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Abstract: Distillation is significantly influenced by energy costs, prompting a need to explore effective
strategies for reducing energy consumption. Among these, heat integration is a key approach, but
evaluating its efficiency is paramount. Therefore, this study presents exergy as an energy quality
indicator, analyzing irreversibility and efficiencies in tetrahydrofuran/water and acetone/chloroform
distillations. Both systems have equimolar feed streams, yielding products with 99.99 mol% purity.
The simulations are performed using Aspen Plus™, enabling evaluation at the column level, as a
standalone process, or from a lean perspective that considers integration opportunities with other
plants. The results show that, despite anticipated energy savings from heat integration, economic
viability depends on pressure sensitivity. The results demonstrate that heat-integrated extractive
distillation for acetone/chloroform raises utility energy consumption. Exergy calculations comparing
standalone and total site integration reveal the variation in distillation efficiency with operation
mode. Global exergy efficiency in both extractive and pressure-swing distillation depends on the
fate of condenser duty. In heat-integrated extractive distillation, global exergy efficiency drops from
8.7% to 5.7% for tetrahydrofuran/water and 11.5% to 8.3% for acetone/chloroform. Similarly, heat-
integrated pressure-swing distillation sees global exergy efficiency decrease from 34.2% to 23.7% for
tetrahydrofuran/water and 9.5% to 3.6% for acetone/chloroform, underscoring the nuanced impact
of heat integration, urging careful process design consideration.

Keywords: heat integration; process intensification; computer modeling; distillation energy efficiency;
environmental impact; thermodynamic efficiency

1. Introduction

Despite distillation being a well-known and most widely exploited separation tech-
nology throughout the chemical industry, it is generally associated with significant energy
consumption. Up to 95% of all liquid separations within the chemical industry are im-
plemented using distillation, accounting for about 3% of the total energy consumption in
the world [1]. This energy comes mostly from fossil sources which are limited and their
use has potential environmental consequences. Reducing the energy consumption of the
distillation can be clearly translated into CO, emission reduction [2,3]. That motivates
the research and engineering interest in improving the efficiency of distillation. Several
energy-saving technologies, such as partial heat integration [4], full heat integration [5],
thermal coupling [6], heat pump [7], side-stream [8], and intermediate reboiler [9] are
implemented to reduce energy consumption in the distillation processes.
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The most commonly used technique is heat integration. The core principle of heat
integration is the heat exchange between the hot and the cold process streams. The initial
proposal for heat integration was made by Linnhoff and Flower [10] after realizing the
potential for energy savings through the design of heat exchanger networks and pinch
analysis. Commonly, when performing process optimization with heat integration, a
sequential approach is used. Initially, the process is optimized under the assumption that
all heating and cooling loads are supplied by utilities. Heat integration is then carried
out after the optimal stream conditions, such as flow rates, temperatures, and pressures,
are identified [11]. There are several heat integration flowsheets, including partial heat
integration [12] and full heat integration [13].

Heat integration has been applied to special distillation processes for separating
azeotropic mixtures. These include extractive distillation [14] and pressure-swing dis-
tillation [15]. Extractive distillation requires properly selected solvents that have to be
regenerated and recycled, whereas pressure-swing distillation is applied in the case of
pressure-sensitive components. Extractive and pressure-swing distillation processes are
used for the recovery of solvents from waste streams as a way of environmental protection.
Coupled with heat integration, this makes the two special distillation processes attractive.
The potential for heat integration in pressure-swing distillation is an inherent feature [16].
However, there is a need to increase pressure in one of the columns to achieve a sufficient
temperature difference for heat integration in extractive distillation [17]. This approach
makes it comparatively less favorable to undertake heat integration in extractive distillation.

In the case of pressure-swing distillation of a binary azeotrope, two columns op-
erate at different pressures. One column is the low-pressure column and the other col-
umn is the high-pressure column. Backward heat integration is usually carried out for
minimum-boiling azeotropes and forward heat integration is carried out for maximum-
boiling azeotropes. In full heat integration, the condenser duty of the high-pressure column
should be made equivalent to the reboiler duty of the low-pressure column [18]. Such a
heat integration enables the HPC to heat up the LPC. It has been shown that heat integra-
tion results in the reduction of energy consumption by up to 40% but with a trade-off in
controllability [5]. Heat integration in this manner relies on the first law of thermodynamics
and heat energy balance around the distillation process. The energy balance, however, does
not distinguish between different types of energy and does not account for losses brought
on by the decline in the quality of the energy.

To get around this drawback, it is possible to conduct an exergy analysis to determine
the thermodynamic efficiency of a process. Exergy analysis is rooted in the principles of the
second law of thermodynamics, which considers the actual work involved in separation
processes and aids in understanding the quality of energy [19]. By employing exergy
analysis, it becomes feasible to quantitatively assess the quality of different energy flows
within a system, allowing for a comprehensive evaluation of all key aspects of energy
utilization. Exergy, also known as availability, represents the maximum amount of work
that a system can accomplish when it is brought into thermodynamic equilibrium with the
environment in reversible mode [20]. The heat source, the heat sink, and the thermodynamic
pathways are related to the process. Thus, exergy is inclusive of the total system including
the state of the reservoir. In this manner, the quality of the energy form is considered.
Another related measure is exergy efficiency. This is defined as the separation work
performed divided by the total available exergy. It expresses the fraction of the available
work capacity that the system is able to utilize. These thermodynamic analyses provide a
tool for identifying and quantifying inefficiencies in individual processes.

