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study of enhanced distillation processes was carried out to determine a favorable path for
waste thinner recovery. Appropriate thermodynamic models for the design of a waste thin-
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ner recovery process were obtained through the regression and validation of experimental
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vapor-liquid-liquid equilibrium data. An optimal direct sequence using three conventional
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distillation columns with a decanter was introduced as a base design to overcome the distil-
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lation boundary by azeotropes. Several advanced distillation conﬁgurations were examined
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to further improve the energy efﬁciency of the conventional recovery process. A novel het-
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erogeneous azeotropic dividing-wall column was developed based on process intensiﬁcation
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and integration. The proposed enhanced recovery process reduced the energy requirement
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for waste thinner recovery signiﬁcantly by 33.1%. The advanced distillation conﬁguration
can be an attractive option for improving the economic and environmental efﬁciency of the
commercial waste thinner recovery and recycling processes.
© 2016 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1.

Introduction

The display and semiconductor material manufacturing
industry is one of the largest industries in the world and it has
been declared to be one of the most important and growth
power of nations. Flat panel displays, such as liquid crystal
displays (LCD), plasma display panels (PDP), and light emitting diodes (LED) are widely used in everyday life and have
replaced cathode ray tubes because they are lighter, thinner, have low-power consumption, and are less harmful to
the environment (Chaniago et al., 2015). During display and

∗

semiconductor material manufacturing processes, thinners
are used as basic materials for removing the photoresistor
from the substrate edges or dispensing nozzles. Propylene glycol monomethyl ether (PGME) and propylene glycol
monomethyl ether acetate (PGMEA) are representative photoresistor thinner components. A large amount of waste
thinners containing PGME and PGMEA is generated when
the unreacted photoresistor is removed using a photoresistor
thinner. Besides, PGME is used in many other applications: lacquers and paints, chemical intermediates for manufacturing
PGMEA, a coalescing agent for water-based paints, coatings
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for automotive architectural and metal ﬁnishing, chemicals
for manufacturing copper-clad lamination products (Chinn,
2004a). PGMEA is also used in automotive paints and coatings,
architectural coatings, metal-coil coatings, industrial maintenance coatings, electronic manufacturing, silk-screen printing
inks, and metal ﬁnisher (Chinn, 2004b). Nevertheless of their
expensive cost, the use of PGME and PGMEA has rapidly
increased in a wide range of products because of their important advantages such as low systemic toxicity and minor
particle formation. This great value of PGME and PGMEA from
economic and environmental considerations highlights the
need of an efﬁcient recovery of waste thinner.
The waste photoresistor thinner is generally reclaimed
by distillation. Yoon et al. (2010) investigated feasible recovery of PGMEA from acetone + PGMEA and toluene + PGMEA
binary mixtures using batch distillation apparatus. Chang
(2012) experimented batch distillation to identify the coexisting compounds in waste thinners and their hindering
mechanism in order for possible improvement of distillation application. Han et al. (2014) evaluated scale-up
separation characteristics for PGMEA recovery from a
water + PGMEA binary mixture. PGMEA was recovered with
90 wt.% purity and 74.6% recovery by using 10-stage batch
distillation apparatus. Wang and Li (2015) investigated a
method for purifying PGMEA from the waste PGMEA liquid mixtures. The process consists of two conventional
distillation columns for recovering PGMEA with a purity of
95 wt.% and a recovery of 95%. A coupling tower design was
applied to reduce steam consumption.
Distillation is one of the most widely-used separation processes but is also one of the most energy-consuming processes
in the chemical industry. The energy-intensive character of
distillation curtails the economics of the waste thinner recovery process. Further, distillation has a limited use when the
mixtures involved form azeotropes. The co-existing target
constituents (PGME and PGMEA) in the waste thinners has
azeotropes with water, which also hinders the efﬁcient recovery of the target photoresist thinner compounds because a
conventional distillation process cannot achieve higher purity
and recovery beyond the azeotropic points.
Several alternative methods have been used to satisfy the
separation speciﬁcations in azeotropic systems. In the heterogeneous azeotropic system, the formation of a liquid-liquid
(decanting) phase using a proper entrainer is a way to accomplish more efﬁcient distillation (Wang and Huang, 2012). An
azeotrope can be also eliminated by extractive distillation with
an appropriate solvent, such as for the separation of ethanol
and water (Ravagnani et al., 2010). Pressure adjustment to shift
the composition proﬁle of a mixture in pressure swing distillation is another way to recover the target fraction for a
homogeneous azeotropic system in the absence of a solvent
(Mahdi et al., 2014). However, only a few mixtures can be inﬂuenced by pressure modiﬁcation, limiting this application to
speciﬁc mixtures.
Increasing requirement for reducing the energy requirement and meeting the stringent environmental regulations
has also highlighted the need of efﬁcient separation methods
to handle azeotropic mixtures. Therefore, the application of
advanced distillation columns, such as a thermally-coupled
distillation (TCD) column, dividing-wall column (DWC), and
heat integrated distillation, is progressing. The DWC is a single shell, fully intensiﬁed TCD column that is introduced
to overcome a large number of sequence possibilities and
reduce the operation cost. The DWC provides considerable

