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AbstractThe purification of N,N-dimethylformamide wastewater involves an energy intensive distillation process.
We propose a novel energy-saving process scheme involving multiple inter-reboilers sed. In this scheme, ideal thermo-
dynamic model non-random two liquid (NRTL) model was used to calculate the phase equilibrium using Aspen Plus
platform. While the relationship between important process parameters and energy consumption by the distillation
process was studied, several parameters such as the most suitable positions for the inter-reboilers and the most reason-
able steam extraction rates were obtained. The feasibility was detected under the same separation duties and main tech-
nological structure. For 10 wt% DMF wastewater, the inter-reboilers were installed on the 37th, 38th and 39th plates,
while the corresponding heat transferred values were 3,038 kW, 91 kW and 179 kW, respectively. In comparison to the
conventional distillation process, an energy consumption of 77.43% and thermodynamic efficiency of 65.69% were
obtained. For 20 wt% DMF wastewater, the inter-reboilers were installed on the 21st and 25th plate, while the corre-
sponding values for the heat transferred were 1,632 kW, and 1,450 kW, respectively. In comparison to the conventional
distillation process, the energy consumption can be reduced by 71.31%, while the thermodynamic efficiency can be
improved by 47.10%.
Keywords: Inter-reboiler, Energy-saving, Distillation, Thermodynamic Efficiency, N,N-dimethylformamide Wastewater

INTRODUCTION

N,N-dimethylformamide (DMF) is a toxic, colorless and trans-
parent liquid used as a chemical raw material having excellent per-
formance in petrochemical industry, organic synthesis, pharma-
ceutical, pesticide, synthetic fiber, acrylic spinning, leather and other
fields [1,2]. Due to strong polarity, DMF is soluble in water, ether,
alcohol, unsaturated hydrocarbon and aromatic hydrocarbon, and
therefore, is called the “omnipotent solvent” [3-6]. Its widespread
application in chemical production has resulted in a large quantity
of wastewater containing DMF. The exposure or inhalation of DMF
can cause not only hematopoietic and liver related problems, but
also bring about serious contamination to the atmosphere and water
[7-9]. For relatively lower DMF concentrations in wastewater, sim-
ple recovery devices cannot directly gain economic benefits due to
high energy consumption and costly recycling process [10].

Currently, there exists a wide-range of treatment methods for
DMF wastewaters, including physical and chemical methods [11-
14] (azeotropic distillation, adsorption, and extraction), biochemi-
cal method [15,16], supercritical water oxidation method [17] and
chemical method [18-21] (alkalization). Azeotropic separation has
the disadvantages of high energy consumption, low thermodynamic
efficiency, low separation purity and high separation cost, and com-

plex operation process [22-24]. Biochemical method has the char-
acteristic of longer processing time and incomplete degradation,
whereas the supercritical water oxidation method requires relatively
rigorous conditions, which makes it difficult to apply on a large
scale. Additionally, adsorption involves adsorbent regeneration and
separation of reverse extraction process, which is not only relatively
complex but also incurs high operating cost. Currently, distillation
is used more commonly for DMF recovery despite its high-energy
consumption in a conventional process.

In distillation, top heat is removed by cool recycle water, whereas
high level steam heats the bottom, which undoubtedly may lead to
a large amount of energy being wasted along with lower thermo-
dynamic efficiency [25,26]. However, it is even more significant
that a number of energy-saving industrial application technologies
are not mature enough to be carried out at a commercial scale.

In the petrochemical industry, energy consumption by the distil-
lation process is one of the core parts in separation processes. Sta-
tistically, distillation accounts for 3% of the whole industrial energy
consumption. However, due to phenomena like energy shortage,
increasing prices and environment pollution which is threatening
human health, energy saving and emission reduction in distillation
have become priority topics in social practice and scientific research.
It is of great urgency and practical-oriented significance to achieve
these targets [27].