Exergy and exergy analysis have been studied in distillation systems. Zemp et al. [21]
studied the driving forces profile of the distillation columns and established the exergy
loss profile. Sauar et al. [22] investigated and compared the efficiency of binary distillation
columns using the equal thermodynamic distance and equipartition of forces methods.
Seyed et al. [23] provided a methodology for analyzing the exergy of distillation columns
using driving forces. Haragovics [24] used exergy analysis to evaluate distillation structures
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from the perspective of lean manufacturing. They investigated plain distillation structures
with boundaries around the core process and of a standalone system. They also considered
a backward heat-integrated configuration without recycle flows. Demirel [25] provided an
extensive derivation of the underlying thermodynamic equations and a thorough overview
of conventional techniques for thermodynamic analysis with an emphasis on distillation
operations. Yuan et al. [26] carried out an exergy analysis for the triple-column extractive
distillation process for the separation of a ternary azeotropic mixture. Javed et al. [27]
investigated exergy losses in internally heat-integrated distillation columns, externally
heat-integrated double distillation columns, and vapor recompression systems applied to
the separation of i-butane and n-butane. Guerrero-Martin et al. [28] conducted a study on
the exergy load distribution analysis in a separation procedure using extractive distillation
for the dehydration of ethanol.

Although there have been several applications for distillation-based separations,
the exergetic loss in pressure-swing distillation with mass and energy integration has
only been briefly discussed in a few publications. Zhao et al. [29] investigated the sepa-
ration of the ternary multi-azeotropes system of di-isopropyl ether/isopropanol/water
via reactive pressure-swing distillation and extractive distillation. Their results showed
that reactive pressure-swing distillation was better than reactive extractive distillation in
terms of economy, environment, and exergy performance. Also, the separation of ace-
tonitrile/isopropanol/water ternary mixture through a heat-integrated reactive coupling
pressure-swing distillation process has been studied [9].

In a previous study [5], the separation processes of binary azeotropic mixtures of
tetrahydrofuran/water and acetone/chloroform were investigated with a focus on energy
efficiency and controllability. The processes were specifically designed to achieve high-
purity products and were optimized accordingly. Through the implementation of full
heat integration, the objective of reducing energy consumption and lowering costs was
accomplished. The evaluation of energy conservation performance was conducted by
considering total energy consumption. Mangili et al. [30] applied the exergy analysis
method to the THF/water designs by Ghughe et al. [31]. They calculated the exergetic
performance of heat-integrated alternatives. No calculations for the non-heat-integrated
alternatives were presented. The exergy calculations that exist in the literature assume that
the exergy outflow from the condensers is used in subsequent processes. However, it is
possible to encounter situations where a waste heat stream at the required temperature is
not readily accessible within a plant. Similarly, the temperature of the heat obtained from a
condenser may not be suitable for advantageous utilization elsewhere in the plant. When
the condenser duty cannot be employed elsewhere in the plant, it is ultimately released
into the environment, resulting in the loss of its exergy benefit. Based on the review of
existing literature, it is important to highlight that the exergy analysis method, which takes
into account the ultimate utilization of the condenser duty, has not been applied in the
direct full heat integration of the tetrahydrofuran/water system. Furthermore, the exergetic
performance of acetone/chloroform separation through extractive and pressure-swing
distillation has not been assessed.

The aim of this paper is to determine the feasibility of employing heat-integrated
configurations, specifically in ED and PSD, for the separation of minimum-boiling and
maximum-boiling azeotropes. Additionally, we seek to compare the performance of heat-
integrated ED and PSD alternatives with conventional ED and PSD alternatives, taking into
consideration the fate of the condenser duty. The objective is to bring clarity and certainty
to these aspects, providing valuable insights into the advantages of heat-integrated ED
and PSD options. The exergy destruction of each individual column as well as the overall
systems is investigated. Additionally, a comparative analysis is conducted to assess the
thermodynamic efficiencies of both non-heat-integrated and fully heat-integrated alterna-
tives. The research also aims to explore the flexibility dimension within lean manufacturing,
and present a comprehensive examination of exergy analysis to reveal the exergy reserves
in a distillation system.
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2. Exergy Analysis of Distillation Columns

The evaluation of the thermodynamic efficiency of any separation process can be
achieved through the calculation of performance indices. Exergy analysis is an effective
tool for process optimization [32,33] and measures the quality and efficiency of energy
use. Araujo et al. [34] presented an exergy analysis of an industrial case study on the
purification of 1,2-ethylene dichloride in a high-purity distillation column. They found
that utilizing a vapor recompression heat pump results in a significant improvement in
energy utilization by lowering the irreversibility rate of the condenser. Le Goff et al. [35]
undertook exergy analysis for efficiency comparison between the conventional and diabatic
distillation processes for separating an ammonia-water mixture. Their results showed that
the diabatic distillation column halves the exergy loss of a conventional distillation column.

Exergy analysis may also be employed to examine complex distillation plants and
identify areas of the processes where there are substantial exergy losses and improvements
are feasible. Exergy analysis was utilized by Yan et al. [36] to identify vital points where
improvements could be carried out. Therefore, exergy analysis was the foundation for
our study. A separation process within a specified system boundary can be depicted in
Figure 1. The system is isolated from the environment which is the surrounding reservoir.
The environment has a reference temperature T, and a reference pressure P,

Heat out
System

X Qout Environment
boundary

Material Material
streams in » streams out
Z Nin Z Nout

Heat in
Z Qin

Figure 1. A schematic representation of a separation process with material streams and heat energy

streams relative to the environment.