VLE/VLLE data selection.
Thermodynamic model selection and
VLE/VLLE data regression

Design inquiry to find acceptable
conventional column sequence

Direct Sequence

Indirect Sequence

No
Possible?

STOP

Yes
Optimization of conventional column
sequence by brute force approach

Enhanced optimal conventional column by
advanced design (dividing-wall column and
thermal integration)

Economic analysis for all process schema

STOP

Fig. 1 – Design approach used in this study.
potential energy savings of up to 30% compared to the conventional distillation sequence (Schultz et al., 2002; Parkinson,
2007). The DWC can be also applied to azeotropic separation to reduce the energy consumption. Despite the many
publications addressing the separation of azeotropic systems
via conventional distillation, there are only a few reports
on advanced design approaches for azeotropic systems by
exploiting the DWC: Azeotropic-DWCs yield good performance for pyridine-water-toluene separation (Wu et al., 2014),
acetic acid dehydration (Le et al., 2015), bio-ethanol dehydration (Kiss and Suszwalak, 2012), and ethanol dehydration
processes (Sun et al., 2011).
Energy savings in distillation process can also be achieved
through thermal integration (TI) between two columns in
a sequence, called a multi-effect conﬁguration or pressurestaged, where one column is operated at a higher pressure
than the other, and the condenser duty of higher pressure
column can provide the required reboiler duty in the lower
pressure column (Seider et al., 2009). However, the TI can
be also implemented for non-pressure-staged in a variety
of systems provided that there are sufﬁcient energy sources
for another column and feasible heat transfer from the heat
source to a cold source.
The aim of this study was to develop an advanced distillation conﬁguration for the enhanced recovery of PGME
and PGMEA from waste photoresistor thinners in the display and semiconductor material manufacturing industries.
Fig. 1 provides an outline of the design approach used in this
study to achieve this task. Binary parameters of thermodynamic model candidates were ﬁrst obtained for the waste
thinner mixture through stringent regression and validation
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steps. Based on the thermodynamic model, several process
conﬁgurations were then examined using a rigorous process
simulator. A novel heterogeneous azeotropic DWC conﬁguration was ﬁnally proposed to recover PGME and PGMEA in a
highly efﬁcient way.