To achieve the goal of energy-saving and improved thermody-
namic efficiency, lower level heat transfer must be employed to heat
the bottom of the column. However, high temperature of the col-
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umn’s bottom cannot be heated by lower level steam having a tem-
perature difference of 10 oC for heat transfer [28]. To achieve energy
saving, Alcántara-Avila et al. proposed a strategy to add an inter-
mediate condenser [29], and Chao et al. proposed a strategy to add
an intermediate reboiler [30] to save energy. In this study, the strat-
egy of adding multiple reboilers is proposed, which is more energy
and thermodynamically efficient.

In this paper, the inter-reboiler technology constitutes the strip-
ping section for the mixture, which is partially extracted and heated
by the inter-reboiler with lower level steam, and after sufficient heat
transfer, was sent back to the column for separation. The principle
is to reduce the consumption of high level steam in the column. In
this way, the inter-reboiler technology can improve the thermody-
namic efficiency and significantly reduce the energy consumption.

THEORY AND FEASIBILITY MONITORING

The T-x-y diagram of the DMF-water system is at atmospheric
pressure shown in Fig. 1. Note that DMF-water belongs to a typical
large temperature difference system, which results in a large tem-
perature difference between the top and bottom of the column.

Accordingly, the high temperature system is in the bottom, where
the inter-reboilers can be added and the mixture is extracted from
the stripping section. The dropping liquid is heated to partial vapor-
ization using low quality heat, while the mixture is returned to the
column for further separation. For low temperature system in the
bottom, the reboiler acts as a cold source recovery device for its
own sake, where the inter-reboiler can also be added such that the
mixture is extracted from the stripping section, which can be
heated by low quality heat. Due to such an arrangement, the ther-
modynamic efficiency would show significant improvement.

In distillation, the mass transfer driving force is expressed by the
difference between the operating and equilibrium lines. For smaller
differences between the lines, the process becomes reversible, lead-

ing to higher thermodynamic efficiency. Ideally, the two lines should
overlap perfectly, so that the energy loss would be 0 kW. Regretta-
bly, it is impossible to attain the ideal state in an actual process.

The principle could be well explained by McCabe-Thiele con-
sidering a binary distillation process [31], which is shown in Fig. 2.

The operating line presents an obvious change, and is closer to
the equilibrium line due to the installation of inter-reboiler. Mean-
while, high separation efficiency can be achieved by increasing the
number of plates. Thus, adding an inter-reboiler increases the num-
ber of plates. Fortunately, the increase in number of plates is small,
thus accounting for only a proportion of the capital cost. If this is
the case, the economic benefit obtained from the operating costs is
significantly greater than the increase in the equipment cost. There-
fore, the addition of an inter-reboiler can always achieve good eco-
nomic benefits under any circumstances.

SYSTEM DESCRIPTION AND EVALUATION
OF THE MODEL

The wastewater was fed at a flowrate of 5,000 kg/h with the DMF
mass fractions of 10 wt% and 20 wt% with the balance being the
water. The product purity of the DMF was not less than 99.8 wt%.
The top product was condensed by water. The bottom of the col-
umn was heated by 0.62 MPa saturated steam. For the inter-reboiler,
the heating temperature was determined such that the minimum
temperature difference with the extracted mixture was 10 oC.

Obviously, the choice of physical property method has a great
impact on the accuracy of the simulation results. In this paper, NRTL
model in Aspen Plus [32] was used to calculate and analyze the
vapor-liquid equilibrium data, which shows remarkable agreement
with the data reported in the literature [33]. Therefore, NRTL was
chosen as the model for the simulation process.
1. Evaluation Index

The total annual cost (TAC) was calculated as an index to eval-
uate the whole process, which included the operating cost (OC)Fig. 1. T-x-y diagram of the DMF-water system.

Fig. 2. McCabe-Thiele diagram with inter-reboiler and inter-con-
denser.
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and investment cost (IC). TAC [34] can be calculated using Eqs.
(1)-(3).

