of the studied process alternatives can
be calculated based on the first law of thermodynamics,
which conducts to an energy analysis. As not all the heat
energy can be converted to useful work, stated by the second
law of thermodynamics, exergy analysis proves to be more
adequate to determine the thermodynamic efficiency of the
process alternatives. By definition, exergy is the maximum
capacity of the system to perform useful work as it proceeds
to a specific final state in equilibrium with its surroundings.

In the case of distillation systems, the columns can be
seen as heat engines and their exergy demand is the mini-
mum isothermal work of separation. Instead of mechanical
work, separation work is produced. The aim of the exergy
analysis is the comparison of the evaluated distillation sys-
tems based on their thermodynamic efficiency. This indicator
gives information about the efficiency of the supplied heat

conversion into separation work in the distillation systems.
The exergy loss calculated in the exergy analysis shows the
energy wastes. The distillation design alternatives have good
potential for improvement regarding energy saving when it
has considerable exergy losses and low thermodynamic effi-
ciencies.14 The thermodynamic efficiency is selected as indi-
cator in the evaluation methodology and it can be calcu-
lated21 with the following Eq. 1:

g ¼ WSEP

Exloss þWSEP

(1)

where WSEP (kW) is the work of separation, Exloss (kW) is the
exergy loss of the system.

Gouy-Stodola theorem states that the lost available work
is directly proportional to the entropy production. The
proportionality factor is simply the ambient temperature T0
(Eq. 2).

Exloss ¼ T0DSirr (2)

where the DSirr is the entropy production.
However, the exergy analysis also calculates the exergy

loss, only the thermodynamic efficiency is selected as indica-
tor in the evaluation methodology. The reason behind of this
selection is that the exergy loss profile can provide informa-
tion about the location of the energy wastes within the
distillation system while the thermodynamic efficiency char-
acterizes the complete process segment. The exergy loss and
thermodynamic efficiency together provide useful informa-
tion e.g., in the case of retrofit design because they indicate
the possibility of further energy savings for a specific distil-
lation system.

Economic study

Economic features should be estimated throughout every
stage of the process design. The purpose of the economic
study is the determination of the economic efficiency in
function of their capital and utility costs. The correlation
between economic study and exergy analysis is important as
well, because e.g., exergy analysis may give hints about eco-
nomic properties of the system. To compare these results
with that of the exergy analysis the same operating condi-
tions are used. Thus, the separation tasks and the inlet and

Figure 1. Flow diagram of the evaluation methodology
of distillation systems.

Table 1. Summary of the Data Required for the Application
of the Evaluation Methodology

Analysis Data

Exergy Ambient pressure
Ambient temperature
Molar enthalpy of component i
Molar entropy of component i
Relative volatility of components ij

Economic Cost of the utilities
Heat capacity
Latent evaporation heat
Marshall & Swift index
Material costs

Greenhouse gas Global warming potential of component i
Emission estimation Efficiency of the firing equipment
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outlet stream properties are identical to the parameters used
during the exergy analysis. The objective function is the
Total Annual Cost (TAC) that includes capital and utility
costs and it is calculated according to the Eqs. 3 and 4.

TAC ¼ Annual capital costþ Annual operating cost (3)

Annual capital cost ¼ Capital cost=Plant life time (4)

The operating cost includes the utility costs and it is cal-
culated per year in function of the operating hours. The eco-
nomic study provides the TAC as indicator that characterizes
the different distillation design alternatives.

Greenhouse gas emission estimation

As the environmental emission regulations have become
strict in the last decades, the GHG emission estimation has
especial importance and should be included in the early
stage of process design. This article considers only
the GHG emission since this form the significant part
of the pollution caused by the studied distillation processes.
The emission inventory and quantification motivates the
designer to realize environmental friendly processes. These
emissions have special impact also on the profitability of
industrial processes since the Kyoto Protocol was ratified
by many countries and established in 2005, a scheme for
GHG emission trading. Some countries have introduced
taxes based on the carbon content of the energy products
and this tax is called ‘carbon tax’. A ‘carbon tax’ is a
charge to be paid on each fossil fuel, proportional to the
quantity of carbon emitted when it is burned. Concerning
the present demands, carbon dioxide equivalent emissions
need to be quantified.