2.

non-randomness constant for binary interactions; aij , bij , cij ,
and dij are the binary interactions between a pair of component i and j, respectively.
UNIQUAC equation:

ln i = ln

Thermodynamic model

Choosing the appropriate physical property parameters is the
key to a successful and reliable simulation (Carlson, 1996).
This depends on the correct estimation data for vapor-liquid
equilibrium (VLE) and vapor-liquid-liquid equilibrium (VLLE)
data for water + PGME + PGMEA system. Chiavone-Filho et al.
(1993) examined the VLE behavior of water + PGME mixture
at 353.15 K and 363.15 K. Hsieh et al. (2006) studied the VLLE
of water + PGMEA binary mixture and water + PGME + PGMEA
ternary mixture. Tochigi et al. (2007) examined the isobaric VLE
for water + PGME, water + PGMEA, and PGME + PGMEA binary
mixtures, and correlated the experimental data using the
NRTL equation. In this study, those experimental data for the
VLE and VLLE of the water + PGME + PGMEA system obtained
from the open literature were correlated using the NRTL and
UNIQUAC models for process design purpose. The regression
results were validated qualitatively and quantitatively.
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2.1.

Regression and validation of VLE/VLLE data



A commercial process simulator (Aspen Plus V8.6) was used
for rigorous simulations of every distillation process candidate. Both NRTL and UNIQUAC activity coefﬁcient models
and HOC (Hayden and O’Connell, 1975) second virial coefﬁcient model with the association parameters were evaluated.
Because the binary interaction set was unavailable in the
default Aspen Plus databank, a set of parameters for the
ternary system was obtained by interpolating the experimental data. In this study, the Aspen Plus regression result of
NRTL-HOC and UNIQUAC-HOC were tested by binary experimental data to verify that the regressed parameter had been
reproduced properly for binary VLE. All experimental data in
Section 2 were considered and regressed by NRTL-HOC and
UNIQUAC-HOC in the Aspen Plus interpolation. The Aspen
Plus physical parameter regression system provides a powerful tool for regressing and correlating the experimental data
to obtain the binary coefﬁcient values. The adjustable parameters of those two models are deﬁned as follows:
NRTL equation:
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where Ф is the segment fraction;  is the area fraction; r and
q are the pure component relative volume and surface area
/  ji ) is the interaction parameparameters, respectively;  ij ( =
ter; z is the coordination number and equal to 10 for the liquid
phase; aij , bij , cij , and dij are the binary interactions between a
pair of component i and j, respectively.
In the Aspen Plus simulator, the binary parameters, aij , bij ,
cij , and dij in the NRTL and UNIQUAC models are obtained by
the generalized least-squares method to minimize the following maximum likelihood objective function (Q):
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where  i is the activity coefﬁcient of component i; x is the
/  ji ) is the interaction parameter; ˛ij is the
mole fraction;  ij ( =

where NDG, NP, and NC are the number of data groups in the
regression case, the number of points in data group n, and the
number of components present in the data group, respectively.
wn is the weight of data group n; e is the estimated data and m is
the measured data; i is the data for data point i; j is the fraction
data for component j; and  is the standard deviation of the
indicated data. T, P, x, and y are the temperature, pressure,
liquid, and vapor mole fractions, respectively.
Britt–Luecke method (Britt and Luecke, 1973) was chosen
for the optimization in Aspen Plus. In this study, owing to the
limited experiment data, only bij was regressed in the UNIQUAC model, and bij and cij in the NRTL model while the other
binary parameters were simply set to zero, as proposed by
many researchers (Harvianto et al., 2016; Hsieh et al., 2006;
Resk et al., 2014).
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Table 1 – Binary interaction parameters obtained from regression.
System

NRTL-HOC

PGMEA + Water
Water + PGME
PGME + PGMEA

UNIQUAC-HOC

bij

bji

cij

AAD

bij

bji

AAD

452.17
584.86
30.59

1069.18
9.73
72.34

0.43
0.47
0.3

0.0391
0.0037
0.0051

−494.3
241.841
66.5676

59.1223
−492.419
−103.641

0.0185
0.0027
0.0053

Fig. 2 – Water (1) + PGME (2) VLE phase diagram comparison
with literature (Exp.) values: (a) at 363 K, (b) at 53.3 kPa.

2.2.