Components mixing is a spontaneous irreversible process that generates entropy,
whereas the ideal separation of a mixture could be perceived as a reverse mixing process
that is accomplished through external work. Similarly, the distillation process is associated
with a great amount of heat and mass transfer. Since real distillation processes have a
finite number of trays and limited number of point-like heat transfers, the processes are
irreversible. Therefore, there is exergy loss in the reboiler, condenser, and trays. Rivero and
Anaya [37] defined the exergy content of a stream as

Ex = (H_Ho)_To(s_So) 1)

where H and S represent specific enthalpy and the specific entropy of a stream at system
conditions, and H, and S, are the enthalpy and entropy at the reference temperature T,
and 1 bar pressure. In this work, T, is considered to be 303.15 K.

Figure 2 shows the inlet and outlet streams of a simple column. The sum of exergy
lost at every stage represents the exergy loss of the column (Ex,,;), and can be estimated as
follows:

Exco = Z(Exin) _Z(E'xout) )
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Figure 2. Input and output streams of a distillation column without (I) and with heat exchangers (II).
Equation (2) can be calculated using the following formula:
Ex. = (Hp +Hpr + Hyp — Hyr — Hpg) — To(Sp + Sir + Sve — Svr — Sig)  (3)

The exergetic loss in the reboilers and condensers is calculated from their respective
exergy balance which can be expressed by

T

ninExiy = Qc (1 - T) + Mout EXout 4)
c
T

ninExyy = QR <1 - TR> + nout Exout (5)

where n;, and n,,; are the stream molar flows and Ex;, and Ex,,; are the stream molar
exergy. The reboiler provides high-quality heat (Qr, Tr) which is removed from the top in
low-quality form (Qc, Tc) by the condenser. This causes the energy to degrade, in a similar
manner to a heat engine. The separation of the pure components is achieved through work
provided by the utility system. When a distillation column is compared to a reversible heat
engine, presuming that the temperature of the cold and hot utility is constant, the net utility
work consumption can be calculated by

T T
Wiet = QR <1 - TR) - Qc (1 - Tc) (6)

The separation work for a distillation column is equal to the exergy difference between
the feed streams and the product streams [38].

Wsep = Tout(n X Ex) — Zjy(n X Ex) )

where 7 is the mole flow rate of the feed and the product streams.

For a completely reversible distillation process, the utility system must provide work
equivalent to the minimum separation work. Exergy loss, however, exists in any real
process because of the variations in temperature and stream composition that mix at the
various locations in the column. The minimum separation work must always be lower than
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the amount of work consumed by the utility. Then, from the availability balance, the total
exergy loss can be calculated.

EXjoss = Zin {n X Ex+Q (1 - Toﬂ — Zout {n X Ex + Q(l — To) ] (8)
Tr T
The efficiency is finally determined by dividing the minimum amount of useful work
by the total amount of energy input.

Wsep

— Iy 9
T Wsep + EXjoss ®)

Initiatives have been made to devise distillation techniques that consume less energy.
Nevertheless, the economic situation and the energy-saving approach employed can po-
tentially impact the overall efficiency of a plant. Many design calculations are based on
the assumption that the system will operate optimally under ideal conditions. However,
in reality, industrial facilities are constructed to have a lifespan of several decades, during
which market dynamics may change and new manufacturing facilities may be established
and interconnected. It becomes crucial to consider the implications when plants are no
longer interconnected. Does a prolonged shutdown of a linked plant have an impact on
the exergy efficiency of the operational plant? Exploring this effect is essential to gain a
comprehensive understanding of the situation.

3. Case Studies
3.1. THF/Water Separation Using Extractive Distillation

The first case study is the tetrahydrofuran dewatering process, whose significance has
been well established in the literature [39,40]. At atmospheric pressure, tetrahydrofuran
(THF) has a boiling point of 65.97 °C and water has a boiling point of 100 °C. THF and water
form a minimum boiling homogeneous azeotrope with a boiling point of 63.43 °C and an
azeotropic composition of 82.87 mol% of THF. The most common extractive distillation has
two columns, the extractive column (EC) and the solvent regeneration column (SRC). The
binary feed mixture and the entrainer (DMSO) enter the EC at different trays. The entrainer
breaks the azeotrope. The overhead product is THF with trace impurities. The bottom
stream then enters the SRC. High-purity water is distillated at the top and a high-purity
entrainer is discharged at the bottom. After cooling down, the entrainer is recycled back to
the EC. A small quantity of makeup entrainer equivalent to the entrainer loss is added.

From the literature, there already exists a good design for the ED process of THF
dehydration [31]. In the design, the binary feed was 100 kmol/h of equimolar THF /water
composition. Both the distillate product purities were set at 99.99 mol%. The thermody-
namic property model used was NRTL with Aspen Plus in-built binary parameters chosen
for its good agreement with experimental results as shown by Zhang et al. [41]. Sensitivity
analysis was implemented for optimization of process parameters with the objective of
minimizing total annual cost (TAC). However, this process had been designed without
taking into account the pressure drop per tray, which is a key parameter in distillation.
Also, the pressure selection had not been optimized. The selection of distillation pressure
significantly impacts energy costs, emphasizing the vital significance of column pressure
as a key variable in optimizing distillation process design. An improvement to the design
was undertaken by Gu et al. [42] who considered a tray pressure drop of 0.0068 bar. This re-
sulted in an increase in TAC by 4%, underscoring the importance of tray pressure drop and
the pressure sensitivity of the azeotrope. Additionally, they conducted the optimization of
various column parameters, such as distillate rates, molar reflux ratios, feed tray positions,
and entrainer flow rate, while maintaining the total number of trays in the columns. This
was achieved through the minimization of full energy consumption. Therefore, in this
section, we adopt the work of Gu et al. [42]. Figure 3 shows the flowsheet.
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Figure 3. Structure of the conventional extractive distillation system.