Estimation of Carbon Dioxide Equivalent Emission. Be-
side of CO2 emission other greenhouse gases are also esti-
mated like nitrous oxide (N2O), methane (CH4), hydrofluoro-
carbons, and sulfur hexafluoride (SF6; Table 2).

The carbon dioxide equivalent (CO2e) is calculated by
summing up the GHG emissions multiplied by their GWP
value (Eq. 5).

CO2 equivalent emission

¼
X

ðGWP � Greenhouse gas emissionÞ ð5Þ

The GHG emission estimation calculates the CO2e emis-
sion of the distillation design alternatives per year that can
be used as indicator in the evaluation methodology.

(3) The third level of the methodology includes the rank-
ing of the process alternatives and the decision which system
is the most adequate for the specific task.

The ranking is based on the desirability function, where
the input data are the indicators calculated on the previous
level. The indicators provide important information about
process performances and allow the comparison of process
alternatives with respect to specific aspects. However, they
are not suitable for a direct comparison among the different
analyses, therefore the desirability function is used to sum-
marize the different indicators.

The desirability function (Dfct) approach is a useful statis-
tical method to optimize the multiple characteristics prob-
lems. This method proposed by Harrington22 converts the
multiple quality characteristics into a single characteristic
problem by maximizing the total desirability. The indicators
are transformed into an individual desirability value d for
the desirability function model. If the response exceeds the
acceptable value, the value of d becomes zero; if the
response is at the target value, the desirability value d
becomes one. The individual desirability functions, d are
continuous functions and they are chosen from among a
family of linear or exponential functions. Based on these
individual functions the overall desirability function, Dfct, is
constructed (Eq. 6), and this makes possible the ranking of
the process alternatives. The Dfct is defined as the geometric
average of the k individual desirability functions and desir-
ability includes the designer priorities and desires using the
m weight factor23. High value of Dfct shows that all dk are
toward the target value that indicates the most adequate pro-
cess alternative.

Dfct ¼
Yk
i¼1

d
mj

i

 ! 1P
mj ¼ dm1

1 � dm2

2 � � � � � d
mj

k

� � 1P
mj (6)

where k is the number of indicators and m is the weight factor.
The value of the m weight factor can be chosen equally

one for each indictor if all deciding criteria are equally im-
portant for the designer. If the design task specifies the rank
of the deciding criteria, this can be expressed in the values
of the m weigh factor. The result of the ranking is affected
by the value of the weight factor, mainly when the different
individual indicators would have shown different ranking of
the process alternatives. The use of high weight factor
value for an indicator presses the result of the global ranking
with the Dfct toward the ranking of the specific individual
indicator.

The last step of the methodology is the decision making
based on the Dfct. The process alternative with the highest
Dfct value is the most favorable solution for the specific sep-
aration task based on the criteria mentioned in the second
level of the evaluation methodology. The selected process al-
ternative can be subject to the detailed engineering design as
the next step of the process design project.

However, the evaluation methodology is elaborated for
distillation systems it could be used also for other energy-
utilizing processes since these processes can be generally
characterized with the evaluation criteria applied in the
proposed methodology. The use of the Dfct makes possible
the extension of the deciding criteria with different process
specific indicators.

Table 2. Global Warming Potentials of Different
Greenhouse Gases

Greenhouse Gases GWP Value/100 Years

Nitrous oxide (N2O) 296
Methane (CH4) 23
Trifluoromethane (HFC-23) 12,000
1,1,1,2-Tetrafluoroethane (HFC-134a) 1300
Sulfur hexafluoride (SF6) 22,200
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Distillation System Selected for the Elaboration
of the Methodology

The selected case studies are three types of energy-inte-
grated distillation systems. They are subjects of the design
methodology. Using the three criteria of the methodology, the
energy-integrated distillation systems are compared between
each other and to the conventional scheme in the case of ter-
nary mixture separation.