Fig. 3 – PGME (1) + PGMEA (2) VLE phase diagram
comparison with literature (Exp.) values: (a) at 393.15 K, (b)
at 53.3 kPa.

Validation of regression result
2.2.1.

The NRTL-HOC and UNIQUAC-HOC regression results were
validated using experimental data to ensure that the regressed
binary parameters were reliable for the design purpose. Table 1
lists all the regressed outcomes of the thermodynamic parameter of NRTL-HOC and UNIQUAC-HOC. The average absolute
deviation (AAD) values deﬁned as follows were calculated for
every binary pair to validate the regression result quantitatively, as listed in Table 1.

AAD =

n  cal
exp 

(x − x )
i

i=1

i

(14)

n

exp

where n is the number of data; xical and xi
refer to the
calculated and experimental mole fraction for component i,
respectively.

Water and PGME

The regression result was validated from the literature data
(Chiavone-Filho et al., 1993; Tochigi et al., 2007) at various
pressures and temperatures. Fig. 2 shows the VLE phase diagrams of Water + PGME at 363.15 K and at 53.3 kPa.
As shown in the ﬁgures, both UNIQUAC-HOC and
NRTL-HOC matched the experimental data closely. Further,
UNIQUAC-HOC had a slightly better prediction than NRTLHOC overall.

2.2.2.

PGME and PGMEA

This binary VLE was validated using literature data (Hsieh
et al., 2006; Tochigi et al., 2007) for the Txy and Pxy equilibrium
phase diagrams, as shown in Fig. 3.
No signiﬁcant difference was observed between NRTL-HOC
and UNIQUAC-HOC for the Pxy and Txy equilibrium phase
diagram.
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As can be seen from the AAD values in Table 1, UNIQUACHOC more closely matches the experimental result compared
to the NRTL-HOC result and the deviation is very small.

2.2.5.

Fig. 4 – Water (1) + PGMEA (2) VLE phase diagram
comparison with literature (Exp.) values at 93.3 kPa.

VLLE phase diagram at 358 .11 K
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Fig. 5 – Water (1) + PGMEA (2) + PGME (3) VLLE phase
diagram comparison with literature (Exp.) values in mole
fraction at 358.11 K.

Water and PGMEA

Validation was only done by an experimental liquid phase due
to the data availability in the literature (Tochigi et al., 2007), as
shown in Fig. 4 at pressure 93.3 kPa. From the Tx phase diagram
trend, UNIQUAC-HOC showed a closer result than NRTL-HOC
at 1 atm or 101.325 kPa.

2.2.4.

3.1.

Direct sequence

1.0

Water

2.2.3.

Conventional distillation sequence

Direct and indirect conventional distillation sequences were
ﬁrst investigated for a base design to identify a favorable separation path. A waste thinner feed of 1000 kg/hr was considered
for process design. Based on the composition of the waste
thinner samples from a real industry, the chosen feed composition was 31 wt.% water, 23 wt.% PGME, and 46 wt.% PGMEA.
Water, PGME, and PGMEA are the most volatile, middle, and
least volatile components, respectively. The target purity of
each PGMEA and PGME for sale purposes were set more than
99.95 wt.%. The required recovery of PGMEA and PGME were
assumed to be more than 99.95 wt.% for avoiding the loss of
valuable thinner components. For distillation column simulation in Aspen Plus, convergence tolerance error of 1 × 10−6
was adopted to secure sufﬁcient preciseness.

0.9

0.2

0.4

3.

1.0

0.1

Azeotropic Point

Water + PGME and water + PGMEA have two azeotropic points.
Table 2 compares the simulator prediction result of the
azeotropic points with the literature data. Both two models
matched the experimental data well. In particular, NRTLHOC is more accurate in predicting the water composition
at the azeotropic point with PGMEA at 53.3 kPa, whereas
UNIQUAC-HOC is more accurate in predicting the azeotropic
temperature, as can be seen from Table 2.
As observed from the ﬁgures and Tables 1 and 2, UNIQUACHOC provided a more accurate prediction than NRTL-HOC
for most regression results. Therefore, UNIQUAC-HOC was
ﬁnally chosen for the thermodynamic model for simulation
and design study.