Direct full heat integration for the process is carried out after optimizing the pressure
of the solvent recovery column to allow a sufficient heat gradient and minimum TAC.
The operating pressure of EC is 0.6 bar which gives a top temperature of 324.3 K and a
reboiler temperature of 374.2 K. For the operating pressure of 0.15 bar of the SRC, the top
temperature is 326.4 K and the reboiler temperature is 416.3 K. A pressure optimization
by Gu et al. [42] gave an operating pressure of 2 bar in the SRC as the optimal for direct
full heat integration. At 2 bars, the top temperature of SRC is 392.8 K and the reboiler
temperature is 374.2 K. This provided a temperature difference of 18.6 K for heat integration.
The implementation of heat integration is performed using the Design Spec tool in Aspen
Plus, where RR; is defined as a variable and Qgr; — Qcp = 0 is specified as a requirement.
With these conditions, RR; has to be increased from 0.05 to 0.27, with the corresponding
increase in the reboiler heat duty from 2.28 to 3.04 GJ /h. Figure 4 shows the flowsheet.

Qa
3243K >
0.6 bar
2.15GJ/h 392.8K
2 bar
DMSO Make up
0.003 kmol/h
38315k f-2_ 2 D2
LOODMSO 4 50.002 kmol/h
RIS S 0.9999 THF 50.001 kmol/h
0.0001 Water SRC 0.9999 Water
0.0001 THF
EC v 4
6
SN R
FEED 17
****** ID=0.68 m ID=0.62 m
100.00 kmol/h RR = 0.40 RR=0.27
303.15K
0.50 Water 20
050 THF | -S=- 3742K
253 GJ/h
Qui 4943 K
3.04 GJ/h
14.997 kmol/h
B2 | 0.0001 Water
N 0.9999 DMSO

Figure 4. Structure of the conventional extractive distillation system with heat integration.



Processes 2024, 12, 14

8 of 18

3.2. Acetone/Chloroform Separation Using Extractive Distillation

The separation of acetone and chloroform through extractive distillation has been
investigated by various authors. The authors of [43] used methyl-n-pentyl ether as the
entrainer for the separation, to demonstrate heuristics and mathematical modeling insights
for process design. Luyben [44] added dimethyl sulfoxide (DMSO) as the heavy entrainer
to improve the relative volatility of acetone over chloroform. His work showed that
DMSO lowered equipment cost and improved product purity to 99.5 mol%. Other authors
employed different entrainers such as ethylene glycol [44] and N-methyl-2-pyrrolidone [45].
For this study, the acetone/chloroform flowsheet is adapted from the work of Luyben [44].
The design is reoptimized for 99.99 mol% product purity. The fresh feed constitutes 50 mol%
acetone and 50 mol% chloroform with a flow rate of 100 kmol/h. The pure DMSO flow
rate is 164.4 kmol/h. The design is given in Table 1.

Table 1. Acetone/chloroform extractive distillation process parameters.

EC SRC

Total number of theoretical plates 32 15
Feed rate (kmol/h) 100.0 214.4
Binary feed stage 13 5
Solvent feed stage 4
Pressure (bar) 1.1 1.1
Molar reflux ratio 1.70 0.69
X Acetone (mol%) 99.99 0.01

D Chloroform (mol%) 0.01 99.99

As far as we know, there is no available literature on direct full heat integration on
the extractive distillation of this azeotrope. However, partial heat integration has been
undertaken where the bottom stream of the solvent recovery column is used to preheat
the feed [45]. For this work, direct full heat integration is implemented for the optimized
conventional ED process. From Table 1, the operating pressure in both columns is 1.1 bar,
resulting in corresponding temperatures of 415 K at the bottom of the extractive column
(Tr1) and 337.3 K at the top of the solvent recovery column (T¢;). However, due to the lack
of temperature driving force from the solvent recovery column to the extractive column,
heat integration is not possible. To establish the required temperature driving force, the
operating pressure of the solvent recovery column (P;) needs to be increased. A sensitivity
analysis is conducted by varying P, while adjusting the reflux ratio of the solvent recovery
column (RR;) to meet the purity requirements of the products. At P, = 10 bar, Ty = 415K,
and Tcp = 4274 K, a temperature gradient of only 12.4 K is achieved. This observation
aligns with the low-pressure sensitivity of the acetone/chloroform azeotrope. To enable
heat integration, the reboiler of the extractive column is heated by the heat from the
condenser of the solvent recovery column, which is achieved by adjusting the pressure of
the solvent recovery column (P;) to provide the necessary temperature driving force. The
heat integration process is implemented using the Design Spec tool in Aspen Plus. The
reflux ratio of the solvent recovery column (RR;) is set as a variable, and the heat duty of
the reboiler (Qg1) is set equal to the heat duty of the condenser (Qc;) as a specification.