The studied distillation schemes are:
(1) direct sequence with backward heat-integration

(DQB);
(2) fully thermally coupled distillation column, also

known as Petlyuk column (FTCDC);
(3) sloppy distillation system with forward heat integration

(SQF);
(4) conventional direct separation sequence without

energy integration which is the base case of the comparison.
The studied distillation systems are selected from different

types of conventional and energy-integrated distillation
groups and the best connection is chosen from this groups
referring to the column coupling and to the direction of
energy integration. This selection is in accordance with sev-
eral authors like3,24 The first distillation system is a direct
sequence with backward heat integration instead of forward
because of its better economic and control features high-
lighted by Rév et al.3 The same reason is behind of the
choice of the forward heat integration in case of sloppy dis-
tillation structures. The base case of the comparative study is
the direct sequence without energy integration.

The distillation systems selected for study are the follow-
ing in detail.

Direct sequence with backward heat integration (DQB)
(a) The basis idea of this distillation system is to use the

overhead vapor from the second column of increased pres-
sure to provide heat to the first low, usually atmospheric
pressure column. The reboiler of the first column is com-
bined with the condenser of the second (Figure 2).

Fully thermally coupled distillation column (FTCDC)
(b) Fully thermally coupled distillation column is also

called Petlyuk column consists of a prefractionator and a main

column. The required heat amount for the separation is pro-
vided through direct contact of the material flows (Figure 3).

Sloppy distillation system with forward heat integration
(SQF)

(c) This distillation system basically is a heat-integrated
sequence, but in the prefractionator sloppy separation takes
place. The first column is a high-pressure prefractionator, its
distillate and bottom product are fed to the second, low-pres-
sure column. The forward heat integration between the two
columns is carried out by an integrated heat exchanger,
where the overhead vapor from the high-pressure prefractio-
nator is used to boil up the low-pressure column (Figure 4).
The forward scheme is selected in this work because previ-
ous studies by Emtir et al.24 have shown that it is better con-
trollable than the backward integration and the forward and
backward alternatives have practically the same economic
features.

Figure 2. Direct distillation sequence with backward
heat integration (DQB).

Figure 3. Fully thermally coupled distillation column
(FTCDC).

Figure 4. Sloppy distillation system with forward heat-
integration (SQF).
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Conventional direct distillation scheme (Conv. Dir.)
(d) This separation structure is used as base case for com-

parison. As it proves to be better than the indirect one in the
case studies selected it consists of two simple distillation col-
umns connected in such a way that bottom product of the first
column is the feed of the second column. In literature, they are
considered to be conventional arrangements for ternary distil-
lation. Direct separation sequence is shown in Figure 5.

Application of the Proposed Evaluation
Methodology on the Studied Distillation Systems

Optimal parameters of the aforementioned separation sys-
tems are determined. Rigorous tools calculate adequate
reflux ratios, number of trays, and optimal feed tray. In the
case studies selected, the total number of the theoretical
trays of the separation schemes ranges between 70 and 95
and the column diameters range between 0.9 and 1.5 m. The
reflux ratios vary according to the ease of separation in a
wide range. The simulation models of the studied distillation
systems are implemented in the ASPEN PLUS process simu-
lator. Moreover, the applied studies in this work e.g., exergy
analysis, economic study require the use of MS-Excel con-
nected to the process simulator where the different exergy
calculating equations or the cost functions are introduced.

Definition of the boundaries

The methodology is applied on the process segment that
contains the distillation columns and the heat exchangers,
including the condensers and reboilers.

Selection of the identical
input/output parameters

For the investigation of the distillation systems, three dif-
ferent ternary mixtures are selected (Table 3). Mixtures of
more than three components are not considered at the stage
of this study so that the complexity of the several designs,
that is typical for the more than three component mixtures,
do not disturb the overview of our proposed methodology.
Because of the same reason, only zeotropic mixtures are
considered.

Three product purities are supposed in the economic
study: 90%, 95%, and 99%. In the case of the exergy analy-
sis and GHG emission estimation one product purity (95%)
is selected.

Feed flow rate is 100 kmol/h and its composition is
always equimolar. The chosen ternary mixtures have differ-
ent ease of separation that can be characterized by the sepa-
ration index (SI):

SI ¼ aAB
aBC

(7)

where aij is the relative volatility. The results of this work are
often presented in function of SI which gives indication about
the location of the more difficult separation task.

The Soave-Redlich-Kwong model is used to calculate
vapor–liquid equilibrium. This model is widely used in the
refinery and gas processing industries for the prediction of
vapor–liquid equilibria for systems containing non-polar
components.