Ternary VLLE phase diagram

Ternary mixtures of water + PGME + PGMEA can have an
immiscible liquid-liquid phase. In this case, a good VLE prediction for each binary case does not guarantee a good VLLE
prediction of the ternary case. A vapor-liquid-liquid phase is
valid with this ternary mixture. An inaccurate VLLE prediction will result in an unreliable design. The predicted VLLE
phase behavior was also validated with the ternary VLLE phase
diagram from the experimental data. Water and PGMEA are
partially miscible in ternary mixtures containing water, PGME,
and PGMEA, as shown in Fig. 5.

In a direct sequence, the most volatile component is removed
as the top product from the ﬁrst column and the remaining
binary mixture is then separated in the next second column. Therefore, for the water + PGME + PGMEA mixture, water
is removed as the top product in the ﬁrst column and the
PGME + PGMEA mixture as the bottom product is separated
in the next column. Fig. 6 shows the feasible separation in
the ﬁrst column of the direct sequence. The ternary mixture exhibits a distillation boundary, or separatrix, by the
azeotropes (line B). This distillation boundary divides the
ternary diagram into two distillation regions, i.e., Regions I and
II, and the separation is limited by this line. To overcome this
barrier, the composition in Region I (R-I) should be moved to
the distillation boundary line within the liquid-liquid envelope so that the additional liquid-liquid separation moves the
composition to Region II (R-II) beyond the distillation boundary.
In the direct sequence, the ﬁrst column recovers most of the
PGME and PGMEA from the bottom and removes water from
the top completely. PGME and PGMEA from the bottom are
then separated to the required purity in the next column. The
waste thinner feed is introduced at point 1 and goes through
by a mass balance line (Line A) from the maximum water composition point until point 3. The top separation is limited by
the distillation boundary or line B at point 2 which indicates
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Table 2 – Azeotropic data of water + PGME and water + PGMEA at 53.3 kPa.
Component (1)

Component (2)

Water

PGME

Water

PGMEA

Method

T (K)

x1az (mole)

LiteratureTochigi et al.
NRTL-HOC
UNIQUAC-HOC
LiteratureTochigi et al.
NRTL-HOC
UNIQUAC-HOC

354.03
353.98
353.79
352.47
353.74
352.91

0.8290
0.8143
0.8369
0.8880
0.8911
0.8632

Fig. 6 – Ternary map for water + PGME + PGMEA in mass fraction of direct sequence at 1 atm.

the maximum feasible water composition on the top product.
Because point 2 is in the liquid-liquid region, the top product
can be separated further to be points 4 and 5 by a liquid-liquid
separator. The main target of the ﬁrst column is to remove
most of water in the feed onto the top product. The top vapor
product mixture containing most of water discharges into the
condenser and then separated in the decanter to be waterrich point 4 and organic-rich point 5. The bottom product, in
which most of the water is stripped, is rich in the thinner components. Point 2 indicates that some PGME and PGMEA still
remain in the top product, which suggests that an additional
column is required to recover the remaining PGME and PGMEA
from water.
Fig. 7 shows the maximum separation when a single heterogeneous azeotropic column is used to remove water. As
shown in the ﬁgure, the organic solvent and water are not separated well due to the distillation boundary. Approximately
101.95 kg/hr of PGMEA and 33.42 kg/hr of PGME are lost in
the lean thinner stream. An additional column is essential
for recovering the valuable organic components from the top
product.
Fig. 8 presents the proposed direct sequence using three
conventional distillation columns. Note that the top product
of the additional column (C-1b) is recycled to the azeotropic
column (C-1) for the maximum recovery of PGME and PGMEA.
C-1b removes water on the bottom product in a high purity
of 99.99 wt.%. As shown in Fig. 6, trajectory arrow toward to
water, which means water is the heaviest component in RII. C-1b strips PGME and PGMEA to the top product. The top

Fig. 7 – Separation using a single heterogeneous azeotropic
column.

stream is then recycled to C-1, which makes each PGME and
PGMEA recovery in the C-1 bottom increase up to 99.99%. The
last column (C-2) is to separate the PGME and PGMEA with the
required purity.