TAC=OC+IC (1)

OC=CB·(7200×3600)·(QB/rB)/1000 (2)
OC=+CW·(7200×3600)·(QC/4.18×6)/1000

IC={CC•[1.35×(0.35×NT)•D2/4]+CA•AT}/ (3)

For a clear understanding of the proposed configuration, the detailed
information is given in Table 1.

SIMULATIONS AND OPTIMIZATION

1. Conventional Distillation Process
The simulation for the conventional distillation process is shown

in Fig. 3. In the simulation process, the DSTWU module is first
used for the simple distillation calculation, the reflux ratio is set to
1.2 times of the minimum reflux ratio, the light component water
of the top product is 0.99 (mass fraction), and the heavy compo-
nent DMF content is 0.01 (mass fraction). The initial number of
stages and the reflux ratio were obtained by DSTWU’ module.
Then we used the RadFrac module for strict distillation calcula-
tion; the simple calculation results were brought into the “RadFrac’’
module. The “Design Spec” was used to change the reflux ratio (0-
2) and the top material flow rate (2,000-5,000 kg/h), the purity of
the bottom material of the column bottom was controlled 0.998.
Finally, we could obtain the required reflux ratio and get the mini-
mum TAC corresponding to the different the number of stages.
The wastewater with the DMF content of 10 wt% and 20 wt% was
heated to bubble point by the preheater. Water in the top product

and DMF in the bottom product had purity of at least 99.8 wt%,
respectively. The optimized parameters are shown in Table 2.
2. 10 wt% DMF Wastewater
2-1. Process Introduction

As all distillation columns with classic separation are operated
at ambient pressure, the use of inter-reboilers was explored as an
attractive process alternative for energy-saving. For such an inno-
vation, the schematic of the process is shown in Fig. 4.

The fresh feed was fed at a mass flowrate of 5,000 kg/h having
10 wt% DMF and 90 wt% water. Under ambient temperature and
pressure, the mixture flowed into the preheater, and once the bub-
ble point was reached, it was returned to the column again. The top
product had a purity of 99.8 wt% water, while the bottom product
had a purity of 99.8 wt% DMF.
2-2. Position of the Inter-reboilers

To keep the same plate number and product purity, the inter-
reboiler was fixed at the appropriate position between the feed and
bottom in the stripping section. For the sake of optimal inter-reboiler
position, the temperature distribution in the column must be ac-
quired. From the perspective of energy-saving principle, the addi-
tion of inter-reboiler will undoubtedly affect the operating line, thus
subsequently affecting the operational parameters. The most suit-
able location should not be far from the bottom; however, the tem-
perature distribution indicates that when the position of the inter-
reboiler is closer to the bottom, the heating medium required is
higher and the reflux ratio needed is also larger. For these reasons,
the inter-reboiler should not be too close to the bottom. For wastewa-
ter containing 10 wt% DMF, the process of the optimization of the
position of inter-reboiler is described as the following curve (as
shown in Fig. 5).

Fig. 5 shows that a steep temperature rise existed at the 37th plate,
due to which, the first inter-reboiler was set as the 37th plate. Further
considering the temperature distribution curve, other inter-reboil-
ers were installed at the 38th, 39th and 40th plates.
2-3. Optimization of the Extraction Quantity

The extraction quantity cannot be arbitrarily set, and therefore a

Table 1. Utility and other equipment costs used to calculate TAC
Symbol Utility Price
CB Steam 32.89 $/ton
CC Column 1195.82 $/m3

CA Heat exchange 127.06 $/m2

rB Latent heat of water at 0.3 MPa 2177.6 kJ/kg
Cp Specific heat capacity of water 4.18 kJ/kg·oC
Cw Cost of cooling water 2.7 $/ton

Fig. 3. Conventional single column distillation process.