3.3. THF/Water Separation Using Pressure-Swing Distillation

From the literature, there already exists a good design for the PSD process of THF
dehydration [31]. The process consists of a binary equimolar feed mixture of THF and water.
The total feed is 100 kmol/h at 303.2 K and the purity specifications are 99.99 mol%. There
are two columns that are operated at different pressures. The first column is a low-pressure
distillation column (LPC) while the second column is a high-pressure distillation column
(HPC). The composition of the distillate of the first column is the azeotropic composition at
low pressure while the composition of the distillate of the second column is the azeotropic
composition at high pressure. The detailed setting of the thermodynamic model with binary
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NRTL interaction parameters can be found in Supplementary Materials. The corresponding
T-x-y diagram can be found in our previous work [5]. Figure 5 gives a steady-state flowsheet
that has been simulated and optimized in Aspen Plus V10 software. Ghuge et al. [31] also
provided the flowsheet for direct full heat integration for the process, shown in Figure 6. A
tray pressure drop of 0.0068 bar is considered.

>
Qa1
336.3K
1.0 bar
3.99 GJ/h
2 f
D1 D2
103.35 kmol/h  5.29 kW 53.35 kmol/h
LPC 0.8142 THF HPC 0.6412 THF
0.1858 Water 0.3588 Water
8
FEED 10
_____ ID=0.83 m ID=0.63 m
100.00 kmol/h RR=0.22 RR=0.29
303.15K
0.50 THF
0.50 Water

Bl B2
50.00 kmol/h 50.00 kmol/h
0.0001 THF 0.9999 THF
0.9999 Water 0.0001 Water

Figure 5. Structure of the conventional pressure-swing distillation system.

>
Qa1

A 4

336.3K
1.0 bar
3.9 GJ/h

2 Q :
pp =X | || [T D2
101.55 kmol/h  5.24 kW 51.55 kmol/h
LpC 0.8142 THF HPC 0.6342 THF
0.1858 Water 0.3668 Water
8
FEED 10 Y 4
_____ ID=0.83 m 1D=0.63 m
100.00 kmol/h RR=0.22 RR=1.26
303.15K
0.50 THE
0.50 Water

B1 B2
50.00 kmol/h 50.00 kmol/h
0.0001 THF 0.9999 THF
0.9999 Water 0.0001 Water

Figure 6. Structure of the conventional pressure-swing distillation system with heat integration.
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3.4. Acetone/Chloroform Separation Using Pressure-Swing Distillation

The column configuration for the separation of the maximum-boiling acetone/chloroform
azeotrope is different from the THF /water configuration. In this system, the first column is
the HPC, whereas the second column is the LPC. The products are distillates. The mixture is
fed into the HPC which produces high-purity acetone in its top stream D;. The bottom stream
B, is depressurized into the LPC which produces high-purity chloroform in its top stream
D,. The bottom stream B, of the LPC is the azeotrope. Stream B2 is recycled to the HPC.
The same feed conditions and product purity constraints were used. Through adjusting the
pressure of the two columns, the azeotropic concentration is crossed for effective separation.
The HPC is operated at 10.69 bar and the LPC is at 0.75 bar. The corresponding T-x-y diagram
can be found in our previous work [5]. The acetone/chloroform flowsheet is adapted from
Yang et al.’s work [46] where the UNIQUAC thermodynamic model was used because it fits
well with experimental vapor liquid equilibrium data [47]. The design is reoptimized for
99.99 mol% product purity. Table 2 shows the process parameters.

Table 2. Acetone/chloroform process parameters.

HPC LPC
Total number of theoretical plates 82 43
Feed rate (kmol/h) 100.0 620.3
Binary feed stage 21 21
Recycle feed stage 51
Pressure (bar) 10.69 0.75
Molar reflux ratio 27.63 19.81
X Acetone (mol%) 99.99 0.01
D Chloroform (mol%) 0.01 99.99
4. Results

4.1. Effect of Heat Integration

The effect of heat integration on the distillation systems was explored in conventional
extractive distillation and conventional pressure-swing distillation. Direct full heat inte-
gration for extractive distillation is premised on integrating the top vapor of the second
column to heat up the bottoms of the first column, which requires raising the pressure of
the second column. As a result, suitable pressure and heat duty selection is a component of
the design problem. However, pressure-swing distillation has an inherent feature for heat
integration. The energy consumption for the systems is shown in Table 3.

Table 3. Energy consumption.

Energy Consumptions GJ/h

ED DFHIED PSD DFHIPSD
THF/Water (Mix 1) 4.81 3.04 7.59 5.31
Acetone/Chloroform (Mix 2)  10.60 12.47 69.96 36.94

Direct full heat integration for the conventional extractive distillation of the minimum
boiling THF /water azeotrope results in the reduction of energy consumption from 4.81
to 3.04 GJ/h. This represents an energy reduction of 36.8%. A reduction of energy con-
sumption from 7.85 to 5.31 GJ /h (a reduction of 32.4%) is also achieved in the direct full
heat-integrated pressure-swing distillation of THF /water. For the direct full heat-integrated
extractive distillation of the maximum-boiling acetone/chloroform azeotrope, there is in-
stead an increase in energy consumption. For this case, energy consumption increases from
10.60 to 12.47 GJ /h (an increase of 15.0%). This is because of the lower pressure sensitivity
of the azeotrope. We can conclude that DFHIED for acetone/chloroform is infeasible.
However, DFHIPSD for acetone/chloroform is feasible. There is an energy consumption re-
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duction from 69.96 to 36.94 GJ /h (a reduction of 47.0%). DFHIPSD for acetone/chloroform
was achieved in forward heat integration using the HPC-LPC configuration.