Process Safety and Environmental Protection 1 0 3 ( 2 0 1 6 ) 413–423
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Fig. 8 – Proposed direct sequence using three conventional columns (without and with thermal integration): red-dotted line
is energy transfer from a heat source.
For optimization of the column structure, the number of
stages was ﬁrst varied for a wide range while keeping the product purity and recovery higher than 99.95%. The number of
stages was chosen and ﬁxed as the minimum one that gives
no further apparent decrease in reboiler duty. The optimal
feed location was then found to give the minimum reboiler
duty. This sequential optimization procedure was applied to
each column. The proposed direct sequence was close to perfect separation for PGME and PGMEA recovery, and showed the
total reboiler duty of 1539 kW.

3.2.

Indirect sequence

In an indirect sequence, the least volatile component is
removed ﬁrst as the bottom product from the ﬁrst column and
the remaining binary mixture is then separated in the next
column. In contrast to the direct sequence, which still met
the feasible separation to overcome the distillation boundary,
the indirect sequence does not reach the feasible separation
points in Region II, as shown conceptually in Fig. 9. The distillation boundary prevents the composition shift to R-II at
point 2; hence, the entire water removal is not feasible. As a
consequence, the indirect sequence was excluded for further
consideration and the direct sequence was ﬁnally chosen as
the base case for another improvement.

4.

Thermally coupled distillation column

Conventional distillation sequences can have a remixing
effect, which introduces inefﬁciency in the separation. This
remixing problem can be avoided or reduced by utilizing material ﬂows to provide some of the necessary heat transfer by

direct contact, which is known as a TCD conﬁguration. Fig. 10
shows a conventional direct sequence and several equivalent
TCD conﬁgurations originating from the direct sequence. In a
thermally coupled direct sequence (Fig. 10b), the reboiler of the
ﬁrst column in the conventional direct sequence is replaced
by a thermal coupling. A side rectiﬁer arrangement (Fig. 10c)
is one of the most popular TCD conﬁgurations and topologically equivalent to the thermally coupled direct sequence. The
two TCD conﬁgurations were further intensiﬁed to be a top
dividing–wall column (TDWC) (Fig. 10d) by integrating the two
conventional columns into a single shell with a vertical wall
on the top section.

4.1.

Enhanced recovery by HA-DWC conﬁguration

C-1 and C-2 in the direct sequence (Fig. 8) can be interlinked
or coupled thermally by carrying two interconnecting streams
(one in the liquid phase and the other in the vapor phase)
between the two columns. Fig. 11 shows a thermally-coupled
direct sequence of C-1 and C-2. In this conﬁguration, the liquid
(L-1) from C-1 bottom is fed to C-2, but the reboiler of C-1 is
removed and the vapor (V-1) from C-2 is utilized as a source
of the vapor stream of C-1. The reboiler of C-2 takes all the
responsibility for supplying energy to C-1 and C-2. The lean
organic of the top C-1 product is proceeded to C-1b to recover
the lost organic in the lean organic stream.
In this study, the thermally coupled direct sequence in
Fig. 11 was intensiﬁed further into the equivalent TDWC
conﬁguration. Fig. 12 presents the resulting overall process
ﬂow sheet using the heterogeneous azeotropic dividing-wall
column (HA-DWC). The total number of stages in the HA-DWC
was simply set to be the same as C-1 in the direct sequence.
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Fig. 9 – Ternary map for water + PGME + PGMEA in mass fraction of indirect sequence at 1 atm.