Fig. 4. 10 wt% DMF distillation with integrated inter-reboilers.
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comprehensive consideration must be given to both vapor-liquid
flow rate and total annual cost. The optimization process for the
inter-reboiler installed at 37th plate is described in Fig. 6(a). Clearly,
the optimal extraction rate is 50% of the total plate flow. Similarly,
the extraction rate was optimized for other inter-reboilers. The con-
nection between the extraction quantity at 37th, 38th, 39th and 40th

plates and total annual cost has been described in Fig. 6(b)-6(d).

After the addition of two inter-reboilers, the most reasonable
extraction rates can be significantly different from each other. Fig.
6(b) indicates that 30% of the total flow on 37th and 90% of the total
flow on 38th plates was the most appropriate. Supposing three inter-
reboilers were added, Fig. 6(c) illustrates that 90% of the flow on
the 37th, 10% of the flow on the 38th and 10% of the flow of on the
40th plates were reasonable. For the relatively more complicated case
of four inter-reboilers, Fig. 6(d) demonstrates that 90% of the total
flow on the 37th, 10% of the total flow on the 38th, 10% of the total
flow on the 40th and 10% of the total flow on the 41th plates were the
most reasonable.

Through the analysis of TAC under optimal conditions, values
in Table 2 show that the strategy of using three inter-reboilers was
economical and feasible, and the detailed parameters are shown in
supporting information (Table S1). In this scenario, low quality steam
was used to heat the extraction mixture and to further decrease
the consumption of the steam. Additionally, with this three inter-
reboiler strategy, the energy consumption can be reduced by 79.1%
in comparison to the conventional distillation process.

Fig. 4 shows that 90 wt% of the total amount of the mixture
(7,705.1 kg/h) was taken from the 37th plate through pipe (S105) and
was heated by 0.17 MPa saturated steam using the heat exchanger
(E104). The consumption of 3038.07 kW energy ensures that the
mixture will be heated to 108.6 oC. About 543.1 kg/h mixture was
extracted from the 38th plate and was heated by 0.17 MPa saturated

Fig. 5. Distribution of temperature in the distillation column.

Fig. 6. Optimization of the extraction quantity.
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steam using E105 to the temperature of 115.4 oC. After heating, the
mixture was returned to the column. Later, 0.2 MPa saturated steam
was used to heat 391.5 kg/h of the mixture that was extracted from
the 39th plate and passed through E106. Finally, 527kg/h of the mix-
ture was extracted from the 40th plate and was heated using 0.36
MPa saturated steam to the temperature of 140 oC.

3. 20 wt% DMF Wastewater
Compared to the 10 wt% wastewater, the distillation process for

20 wt% DMF wastewater was similar. Fig. 7 shows the flowsheet
representing the distillation process used for 20 wt% DMF waste-
water, and having two inter-reboilers.

Under ambient conditions, the mixture containing 20 wt% DMF
(balance being the water) flowed into the preheater E101 with the
flow rate of 5,000 kg/h. Upon reaching the bubble point, the mix-
ture was returned to the column for further separation.

The positions of the inter-reboilers were optimized according to
the same process as used for the 10wt% DMF distillation. The results
showed that the most appropriate locations for the inter-reboilers
were 21st, 25th and 26th plates. Fig. 8 shows the results for the quan-
tity of mixture extracted from the inter-reboilers.

For only one inter-reboiler, the most reasonable extraction quan-
tity was 50% of the total flow on the 21st plate (as shown in Fig.
8(a)). Furthermore, for two inter-reboilers, 30% of the total flow
on the 21st plate was the most reasonable, whereas 70% of the total
flow on the 25th plate was found to be the most optimal (see Fig.
8(b)). Similarly, for three inter-reboilers, 30% of the total flow on
the 21st plate, 50% of the total flow on the 25th plate and 10% of the
total flow on the 26th plate were the most suitable (see Fig. 8(c)).