4.2. Exergetic Analysis

It is vital to specify the boundaries of the system under consideration when under-
taking thermodynamic analysis. Column and system boundaries are applied in this study.
Column boundaries take into account the thermodynamic performance of each distillation
column. System boundaries, on the other hand, take into account the thermodynamic
performance of any auxiliary equipment such as feed preheaters and product coolers. The
blue dashed lines represent column boundaries, whereas the red dashed lines represent
system boundaries, as shown in Figure 7. For all configuration schemes, irreversibility rates
and thermodynamic efficiencies are computed based on the equations above. Efficiency
calculations are made using the procedures suggested by Kotas [48] and the calculations for
the stream exergies are performed using the procedure suggested by Hinderink et al. [49].
All the thermodynamic properties are obtained from the Aspen Plus™ simulations. Table 4
shows the exergy details of each distillation configuration for the azeotropic systems. The
values are for calculations around the core process and the units are in kW.
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Figure 7. System boundaries for thermodynamic analysis.

The core process has boundaries around the distillation columns themselves and
considers the thermodynamic performance of the system. The exergy of a stream not
leaving the system is not shown. The heat duties of the condenser can be used in other
units in the industrial setup.

In order to determine the major source of irreversibility, Table 5 shows the thermody-
namic evaluations for every unit individually. Subsequently, the exergetic losses attributed
to each piece of equipment are calculated using Equation (8), whereas the global exergy
efficiency of each process is calculated using Equation (9). Exy.; represents the internal
exergy loss rate in kW and is calculated as the difference between total exergy in and total
exergy out. Ex,e; is calculated using Equation (10) [48]. In Table 5, 7 is the thermodynamic
efficiency in percentage.

Exdest = z:in(Ex) - Zout(Ex) (10)
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Table 4. Details of exergy of each distillation configuration (units in kW).
ED DFHIED ED DFHIED PSD Mix 1 DFHIPSD PSD DFHIPSD
Mix 1 Mix 1 Mix 2 Mix 2 Mix 1 Mix 2 Mix 2
Exgeb1 1335 0.0 517.4 0.0 2132 0.0 3969.8 3969.8
EXreb2 172.1 326.5 365.2 1653.7 283.9 443.2 663.6 0.0
Exeeb total  305.7 3265 882.6 1653.7 497.1 4432 46334 3969.8
EXcond1 38.8 38.8 96.6 96.6 110.8 108.9 2843.5 0.0
EXcond2 444 0.0 69.2 0.0 154.6 0.0 609.1 875.5
EXcond_total ~ 83-2 38.8 165.8 96.6 265.5 108.9 3452.6 875.5
EXcooler 46 9.8 89.3 183.1 0.0 0.0 0.0 0.0
EXHX in 0.0 160.5 0.0 558.1 0.0 301.6 0.0 2843.5
EXHX_out 0.0 1335 0.0 517.4 0.0 216.9 0.0 1071.8
EX1oss 11X 0.0 27.0 0.0 40.7 0.0 84.7 0.0 1771.7
EXioss_utility ~ 217.9 250.9 627.5 14147 231.6 418.9 1180.8 4866.0
EXpump 0.1 0.1 0.1 0.1 53 52 21.0 21.0
EXFeed 0.0 0.0 0.0 0.0 0.0 0.0 2.8 2.8
ExXpakewp 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Exp 1.9 1.9 3.4 34 9.0 79 48.7 48.5
Expp 1.0 13.3 4.1 45.8 73.0 39.3 1.9 22
Exg1 14.0 14.0 152.4 152.4 20.6 9.4 720.7 7204
Expy 10.6 30.3 255.8 720.0 56.8 60.3 55.9 55.5
EXioss stream  27.5 59.6 4157 921.7 159.4 117.0 824.4 823.9
Exin 305.7 326.6 882.6 1653.7 497.1 443.2 4636.2 3972.6
Exout 86.1 54.0 262.6 328.9 3429 178.7 3503.2 926.3
EXdestruction  219.6 272.6 619.9 1324.8 159.5 269.8 1133.0 3048.8
Table 5. Thermodynamic evaluation results of the columns in ED.
Column ED Mix 1 DFHIED Mix 1 ED Mix 2 DFHIED Mix 2
Exdest N1 Exdest m Exdest N1 Exdest m
EDC 79.5 16.1 27.02 12.5 272.5 35.3 324.6 32.1
SRC 130.2 19 269.9 15.3 188.5 36.3 1002.2 53.7
Tables 5 and 6 show that large irreversibilities associated with the processes occur
primarily in the columns in both ED and PSD technologies. In essence, the distillation
columns dominate input exergy consumption, which could be attributed to the high energy-
dissipating properties of distillation processes. For example, in the extractive distillation
of THF /water, backward heat integration amplifies the SRC irreversibility rate, while
significantly reducing the EC irreversibility rate. This is because heat integration lowers
the total reboiler duty, subsequently reducing the exergy inflow rate for the reboilers.
Consequently, the SRC exergy efficiency increases. From Table 5, the exergy inflow rate
into the reboiler for the HIED is 19.9% less than that for the non-heat-integrated ED. When
compared to non-heat-integrated ED, the exergy outflow rate from the condenser for HIED
is 53.4% lower. As a consequence, the total utility exergy loss for HIED is 22.3% lower than
for non-heat-integrated ED, resulting in a 25.4% reduction in the total exergy loss rate.
Table 6. Thermodynamic evaluation results of the columns in PSD.
Column PSD Mix 1 DFHIPSD Mix 1 PSD Mix 2 DFHIPSD Mix 2
Exdest M Exdest m Exdest M Exdest m
LPC 72.8 28.9 1.5 9.0 418.3 52.1 1490.0 17.8
HPC 9.0 93 268.3 40.3 316.7 62.9 1558.8 244
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For the extractive distillation of acetone/chloroform, backward heat integration in-
creases the irreversibility rate for the SRC. This is because of the large pressure required to
elevate the temperature in the column in order to achieve heat integration. This results in
higher reboiler heat input to the SRC. The large reboiler duty raises the exergy inlet rate
significantly, resulting in a rise in the exergy destruction rate in the reboiler. The exergy
inflow rate of the reboiler in HIED is 87.3% higher compared to the non-heat-integrated
alternative. The exergy outflow rate of the condenser in HIED is 41.7% lower. The overall
exergy loss rate for utilities in HIED is 125% greater than in non-heat-integrated ED. This is
because the integrated heat exchanger raises the exergy rate for condensation.