ABC

A

B

A

ABC

BC
B

C
C

(a)

(b)

A

B
B

A

ABC
ABC

C
C

(c)

(d)

Fig. 10 – Conventional direct sequence and its equivalent
thermally coupled conﬁgurations: (a) conventional direct
sequence; (b) thermally coupled direct sequence; (c) side
rectiﬁer arrangement; (d) TDWC conﬁguration.

The number of stages in the dividing-wall section was also
determined to be the same as that of the rectifying section
in C-2 for topological consistency. Note that each side of
the dividing-wall section usually has the same number of
stages to accommodate the practical implementation of the
two columns into a single shell. The feed location and vapor
split in the HA-DWC were then adjusted to have the minimum reboiler duty. The top and bottom product contained
99.98 wt.% of PGME and 99.99 wt.% of PGMEA, respectively.
The reboiler duty of HA-DWC was 800 kW, which is much
lower than the sum of reboiler duty C-1 and C-2 (1332 kW)

in the direct sequence. Overall, the total reboiler duty of the
entire recovery process was reduced from 1539 kW to 1169 kW,
which is equivalent to a 24.0% energy saving compared to
the optimal direct sequence. Note that the energy saving was
based on the conservative conditions. Additional energy savings will be possible if rigorous optimization of the HA-DWC
structure is carried out.

5.
Combined conﬁguration: HA-DWC with
thermal integration
In the proposed direct sequence, a huge amount of energy
is removed in the condenser of C-1. However, heat transfer
from the C-1 top is not feasible because the top temperature
of C-1 is lower than the bottom C-1b or C-2. A higher temperature heat source from the top vapor of C-2 can be used as
an energy source to reduce the energy required in reboiling
the bottom stream of C-1b. The energy consumption of the
C-1b reboiler can be reduced to 41 kW through this thermal
integration, as depicted in Fig. 8. Therefore, the total reboiler
duty was reduced to 1373 kW, which is equivalent to a 10.8%
energy saving compared to the base design without thermal
integration. The minimum approach temperature of the heat
exchanger was assumed to be 10 ◦ C.
This thermal integration could also be implemented for
the HA-DWC conﬁguration. In the HA-DWC conﬁguration, the
latent heat that is rejected in the condenser of HA-DWC is
transferred to cover approximately 140 kW in the reboiler of
C-1b, as shown in Fig. 12. Finally, the total reboiler duty was
reduced signiﬁcantly to 1029 kW, which is equivalent to 33.1%
energy savings compared to optimal base design.

6.

Economic evaluation

The total annual cost (TAC), which involves the cost of the
total energy requirements (operating cost) and purchased
equipment (capital cost), was used to evaluate the economic
performance of the processes considered. The capital cost
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Fig. 11 – Thermally coupled direct sequence conﬁguration of C-1 and C-2.
was estimated mainly considering the distillation columns
and heat exchangers using Guthrie’s modular method (Biegler
et al., 1997) and annualized based on a plant lifetime of
10 years. The column diameter was designed at 80% of
the load at the ﬂooding point. The capital cost for the
distillation column consists of the cost of the column,

internals, reboiler, condenser, and decanter. The data for the
capital and utility cost calculation were taken from the literature (Turton et al., 2012). The Chemical Engineering Plant
Cost Index of 576.1 in 2014 was used for cost updating. Low
pressure steam (160 ◦ C, 5.2 barg) is commonly used for all
reboilers. The appendix outlines the detailed method used

Fig. 12 – Heterogeneous azeotropic DWC (without and with thermal integration). Red-dotted line is energy transfer from a
heat source. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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Table 3 – Energy and economic performances of process conﬁgurations studied.
Conventional (base case)
PGME (kg/hr)
PGME (wt%)
PGMEA (kg/hr)
PGMEA (wt%)
Total reb. duty (kW)
Energy saving (%)*
Capital cost (million US$)
Op. cost (million US$/yr)
TAC (million US$/yr)
TAC saving (%)a
a