By means of analysis and calculations, the strategy of two inter-
reboilers resulted in significant reduction in the use of high qual-

Fig. 7. 20 wt% DMF distillation based upon two inter-reboilers.

Fig. 8. Optimization of the extraction quantity.
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ity steam. Under the same requirements, the amount of low qual-
ity steam used to heat the extracted mixture was optimized so that
the energy consumption can be reduced by 71.3% in comparison
to the conventional distillation process.

Fig. 7 shows that 30% of the total flow (3,692.6kg/h) was extracted
from the 21st plate, and was heated by 0.17 MPa saturated steam.
Consumption of 1,638.2 kW energy heated the mixture to 105.2 oC.
Similarly, 0.23 MPa saturated steam was used to heat 4,835.8 kg/h
of the flow, which was extracted from the 25th plate, and consumed
1,081.8 kW of energy. Additionally, 764 kg/h of the mixture was
extracted from the 26th plate and was heated by 0.36 MPa saturated
steam using E102. To achieve same separation results, all parame-
ters were optimized, and are presented in Table 2. The detailed
parameters, including the extraction quantity, extraction stage and
other key points, can be seen in supporting information (Table S1).
4. Calculation of the Thermodynamic Efficiency

The core of the thermodynamic efficiency is mainly about the
irreversible process. Several reasons are responsible for the exergy
loss, which leads to a thermodynamic efficiency less than 1. On
one hand, the excess reflux, which is the difference between the
actual and minimum reflux ratio, contributed to it, while the tem-
perature difference existing in different unit operations, including
preheater, reboiler and condenser contributed to it. Finally, some
exergy is lost to overcome the flow resistance of the mixture of dif-
ferent components. The inter-reboiler did well in improving the
thermodynamic efficiency [35-37]. According to the second law of
thermodynamics, minimum separation work, net power consump-
tion and thermodynamic efficiency are calculated using Eqs. (4)-(6).

(4)

(5)

(6)

where nk is the total extracted mole flow, nj is the total incom-
ing mole flow, T0 is the surrounding temperature, S is the entropy
and H is the enthalpy. In a conventional distillation column, the
heat added to the reboiler (QR) at the temperature of TR represents
required work, whereas the heat removed from the condenser (QC)
at the temperature of TC is the lost work. Table 3 presents a sum-
mary for thermodynamic efficiencies of various inter-reboiler strate-
gies (process schemes discussed in the current work), and the en-
ergy loss of specific positions is shown in supporting information
(Table S2).

Surprisingly, the thermodynamic efficiency can be improved by
39.3% for 10wt% DMF distillation process with three inter-reboilers.
Furthermore, the thermodynamic efficiency can be improved by
47.1% for 20 wt% DMF distillation process with two inter-reboilers.

CONCLUSION

Under the same conditions, the total heat in conventional distil-
lation is equal to the sum of inter-reboiler heat and reboiler heat,
whereas the only thing that changes is the additional use of low
quality steam. In terms of 10 wt% DMF, the optimal energy-saving
effect can be achieved by adding three inter-reboilers, which reduces
the energy consumption by 77.43% and improves the thermody-
namic efficiency by 65.69%. For 20 wt% DMF, the optimal energy-
saving effect can be achieved by adding two inter-reboilers, which
reduces the energy consumption by 71.31% and improves the ther-
modynamic efficiency by 47.10%. For the system with large tem-
perature difference, the optimum use of the inter-reboiler can de-
crease the energy consumption and improve thermodynamic effi-
ciency, which is of great practical significance.
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Wmin, T0  Bseparation  outnk Hk  T0Sk    inputnj Hj  T0Sj 
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    QC 1 
T0

TC
------ 

 

  
Bseparation

Wnet
------------------------

Table 2. Summary results of the simulation

Parameter
Conventional distillation process 10 wt% DMF wastewater 20 wt% DMF wastewater
10 wt% DMF 20 wt% DMF 1 2 3 4 1 2 3

