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In this paper a complex methodology is tested and verified to select the most adequate energy
integrated distillation structure for a specific separation task. Exergy, economic and environmental
analyses are applied to select the most efficient rectification structures for separation of quaternary
hydrocarbon mixtures. Distillation structures based on direct sequence and single column
configurations are examined.

The ranking depends on the product purification prescription. The direct sequence backwards with heat
integration performs best in all cases. This shows that heat integration of distillation columns is a
beneficial from both exergetical, economical end environmental points of view in a wide product purity
range, and it has a great potential of savings. The overheated vapour feed solution has less attractive
properties, therefore it should be avoided if the separation technology allows it.

1. Introduction

Distillation is a versatile separation tool. Apart from crude distillation and hydrocarbon separation other
uses are known, such as regenerating solvents or processing wastewater, e.g.,Koczka and Mizsey,
2010 and Toth et al., 2011. Constantly rising energy prices make energetic efficiency more and more
important, thus many scientific works today still investigate energetic aspects of distillation. Most of
them is investigating different new improvements on thermally coupled distillation systems (Gadalla et
al., 2007; Kencse et al., 2007; Huang et al., 2008; Wang et al., 2008a; Zhu et al., 2009; Kencse and
Mizsey, 2010; Liu et al., 2011; Wei et al., 2011; Kiran et al., 2012). These topics show the importance
and actuality of saving energy, especially in such energy consuming processes like distillation. It is
important both from economic and environmental viewpoints, as these are closely related.

Complex design is also a famous subject of investigation nowadays, thus the need for fast decisions,
simple yet easy evaluations is probably higher than ever. Many articles (Grossmann et al., 2005; Wang
et al.; 2008a,b; Adiche and Vogelpohl, 2011) discuss automatic methods to design complex distillation
structures. Extending these methods to include economic and energetic considerations would be
desirable, in order to include viewpoints that usually effect decisions in economy. Regarding petrol
industry, not just new equipment is designed, but the old columns and equipment are usually
retrofitted. Kencse and Mizsey (2010) provide a methodology that aids integration of technological,
economical or environmental design together, that can help these design steps. They presented a
simpler way to aggregate these aspects with the desirability function, and tested it on ternary mixtures.
This paper is verifying this methodology and its tools on a quaternary hydrocarbon mixture.

Please cite this article as: Haragovics M. and Mizsey P., (2012), Exergy analysis of multicomponent distillation
systems for efficiency ranking, Chemical Engineering Transactions, 29, 343-348
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2. Complex methodology

2.1 Exergy analysis: energy and efficiency

Processes have been optimised for energy consumption for decades, but usually the value of the
energy is not considered. The difference originates from the conversion of one type of energy into the
other. Regarding just heat energy, the same amount of heat energy can be more valuable if it is
available on higher temperatures. In many cases, despite the large heat energy content, lower
temperature heat energy can only be utilised in a few processes. This shows that the availability
temperature of the heat energy is strongly associated with its value of utilisation.

Exergy, however, makes a difference between more and less valuable energies. In the calculation of
exergy not only the first but the second law of thermodynamics is also taken into account. By definition,
exergy is the maximal possible useful work during a process that brings the system into
thermodynamic equilibrium with a heat reservoir. The heat reservoir usually is the environment. Exergy
can also be expressed like in Eq. 1 where Q is the heat energy, T is the temperature of the heat and
index 0 denotes the properties taken at the temperature of the heat reservoir. Another form of exergy is
Eqg. 2, where H is the enthalpy, S is the entropy and T is the temperature.

EX:QX(T;TO]:QX(l—TFJ 1)
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We can summarize the advantage of using exergy analysis: it takes irreversibilities into consideration
and expresses that heat energy and work are not equivalents. It also shows that heat degrades from
higher to lower temperatures. A simple enthalpy balance fails to indicate these differences.

The second law of thermodynamic states that the entropy in a closed system can only be increased. In
the distillation process the heat is passed through the reboiler, then the column where it makes useful
work, and finally it is gained back in the condenser at a lower temperature than it was introduced to the
reboiler. Degradation of heat energy makes it possible to lower the entropy of the material, that is, the
separation of a liquid mixture. Seader and Henley (2006) describe the method of exergy loss and
thermodynamic efficiency calculation. First the irreversible entropy loss needs to be calculated(Eg. 3).
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Having the entropy loss calculated and knowing the temperature of the heat reservoir, it is possible to
calculate the exergy loss (Eq. 4).