While the decrease in exergy efficiency with heat integration might seem unexpected
initially, a closer analysis clarifies the pattern. The key insight is that lower pressure systems
generally exhibit higher efficiencies. This is because the boiling temperature increases with
rising pressure. Since higher temperature energy holds greater exergy value, employing more
valuable energy for the same separation work leads to lower efficiency at higher pressures.

Table 6 illustrates similar results. In the PSD of THF/water, direct full heat integration
reduces the irreversibility rate of the LPC but raises that of the HPC. This can be attributed
to the reduction in exergy rates of streams leaving the LPC and the increase in exergy inflow
in the reboiler of the HPC. The exergy inlet rate to the reboiler in DFHIPSD is 10.8% lower
in comparison to the non-heat-integrated option. The exergy outlet rate of the condenser is
59.0% lower than the non-heat-integrated option. The thermodynamic efficiencies of both
the LPC and the HPC are reduced. It is worth noting that in this system, the products leave
from the bottom of the column at comparatively higher temperatures.

The column arrangement for PSD of acetone/chloroform is HPC-LPC and the heat
integration is forward heat integration. However, this integration raises the irreversibility
rate of the LPC due to the integrated heat exchanger, resulting in increased exergy inflow
to the LPC. While the total exergy inlet to the reboiler in DFHIPSD is 14.3% lower than
the non-heat-integrated option, the exergy outlet rate of the condenser decreases by 74.6%.
Nevertheless, additional exergy destruction occurs at the integrated heat exchanger. Con-
sequently, the overall exergy loss rate of utilities for DFHIPSD is 312% higher than in the
non-heat-integrated PSD.

Table 7 shows the thermodynamic efficiency for each distillation configuration. The
global thermodynamic efficiency of the system exhibits inferior performance when com-
pared to that of the individual columns, in most cases. This can be attributed to the
increased irreversibility in the reboiler.

Table 7. Thermodynamic efficiency values for all distillation configurations for the four definitions.

. DFHIED . DFHIED PSD DFHIPSD PSD DFHIPSD
System ED Mix 1 Mix 1 ED Mix2 Mix 2 Mix 1 Mix 1 Mix 2 Mix 2
Total exergy destruction (kW)  219.7 272.5 461.0 1324.8 81.9 269.8 1135.0 3048.8
Exergetic efficiency (%) 1.3 6.1 1.2 3.5 33.4 16.7 4.0 1.0

The global thermodynamic efficiency of the systems is lower where the distillates
are the products. However, for the pressure-swing distillation of THF /water where the
products are obtained from the bottom of the columns, the global thermodynamic efficiency
is significantly higher. This is because the bottom products leave the columns at elevated
temperatures in comparison to the systems with distillate products. Consequently, these
bottom product streams leave with a higher exergy rate.

The most intriguing observation is the divergence between the results of extractive distil-
lation and pressure-swing distillation configurations. Whereas heat integration is commonly
implemented to reduce energy consumption, these results indicate that it is not necessarily
the ideal solution. Heat-integrated extractive distillation shows higher global thermodynamic
efficiency than its non-heat-integrated alternative. For the THF /water, the increase in thermo-
dynamic efficiency results primarily from the decrease in the exergy loss rate of the utilities.
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Also, the higher operating temperatures in the SRC increase the enthalpy of the products,
which results in an increased exergy rate for the product streams. For the acetone/chloroform,
heat integration results in an almost threefold increase in the global thermodynamic exergy
loss. This is because of the higher pressures in the SRC. The global thermodynamic efficiency
of the heat-integrated alternative decreases. This heat integration is uneconomical because it
has the opposite effect of increasing energy consumption.

There is a worse performance for the heat-integrated configurations of the PSD. In these
systems, there were no changes in column operating pressures to achieve heat integration.
For THF /water, heat integration reduces energy consumption but significantly increases the
reboiler heat duty of the HPC. This increases the exergy inflow into the HPC, consequently
increasing the exergy destruction in the HPC, while the separation work, wgep, reduces
the exergy loss increases. The heat integration system uses less energy, and this energy is
of lower quality to achieve the separation. It is a similar case for the acetone/chloroform
system. However, for this system, the global thermodynamic efficiency values are lower
because the top streams are the product streams and leave the system at comparably lower
temperatures, consequently lower exergy. Also, the small shift in azeotropic composition
with changing pressure, as well as the close-boiling nature of the two components, point to
the significant separation difficulty of the acetone/chloroform mixture by PSD.