NT 42 25 45 45 45 45 28 28 28
NF 34 19 34 34 34 34 19 19 19
R 0.46 0.54 0.47 0.47 0.47 0.47 0.54 0.54 0.54
D (m) 1.75 1.80 1.25 1.12 1.15 1.16 1.15 1.08 1.07
QC (kW) 4146 3874 4062 4068 4076 4076 3859 3826 3826
QR (kW) 4272 4322.14 2309 1088 964 905 1586 1240 1154
TAC (×104 $) 1343.93 1344.94 1272 1262 1261 1261 1205 1197 1200

Table 3. Summary for thermodynamic efficiency

Parameter
Conventional distillation process 10 wt% DMF wastewater 20 wt% DMF wastewater 

10%DMF 20%DMF 1 2 3 4 1 2 3
Minimum work (kJ/h) 9.5×104 1.5×105 1.2×105 1.0×105 1.0×105 2.5×104 7.1×105 1.2×106 1.2×106

Exergy loss (kJ/h) 1.5×106 1.5×106 9.7×106 6.2×105 4.7×105 1.1×105 3.4×106 4.8×106 4.6×106

/% 6.3 10 12 16 21 22 20 25 26
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ter, 213164.

NOMENCLATURE

 : equipment depreciation/5
NT : number of stage
NF : feed stage
R : reflux ration
QC : condenser duty
QB : reboiler duty
AT : total heat exchange area
D : diameter of column
Cw : cost of electricity
ES1 : first extraction stage
ES2 : second extraction stage
ES3 : third extraction stage
ES4 : fourth extraction stage
ET1 : first extraction temperature
ET2 : second extraction temperature
ET3 : third extraction temperature
ET4 : fourth extraction temperature
IP1 : first inter-reboiler duty
IP2 : second inter-reboiler duty
IP3 : third inter-reboiler duty
IP4 : fourth inter-reboiler duty
EQ1 : first extraction quantity
EQ2 : second extraction quantity
EQ3 : third extraction quantity
EQ4 : fourth extraction quantity
TAC : total annual cost
OC : operation cost
IC : investment cost

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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The different quality steams have different prices, In this paper,
the price is 32.89 $/ton for higher quality steam, and 21.43 $/ton
for low quality steam, respectively. Here, taking 0.1-0.9DMF con-
ventional distillation process and 10 wt% DMF distillation process
with three inter-reboilers as an example, the detailed calculation
data is as follows.
The 0.1-0.9 DMF conventional distillation process

First, the operating cost (OC) is as follows:

OC=CB·(7200×3600)·(QB/rB)/1000
OC=+CW·(7200×3600)·(QC/4.18×6)/1000=32.89
OC=×(7200×3600)×(4272/2177.6)/1000+2.7×(7200×3600)

OC=×(4146/4.18×6)/1000=1327.84×104 ($)

Second, the investment cost (IC) is as follows:

IC={CC•[1.35×(0.35×NT)•D2/4]+CA•AT}/
={1195.82•[1.35×(0.35×42)•1.752/4]+127.06•5878.91}/5
=16.09×104 ($)

Finally, The total annual cost (TAC) is as follows:

TAC=OC+IC=1327.84×104+16.09×104=1343.93×104 ($)

The 0.1-0.9 DMF adding three inter-reboilers
First, the operating cost (OC) is as follows:

Table S1. Summary results of the simulation

Parameter
Conventional distillation process 10 wt% DMF wastewater 20 wt% DMF wastewater
10 wt% DMF 20 wt% DMF 1 2 3 4 1 2 3