EXIoss = TO X ASirr (4)

The work of separation is also needed, that is, the difference of the exergy flowing in and out (Eq. 5).

W, =Y (nxEx)+ > (nxEx) ()
out in

Finally the efficiency is calculated by dividing the useful work by the energy we cannot recover, i.e., the
useful work plus the exergy loss (Eq. 6).

o N ®)
Wsep + EXIoss

The ideal distillation column would be the reversible distillation column (Figure 1) introduced by Fonyo
(1974). No irreversible change occurs in it, thus there is no entropy loss. To achieve this, equilibrium is
needed in every point of the column which implies an infinite number of plates, negligible pressure drop
and infinitesimally small heat transfers along the height of the column at each tray. This implies that the
material flow also changes along the height, resulting in an unusual column shape.

The very strict criteria of the reversible column make it an infeasible solution. However, many of its
features can be implemented during design of distillation. .Multiple feed inlets, multiple side-draws,
internal heat transfer and even distribution of heat energy inputs and outputs are all tools to improve
thermodynamic efficiency.
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2.2 Estimation of greenhouse gas (GHG) emission

In the past decades efforts were made to regulate the
emission of greenhouse gases. CO; is emitted in the largest
quantity, but other GHG gases also have effect on global
warming. This multiplicity is simplified with the calculation of
CO; equivalent emission (COze) with the help of the global
warming potential (GWP). Emissions of gases are multiplied
by their GWP and summarized (Eq.7). Due to the
aforementioned importance of GHG emission it is
recommended not to leave this viewpoint out of any design
process.

CO,e =" (GWPx GHGemission) ()
In our work, during the comparison of different distillation

structures the annual CO.e emission is taken into account as
an indicator.

Feed _

2.3 Estimation of total annual cost

At the very beginning before choosing the appropriate system
cost estimation is done for all systems. The capital cost is
estimated with the appropriate equations proposed by
Douglas (1988). The operating parameters are the same as
during the exergy analysis and GHG emission analysis. The
total annual cost (TAC) is calculated as in Eq. 8. The annual

Figure 1. Reversible distillation

column capital cost is the capital cost of the system distributed evenly
during the designed plant lifetime (Eg. 9).

TAC = Annual capital cost + Annual operating cost (8)

Annual capital cost = Capital cost / Plant lifetime 9)

2.4 Aggregation of properties with desirability function

The final step of the complex evaluation is the aggregation of different indices. This step uses the
desirability function proposed by Harrington (1965) The indicators are transformed into an individual
desirability value d for the desirability function model. Individual desirability functions, d—s 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, D, is constructed (Eq. 10). The
Dit is defined as the geometric average of the k individual desirability functions, d-functions are
constructed to reflect the importance of each parameter instead of using the weighing factor. High
value of Dy shows that all dx are toward the target value that indicates the most adequate process
alternative.

1
Kk Smo 1
ch‘:(l‘[drljz "o <D xexd JEm (10)
i=1

3. Case study

To determine the influence of design alternatives on the thermodynamic and the aggregated
efficiencies of distillation, different distillation schemes are studied completing the same separation
task. Simulations of the separation of a quaternary mixture are made and the exergy loss and
efficiency of five distillation structures are examined as well as the CO.e emission and annual cost of
building and operating the given structure. The designed lifetime of the system is 10 years with 8000
operating hours annually.

A quaternary hydrocarbon mixture is separated, it is an equimolar mixture of n-pentane, n-hexane, n-
heptane and n-octane. We examine two cases of product purity: a) sloppy separation with lower
purities and b) sharp separation with relatively high purities (Table 1).
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Table 1: Mole fractions in different product streams

Lightest frac. Middle frac. 1 Middle frac 2 Heaviest frac.
Major comp. n-pentane n-hexane n-heptane n-octane
Sloppy 0.82 0.68 0.64 0.76
Sharp 0.96 0.93 0.90 0.94

The base case of distillation structures is the conventional direct sequence (DS, Figure 2). A
backwards heat integrated alternative of the direct sequence is also included in the structures (DQB,
Figure 3). This configuration may look odd, but such solution exists in the separation industry. Forward
integration proved to be uneconomical according to a previous study by Emtir et al.(1999), therefore it
is not investigated.