The poor performance of the heat-integrated scheme can be explained further. Heat
transfer is more evenly distributed when heat integration is not present. Non-heat-
integrated structures consume more energy while also supplying more energy to other
processes, and these supplied energies are of greater quality when they exit the system.
A further surprising finding in pressure-swing configurations is the higher amount of
transiting exergy. This is a result of the integration circuit between the top product of
one column and the reboiler of the other column, which is also destroyed partially and
recirculated to the former. With the use of such an exergy flux, heat from the top stream
of one column may be recovered, and the quantity of the utility steam needed to reboil
the bottoms of the other column is decreased. Consequently, the low-pressure column in
DHIPSD designs has substantially higher rational efficiency.

A better comparison can be carried out from the lean manufacturing perspective. In
this view, all cooling temperatures are Ty and there is no further integration possibility.
The condenser duty is rejected to the ambient atmosphere (T = Tp). A uniform cooling
water supply is used. There is a uniform temperature for the cooling water. This way of
operation is realistic for medium standalone plants which may not be integrated with other
plants or processes. Repeating the calculation for the systems with a uniform cooling water
temperature of 30 °C gives the results shown in Table 8. The table does not include the
analysis for the extractive distillation of acetone/chloroform since its heat integration was
not beneficial.

Table 8. Thermodynamic efficiency values for the standalone systems.

System ED Mix1 DFHIED Mix1 PSD Mix1 DFHIPSD PSD Mix 2 DFHIPSD
Mix 1 Mix 2

Total exergy destruction (kW)  398.3 290.9 538.5 378.7 5828.4 3935.6

Exergy efficiency (%) 8.7 11.3 17.8 18.9 9.5 10.8

In all the cases, the direct fully heat-integrated schemes have the highest efficiency. This
is because, in standalone mode, where there is just the distillation system with no possibility
for heat cascade with other processes, heat integration uses less enthalpy, thus saving exergy.
The separation efficiency dramatically reduces when the condenser duty is “wasted”. A
larger total exergy loss indicates that the separation process is more irreversible and hence less
efficient. In using the uniform temperature of utilities, Haragovics and Mizsey [24] found that
exergy analysis loses its relevance. This is due to the disappearance of temperature disparities.
Since the source of the utilized heat is identical across all scenarios, the variance in exergy loss
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only results from variations in the amount of the utilized heat. In other words, the exergy
balance is reduced to an enthalpy balance in this situation.

From the standpoint of both energy and exergy evaluation, the total reboiler duty
is the most significant aspect influencing the requirement of energy, net exergy loss, and
thermodynamic efficiency. It can be pointed out that utilizing heat integration within the
same process may not always be beneficial, since implementing such integration could
involve adjustments that decrease the overall thermodynamic efficiency. Further utilization
of the exergy from the cold utility and product streams has the potential to reduce exergy
losses in distillation processes, thereby increasing overall thermodynamic efficiency.

5. Conclusions

In this study, the comparison of distillation alternatives for separating equimolar
azeotropic binary mixtures of THF/water and acetone/chloroform has been carried out
based on the concept of thermodynamic efficiency. This has been accomplished using
an exergy assessment that takes into account the global exergy efficiency and exergy
destruction rate for each option. This technique allows the determination of the rates
and efficiencies of local and global irreversibility, resulting in the following conclusions
and insights:

o  Except for the extractive distillation of the maximum-boiling acetone/chloroform, full
heat integration in both extractive and pressure-swing distillation designs can result
in energy savings across all studied systems.

e  Surprisingly, heat integration may negatively impact the exergy performance of
pressure-swing distillation alternatives while enhancing the exergy performance of
extractive distillation systems. These results suggest that the specific form of heat
integration employed in this study is economically advantageous for certain mixtures
but may not be universally applicable to any arbitrary azeotropic mixture.

o  Conducting a comprehensive analysis at the system level is crucial to determining the
optimal configuration that maximizes the overall process efficiency. This is a critical
step towards making informed decisions in process engineering, as it underscores the
nature of distillation separations and the significance of considering both energy and
exergy aspects.

These results may be extended for other azeotropes sharing comparable vapor-liquid
equilibrium characteristics. By providing an understanding of the effects of heat integration
on various distillation configurations, this knowledge enables the selection of the most
favorable option for a given mixture, ultimately contributing to more sustainable and
efficient industrial processes.

Furthermore, it is crucial to recognize that for a more comprehensive thermodynamic
assessment of the systems studied, the analysis should also be expanded to the assessment
of dynamic behaviors. This would allow for the detection of transient exergy losses and also
facilitate a more comprehensive evaluation of how to improve the design configurations
with respect to common operational disturbances.
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Nomenclature

B Bottom product

D Distillate product

DHI Direct heat integrated

EC Extractive column

ED Extractive distillation

Ex Exergy flow [kw]

H Enthalpy

HPC High-pressure column

LPC Low-pressure column

Mix 1 Tetrahydrofuran/water

Mix 2 Acetone/chloroform

m Mass flow [kg/h]

n Mole flow [kmol/h]

PSD Pressure-swing distillation

Q Heat flow [kw]

QC Condenser duty [kw]

OR Reboiler duty [kw]

RR Molar reflux ratio

S Entropy

SRC Solvent recovery column

TC Cold utility temperature [K]
To, Po Ambient temperature [K] and pressure [bar]
TR Hot utility temperature [K]
Whnet Network consumption of the utility system [kw]
Symbol

Greek letter

A Difference

n Thermodynamic efficiency [%]
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