The ambient pressure and temperature is taken 101 kPa
and 298 K, respectively.

Results of the exergy analysis

Exergy analysis is applied to the studied energy-integrated
distillation systems and to the conventional direct distillation
scheme.

To perform the exergy analysis the balance regions has to
be fixed. Figures 2–5 shows the system boundaries where
the exergy analysis is applied. The analysis takes in to
account the inlet and outlet material streams and the heat
duty of the reboilers and of the condensers. To compare the
thermodynamic efficiency of the studied distillation systems
the entering and leaving stream physical properties must be
identical. In this study the temperature, pressure, and compo-
sition of the inlet and outlet streams are equal for each case
study and the product purity of the outlet streams is selected
to be 95%. Therefore, the inlet and outlet stream exergies
are identical for the studied distillation systems separating
one specific ternary mixture. Thus, the separation work does
not vary in function of the used distillation system only in
function of the separated mixture. The cooling water temper-
ature is taken 283 K and the temperature of the steam used

Figure 5. Conventional direct distillation scheme (Conv.
Dir.).

Table 3. Ternary Mixtures Studied

Case Mixture aA aB aAB b SI

1 Isopentane-pentane-hexane 3.62 2.78 1.3 0.68 0.47
2 Pentane-hexane-heptane 7.38 2.67 2.76 0.26 1.03
3 Butane-isopentane-pentane 2.95 1.3 2.26 0.154 1.74
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in the reboilers is 433 K. The calculated thermodynamic effi-
ciency (Eq. 1) is linear dependent on the taken temperature
grades25 thus one can obtain different efficiency values if the
temperature of the used cooling and heating media is differ-
ent or the ambient temperature is fixed differently.

Each distillation system is studied for three different ter-
nary mixtures (Table 3) in order to investigate also the effect
of SI on the energy saving properties of the distillation sys-
tems. The distillation systems are ranked according to their
exergy loss and thermodynamic efficiency.

In Figure 6, the exergy loss is presented in function of SI
for each distillation system. The three SI value represents
the three ternary mixtures with different ease of separation.
As the figure shows the exergy loss is the lowest when the
ease of separation of the mixture is balanced so the SI value
is close to 1. If the ease of separation becomes unbalanced
thus the SI of the mixture differs from 1 the exergy loss
increases. The exergy loss of the distillation systems gener-
ally is the highest in the case of the third mixture separation
with SI ¼ 1.74. It has to be noted that SI value of the third
mixture deviates the most from 1 which means that
this mixture is the furthest from the symmetric ease of
separation.

The comparison of the different distillation systems shows
that the DQB has the least exergy loss followed by SQF.
Entirely these two heat-integrated distillation systems show
the best energy saving and consequently the thermodynamic
efficiency of these systems is the highest (Figure 7).

The thermodynamic efficiency of the FTCDC is better
compared to the conventional direct scheme in the case of
the mixtures with SI ¼ 1.03 and in the case of the other
mixtures there is very slight difference in the thermodynamic
efficiency of the FTCDC and conventional direct scheme.
Figure 7 shows that the DQB has 5% higher thermodynamic
efficiency than that of the conventional direct scheme in the
case of mixture 2 with SI ¼ 1.03. These results support the
idea that processes with high exergy loss and low thermody-
namic efficiency can be energetically improved.14 The
results of the exergy analysis are compared to the energy
consumption data of the distillation systems. The calculation
of the energy consumption assumes that the distillation sys-
tems have only heat requirements neglecting e.g., the elec-

tricity usage of the pumps etc. The heat demand of the stud-
ied distillation systems is presented in the Figure 8.

One can notice that the tendency of the heat demand is
similar to that of the exergy analysis. This can be explained
with the identical ambient and utility temperatures for each
case study.

The exergy analysis determines the thermodynamic effi-
ciency of the investigated systems which gives information
about the supplied heat conversion into separation work and
identifies the energy wastes through the exergy loss. This
tool reveals the energy saving performance of the system
and locates those process units, which need further energetic
improvements.

In the case study, the exergy analysis identifies the charac-
teristics of the studied distillation systems regarding to the
energy efficiency but it is uncertain how precisely the costs
or the CO2e emission of these systems can be predicted.
Therefore, the next steps of this work are an economic study
calculating the costs of the studied distillation systems and
furthermore the estimation of the CO2e emission.