NT 42 25 45 45 45 45 28 28 28
NF 34 19 34 34 34 34 19 19 19
ES1 - - 37 37 37 37 21 21 21
ES2 - - - 38 38 38 - 25 25
ES3 - - - - 39 39 - - 26
ES4 - - - - - 40 - - -
ET1 (oC) - - 101 103 102 103 103 102 102
ET2 (oC) - - - 104 112 105 - 115 118
ET3 (oC) - - - - 115 113 - - 132
ET4 (oC) - - - - - 130 - - -
IP1 (kW) - - 1963 983 3038 3018 2736 1632 1641
IP2 (kW) - - - 2201 91 174 - 1450 732
IP3 (kW) - - - - 179 88 - - 795
IP4 (kW) - - - - - 87 - - -
R 0.46 0.54 0.47 0.47 0.47 0.47 0.54 0.54 0.54
D (m) 1.75 1.80 1.25 1.12 1.15 1.16 1.15 1.08 1.07
EQ1 (kg/h) - - 4280 2568 7705 7705 7385 3692 3692
EQ2 (kg/h) - - - 6348 543 543 - 6770 4835
EQ3 (kg/h) - - - - 3915 391 - - 764
EQ4 (kg/h) - - - - - 527 - - -
QC (kW) 4146 3874 4062 4068 4076 4076 3859 3826 3826
QR (kW) 4272 4322.14 2309 1088 964 905 1586 1240 1154
TAC (×104 $) 1343.93 1344.94 1272 1262 1261 1261 1205 1197 1200
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OC=CB·(7200×3600)·(QB/rB)/1000
OC=+CW·(7200×3600)·(QC/4.18×6)/1000=32.89
OC=×(7200×3600)×(964/2177.6)/1000+21.43
OC=×(7200×3600)×(3308/2584.6)/1000+2.7
OC=×(7200×3600)×(4076/4.18×6)/1000=1241.89×104 ($)

IC={CC•[1.35×(0.35×NT)•D2/4]+CA•AT}/
IC={1195.82•[1.35×(0.35×45)•1.152/4]
IC+127.06•7363.48}/5=19.24×104 ($)

Finally, the total annual cost (TAC) is as follows:

TAC=OC+IC=1241.89×104+19.24×104=1261.13×104 ($)

Table S2. A summary for thermodynamic efficiency

Parameter
Conventional distillation process 10 wt% DMF wastewater 20 wt% DMF wastewater

10%DMF 20%DMF 1 2 3 4 1 2 3
Minimum work (kJ/h) 9.5×104 1.5×105 1.2×105 1.0×105 1.0×105 2.5×104 7.1×105 1.2×106 1.2×106

Preheater loss (kJ/h) 9.2×104 9.5×104 7.3×104 5.8×104 7.7×104 1.3×104 2.6×105 3.9×105 4.4×105

Condenser loss (kJ/h) 7.5×105 6.4×105 4.3×105 2.3×105 1.8×105 3.9×104 1.4×106 2.1×106 1.7×106

Reboiler loss (kJ/h) 4.2×105 4.4×105 2.3×105 1.4×105 7.3×104 1.2×104 9.6×105 1.0×106 9.4×105

Inter-reboiler loss (kJ/h) - - 8.3×104 2.3×104 7.2×102 5.9×103 1.7×105 1.2×105 3.2×105

Inter-reboiler (kJ/h)
loss (kJ/h)

- - - 6.4×104 1.7×104 9.5×103 - 2.7×105 2.2×105

Inter-reboiler (kJ/h)
loss (kJ/h)

- - - - 2.5×104 6.6×103 - - 6.3×105

Inter-reboiler loss (kJ/h) - - - - - 8.9×103 - - -
Column (kJ/h)
segment (kJ/h)

2.1×105 1.5×105 1.6×105 1.1×105 8.8×104 1.8×104 5.3×105 8.7×105 8.4×105

Exergy loss (kJ/h) 1.5×106 1.5×106 9.7×106 6.2×105 4.7×105 1.1×105 3.4×106 4.8×106 4.6×106

/% 6.3 10 12 16 21 22 20 25 26



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