Another version of the direct sequence (DS-HP, Figure 2) is also examined: the pressures in Col. 2 and
Col.3 are higher, equivalent to those needed for backwards heat integration. Parameters are identical
to those of the DQB structure (Figure 3). Apart from the conventional direct sequence structures
columns with side products are also examined. One is a single column with four products (SC, Figure
4), the other one is the same single column but with a furnace and vapour feed (SC-OHV, Figure 5).

Xg Xc,
D, D;
col. 2 Col. 3

cD
mﬁ{
B,

Figure 2: Conventional direct sequence (DS, Figure 3: Direct sequence with backwards heat
DS-HP) integration (DQB)

call | g Xe
3

ABCD
c Xe,
Sz
D Xo

Figure 4: Single column with side products (SC)  Figure 5: Single column with side products and
overheated vapour inlet (SC-OHV)

For the simulations the Aspen Plus software is used. The chosen thermodynamic property is Peng-
Robinson.

4. Results

In the case of the sloppy separation the results are shown in Table 2. The single column with side
products (SC) and DQB have lower costs and GHG emission while have higher efficiencies than the
others. SC-OHV configuration has very low efficiency, making it the most expensive solution.

In Figure 6 the same situation can be observed. DQB and SC configurations outperform the others,
DQB has somewhat higher desirability. The base case (DS) has mediocre desirability. The very low
desirability of SC-OHV indicates that configurations with overheated vapour should be avoided. The
large difference between the desirability of DQB and DS-HP shows the advantages of heat integration
in every consideration investigated in this case study.
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Table 2: Thermodynamic efficiencies, CO.e emissions and total annual costs (sloppy case)

sc SC-OHV DS DS-HP  DQB
Efficiency (%) 22.90 5.89 17.39 10.57 19.40
COze (tly) 539 643 725 861 495
TAC (USS$ly) 1115 2184 1687 2062 1036

Table 3: Thermodynamic efficiencies, CO.e emissions and total annual costs (sharp case)

SC SC-OHV DS DS-HP DQB
Efficiency (%)  9.62 156 13.38 5.81 17.74
COse (tly) 1705 2030 1353 2161 631
TAC (US$fy) 4026 7508 3292 5489 1257
04 05
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Figure 6: Desirability of distillation systems - Figure 7: Desirability of distillation systems - sharp
sloppy separation separation

In the case of sharp separation the results in Table 3 show some changes compared to the sloppy
case. The performance of the single column solution declines in all considerations and shows worse
properties than the DS configuration has. Figure 7 shows the desirability values of the sharp separation
case. Desirability values reflect the same changes as the different properties: DQB configuration is still
the most desirable system. The rising reflux ratios cause SC to be much less desirable than DQB or
even DS.

5. Conclusion

In both cases DQB configuration is the most desirable configuration, which indicates that this
configuration is widely applicable. Good performance of the DQB structure is in correspondence with
previous studies (Emtir et al., 1999; Rév et al., 2001; Kencse and Mizsey, 2009; Kencse and Mizsey,
2010). DQB is a simple and reliable structure with good properties, its usage is recommended,
especially for retrofitting, where the application of newer, complicated structures would be impossible.
Performance and desirability of SC configuration is dependent on product purity. This is caused by the
difference in reflux ratios. The same additional purity improvement requires more additional reflux rate
change. At lower reflux rates, however, SC can be as good choice as DQB.

Overheated vapour feed proves to be very inefficient: thermodynamic efficiency in these cases is
extremely low, and costs and GHG emissions are also very high compared to alternatives. Evaporating
and overheating the whole feed stream to a temperature much higher than otherwise needed
consumes a lot of energy and destroys exergy immediately.

Finally, usage of exergy analysis provides useful information on configurations and is an efficient tool in
the design process. Desirability function also proves to be a useful tool during the decision process,
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simplifying the distinction between alternatives by providing one simple indicator. This is in
correspondence with studies with ternary systems (Kencse and Mizsey, 2010). This approach can be
very effective when fast, algorithmic decisions should be made.
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