Results of economic study

The economic study as a design step is tested on the dis-
tillation design alternatives. Based on their economic

Figure 6. Exergy loss in function of the separation
index.

Figure 7. Thermodynamic efficiency in function of the
separation index.

Figure 8. Heat demand of the distillation systems in
function of the separation index.

1782 DOI 10.1002/aic Published on behalf of the AIChE July 2010 Vol. 56, No. 7 AIChE Journal



efficiency, the investigated distillation schemes are compared
between each other and the best energy integration solution
can be chosen. The economic study calculates the TAC of
the investigated distillation systems. These systems are
investigated for the same separation task and within the
same system boundaries as in the exergy analysis. The TAC
is calculated in the function of the separation index. In the
literature, economic feature of energy-integrated distillation
schemes have been discussed with increase of product pu-
rity.2,3 However, it has not been investigated in the aspect of
separation index, which expresses the ease of separation of
the given mixture. The SI allows the generalization of the
ternary mixtures based on their relative volatility.

Concerning the TAC (Eqs. 3 and 4) calculation in this
case study, the plant lifetime is 10 years with 8000 operating
hours per year. The capital cost contains the installed cost of
the column shell, tower internals, condenser, and reboiler.
These costs are estimated using respective equations pro-
posed by Douglas20 and updated by the Marshall and Swift
index which value is taken from literature.26 Operating cost
contains the cooling water and steam costs. The industrial
prices are used to calculate the utility costs.

Results of the comparative economic study for the separa-
tion systems and ternary mixtures studied are shown in Fig-
ures 9–11. The representation of the results in these three
figures differs in the expected product purities. The effect of
different product purity requirements is investigated in order
to reveal the properties of the investigated distillation system
alternatives in detail.

Figure 9 shows the Total Annual Cost (TAC) vs. Separa-
tion Index (SI) when the required product purity is 90%. In
this case the most economic distillation structure is the direct
sequence with backward heat-integration (DQB) followed by
the sloppy distillation system with forward heat integration
(SQF). Fully thermally coupled distillation columns show
savings compared to the conventional direct distillation
scheme, which has the highest costs.

In the next case where the required product purity is 95%
(Figure 10) total annual cost of each distillation structure
increase and the rank between of the heat-integrated distilla-
tion systems (DQB, SQF) does not change. The FTCDC has
higher costs compared to the conventional direct scheme in

the case of the mixtures with unbalanced ease of separation
(SI ¼ 0.47, 1.74). The FTCDC proves to be inefficient for
these separation tasks.

The results of the economic study in the case of 99%
product purity (Figure 11) show that the most economic dis-
tillation structure is the DQB and only in the case of mixture
with SI ¼ 0.47 it is SQF. Although the SQF is not the most
economic structure in every case, but it is not as sensible to
the increase of product purity as other structures.

It follows from Figures 9–11 that the TAC has an increas-
ing tendency with the increase of the product purity that cor-
relates with the raised energy usage of high product purity
distillations. The studied distillation schemes run with the
lowest costs when the ease of separation is balanced (SI ¼
1.03) and the heat-integrated systems (DQB, SQF) are the
most economic arrangements in almost every case and it is
always better than FTCDC. The results of the economic
study correlate with the results of the exergy analysis.

Results of GHG emission estimation

The GHG emissions of the studied energy-integrated dis-
tillation systems are estimated and compared to the emission

Figure 10. TAC vs. SI when the required product purity
is 95%.

Figure 11. TAC vs. SI when the required product purity
is 99%.