Conventional (with TI)

229.96
99.98
459.96
99.99
1539
–
1.204
1.399
1.579
–

HA-DWC (with TI)

229.98
99.98
459.97
99.99
1169
24.0
0.972
1.128
1.273
19.4

229.98
99.98
459.97
99.99
1029
33.1
0.972
1.005
1.149
27.2

Compared to the conventional direct sequence (base case).

in the cost calculation. Table 3 lists the results of the energy
and economic performance. As seen in the table, the proposed
HA-DWC conﬁgurations without/with thermal integration can
reduce the TAC signiﬁcantly by up to 19.4% and 27.2%, respectively.

7.

229.96
99.98
459.96
99.99
1373
10.8
1.204
1.253
1.433
9.3

HA-DWC

Conclusions

To construct the appropriate thermodynamic models for the
design of the waste thinner recovery process, the binary
parameters of the UNIQUAC-HOC and NRTL-HOC models for
the water + PGME + PGMEA mixture were obtained after stringent regression and validation. The UNIQUAC-HOC model
matched the experimental VLLE data, which involves water,
PGME, and PGMEA, and was ﬁnally chosen. A direct sequence
using three conventional distillation columns without an
entrainer was proposed as a favorable base design. The proposed conventional direct sequence eliminated successfully
the azeotrope difﬁculty and recovered the PGME and PGMEA in
high purity. An indirect sequence was also examined but failed
to recover PGME and PGMEA in high purity and secure high
water removal. A novel HA-DWC conﬁguration was proposed
to enhance the energy efﬁciency of the recovery process. This
conﬁguration resulted in large savings of 24.0% in the reboiler
duty and of 19.4% in the TAC compared to the conventional
direct sequence. Furthermore, applying thermal integration to
the HA-DWC reduced remarkably the total reboiler duty and
TAC by 33.1% and 27.2%, respectively. The proposed recovery
process using the thermally integrated HA-DWC is expected to
provide an attractive option for enhancing the waste thinner
recovery efﬁciency in the display and semi-conductor material
manufacturing industries.
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Table A.1 – Utility cost data (Turton et al., 2012).
Utility

Price ($/GJ)

Cooling water
Steam (low pressure)

0.35
13.28

used for cost updating.
CC = BMC column + BMC wall + BMC tray stack
+ BMC condenser + BMC reboiler

(A.1)

Updated bare module cost (BMC) = UF × BC × (MPF + MF − 1)
(A.2)

where UF is the update factor : UF =

present cost index
bare cost index

BC is the bare cost of the heat exchanger : BC = BC0 x

A
A0

(A.3)

˛

(A.4)
where MPF is the material and pressure factor; MF is the module factor (a typical value), which is affected by the base cost.
Area of the heat exchanger, A =

Q
UT

Material and pressure factor : MPF = Fm + Fp + Fd

(A.5)
(A.6)

A.2. Operating cost (OC)
Table A.1
OC = Csteam + CCW

(A.7)

Appendix. Column cost correlations

where Csteam is the cost of the steam; CCW is the cost of cooling
water.

A.1. Capital cost (CC)

A.3. Total annual cost (TAC)

Guthrie’s modular method was applied (Biegler et al., 1997).
Chemical Engineering Plant Cost Index of 576.1 (2014) was

The total annual cost includes the annual capital cost (ACC)
and the annual operating cost (AOC). The annual investment

Process Safety and Environmental Protection 1 0 3 ( 2 0 1 6 ) 413–423

cost was obtained from the literature and refers to the annual
payments over the life of the project (Hicks and Chopey, 2012).
ACC = CC

i(1 + i)n
n
(1 + i) − 1

(A.8)

where, i is the interest rate per year (8%), and n is the project
year (10 years).
TAC = ACC + AOC

(A. 9)
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