Figure 9. TAC vs. SI when the required product purity
is 90%.
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of conventional distillation scheme. The major emission
related to the distillation systems of our case study is the
GHG emission caused by the large heat requirement of these
systems. Therefore, the energy requirements of the different
distillation systems are calculated. Based on the energy con-
sumption data of the distillation schemes, GHG emissions
are estimated using SimaPro 6.0 and the results are verified
by the model developed by Gadalla et al.19 for quantifying
the emissions associated with distillation systems. Reducing
energy requirements of distillation systems leads to lower
GHG emission; this is why reconsideration of the design
methodology is necessary. Energy integration could be a so-
lution to reach a lower GHG emission through better energy
utilization. Carbon dioxide equivalent is used in order to
quantify these emitted GHG (Eq. 8). The global warming
potential (GWP) values of the GHG are taken for 100 years
time horizon (Table 2). These CO2e emissions are estimated
assuming four different fossil fuels as heat source: natural
gas, oil, coal, and lignite. The emitted greenhouse gases
using these fossil fuels are composed mainly by CO2 and by
slight amount of N2O and CH4. The amount of emitted
halogenous compounds is practically negligible compared to
the CO2 emission and therefore it can be neglected.

Appropriate firing equipment is selected for each kind of
heat source based on the descriptions found in the litera-
ture27:
• Natural gas heating atmospheric burner with low NOx

emission with efficiency g ¼ 87%.
• Fuel oil (low sulphur) boiler under 100 kW with effi-

ciency g ¼ 87%.
• Industrial coal furnace used in range of 1–10 MW with

efficiency g ¼ 80%.
• Stove lignite briquette 5–15 kW with efficiency g ¼

70%
The results show that the investigated energy-integrated

distillation systems have lower CO2e emission compared to
the conventional direct distillation scheme. The energy
requirement and consequently the associated CO2e emission
grow with the increase of the product purity. This tendency

is valid for all of the studied distillation systems but the
SQF is the least sensitive (Figure 12).

Energy-integration of the distillation columns can reduce
the CO2e emission and further minimization of this emission
can be reached by using cleaner fossil energy source.

Figure 13 shows the CO2e emissions of the four studied
distillation systems in case of the different fossil fuel used as
heat source. CO2e emission is the lowest when natural gas is
used as heat source in the case of each studied distillation
scheme. This tendency is true for each studied separation
problem. The CO2e emission increases if the ease of separa-
tion is not symmetric that is when separation index (SI) is
far from 1 (Figure 14).

The CO2e emission reduction compared to the base case is
also investigated. The CO2e emissions are summarized for all
the three product purities into one average CO2e emission sav-
ing figure. These figures are shown in one chart (Figure 15)
for all the three studied energy-integrated distillation schemes.

Figure 15 shows that the DQB structure has the best figure.
This means that the DQB scheme is the most flexible in the
CO2e emission issue if product purity changes. The average

Figure 12. CO2e emission of the studied distillation
systems at different product purities in case
of mixture with SI 5 1.03, with natural gas
as fossil fuel.

Figure 13. CO2e emission of fossil fired distillation
structures, the product purity is 95%, mix-
ture with SI 5 1.03.

Figure 14. CO2e emission of the distillation systems, in
the case of different ternary mixtures.

The required product purity is 95% and with natural gas
as fossil fuel.
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emission saving of DQB reaches 40%. The CO2e emission
confirms the results of the previous studies of this work and
draws the attention to the consequences of wasted energy.

Ranking the process alternatives

The ranking of process alternatives is based on the differ-
ent process indicators from the exergy analysis, economic
study, and the GHG emission estimation. The indicators are
numerically presented in the Figures 7, 10, and 14 and they
are transformed into an individual desirability value d from
0 to 1. In the case of thermodynamic efficiency, maximiza-
tion is desirable, while the TAC and CO2e emission should
be minimized. The weighting factors of the different indica-
tors are taken equally one in this case study; however, the
desirability function method allows the use of weighted indi-
cators if the criteria are not equally important. According to
the Eq. 6, Dfct is calculated and presented in function of the
different ternary mixtures and the investigated distillation
systems (Figure 16).

Decision

The evaluation methodology reveals that the most
adequate distillation system is the SQF in the case of the
mixture with SI ¼ 0.47 and the DQB in the case of the mix-
tures SI ¼ 1.03 and 1.74. The case study investigations
prove that the results of the exergy analysis are in linear cor-
relation with the economic features as well as with the emis-
sions. The methodology for the simple estimation of the dif-
ferent process design alternatives can become quite simple.
We can conclude that the results of the exergy analysis are
in strict correlations with the results of the economic and
environmental analysis. Therefore, it can be concluded that
it is satisfactory for the evaluation of the different design
alternatives to pay special attention to the thermodynamic ef-
ficiency determined on exergy analysis basis. Considering
that this methodology can be used in the process design
stage, the basic assumption of the process design should be
applied also in this methodology. This basic assumption is
that the ambient parameters should be identical in each case.
It means that the temperature, pressure, and compositions of
the input and output streams must be the same for each pro-
cess design alternative.

Conclusions

The proposed process investigation methodology for distil-
lation systems helps to evaluate process alternatives from a
complex point of view. Following this methodology, the
problem defined on the first level is suitable for the complex
comparative study. The second level is the multicriteria eval-
uation and it forms the hearth of the methodology. In this
level, three different kinds of analysis are carried out in
order to evaluate the distillation systems based on exergetic,
economic, and environmental impact aspects. In the last
level of the methodology, the Dfct aggregates these three
aspects in order to help the selection of the most adequate
distillation design alternative giving one general characteris-
tic figure for each process design alternative.

In the case study, three energy-integrated distillation sys-
tems are investigated and compared to the conventional
direct scheme. The input/output parameters and the system
boundaries are defined similarly for these investigated sys-
tems. In the case of the exergy analysis, the base of compar-
ison is their thermodynamic efficiency. This analysis shows
that the heat-integrated distillation structures (DQB and
SQF) are the most energy-efficient among the studied ones.
The thermodynamic efficiency of all the studied distillation
systems is the highest when the ease of separation is sym-
metric, that is, the exergy loss is the minimal one in such
cases. Economic study supports the results of the exergy
analysis and shows that the heat-integrated distillation struc-
tures have the best economic features as well. Although the
FTCDC is less economic than the other investigated heat-
integrated systems but it shows energy savings compared to
the conventional sequence. CO2e emission reduction can be
achieved with the use of cleaner fossil energy source, and
using heat-integrated distillation schemes. CO2e emissions of
the distillation systems can be decreased by on the average
of 40% using DQB arrangements instead of conventional al-
ternative. The CO2e emission estimation demonstrates that in
most of the cases, the DQB has the lowest CO2e emission
but the SQF is less sensitive to the product purity change.
Applying the Dfct reveals that among the different distillation
schemes the heat-integrated DQB alternative proves to be
the best applicable since it shows the features in a wide and
flexible range.

Figure 16. Dfct vs. SI for the studied distillation
systems.

Figure 15. CO2e relative emission saving correlate to
the conventional direct distillation scheme.
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This work also shows that the thermodynamic efficiency
determined during exergy analysis predicts the results of the
economic study and provides further information about the
system. Based on the results one can conclude that the gen-
erally favored economic study can be replaced with exergy
analysis in the early stage of process design. Moreover, the
exergy analysis can also predict the emissions associated
with the utilized energy and this proportionality can simplify
the decision-making during the process synthesis step. This
emphasizes the improving importance of the exergy analysis
also in the process design practice.
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Notation

Latin symbols

A ¼ the most volatile component of the ternary mixture
B ¼ middle component of the ternary mixture
C ¼ the heaviest component of the ternary mixture

CO2e ¼ carbon dioxide equivalent (kg)
d ¼ individual desirability value

Dfct ¼ desirability function
DQB ¼ direct distillation sequence with backward heat integration
Exloss ¼ lost exergy rate (kW)

FTCDC ¼ fully thermally coupled distillation column
GWP ¼ global warming potential
L12 ¼ liquid flow rate from column 1 to column 2 (kmol/h)
L21 ¼ liquid flow rate from column 2 to column 1 (kmol/h)

M&S ¼ Marshall and Swift index
m ¼ weight factor
n ¼ mole flow (kmol/h)
SI ¼ separation Index

SQF ¼ sloppy distillation system with forward heat-integration
T0 ¼ ambient temperature (K)

TAC ¼ total annual cost ($/year)
V12 ¼ vapor flow rate column 1 to column 2, (kmol/h)
V21 ¼ vapor flow rate from column 2 to column 1, (kmol/h)

WSEP ¼ work of separation, (kW)

Greek letters

ai ¼ volatility of component i
aij ¼ relative volatility of components i, j
b ¼ optimal fractional recovery of the middle component

DSirr ¼ entropy production (kJ/h K)
g ¼ thermodynamic efficiency
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