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1,3-butadiene is an essential platform chemical for producing rubberlike polymers, which is extracted from C4
hydrocarbons that are produced through steam cracking. The current state-of-the-art technology is the BASF
process that uses thermally coupled extractive distillation (ED) followed by two distillation columns. However,
the process requires high temperature heat input, thus high cost hot utility and reduces the possibility for process
heat integration.

To solve these issues, this study proposes novel enhancements: the ED part is modified with intermediate
heating and the classic columns are replaced with a heat pump assisted dividing wall column (DWC). Rigorous
simulations were carried out in Aspen Plus for a typical ED process. The intermediate reboiler system is designed
to maximize the possible process heat recovery. The results show that the heat pump assisted DWC is able to
reduce the energy intensity of the classic distillation section of the BASF process by 54.8% and reduces the total
annual costs by 29.9%. Additionally, the intermediate reboiler reduces the energy intensity of the ED section by
8.3% while also reducing the CAPEX of the system due to the need for a smaller recycle compressor. In com-
bination, these modifications are able to achieve up to a 21% reduction in the energy intensity of the overall

process, with a payback time of 1 year.

1. Introduction

1,3-Butadiene is an essential platform chemical that is used to pro-
duce many consumer and industrial products, predominantly synthetic
rubbers. Over half of its production is used for manufacturing styrene-
butadiene rubber and polybutadiene, which are utilized to make tires,
adhesives and sealants [44]. In 2015 the production of 1,3-butadiene
reached 11 million metric tons with a market valued above 30 billion
USD [33].

Butadiene can be synthesized on purpose by dehydrogenation of n-
butane, from ethanol, or by catalytic dehydrogenation of normal bu-
tenes. Nonetheless, its industrial production is almost entirely as a by-
product of ethylene generation via steam cracking processes [44]. This
process produces a stream of mixed C4 hydrocarbons (hereon referred to
as the C4 cut), from which butadiene is extracted before it can be con-
verted to useful products downstream. Due to the close boiling points of
the components in the C4 cut, conventional distillation can not be
practically used to achieve the required separation and purification of
1,3-butadiene [3]. However, the difference in the solubility of the

components in polar aprotic solvents, such as N-methyl-2-pyrrolidone
(NMP), dimethylformamide (DMF) and acetonitrile (ACN), allows for an
effective separation of butadiene by extractive distillation. The affinity
for the different hydrocarbons to the polar solvent is directly dependent
on the degree of unsaturation, where highly unsaturated hydrocarbons
are more soluble [11]. Table 1 lists the components that are present in a
typical industrial C4 cut, including their close boiling points and mass
fractions in the C4 cut [28,37].

There are several industrial technologies for the separation and pu-
rification of 1,3-butadiene from a crude C4 cut, developed by various
companies: NMP process (BASF), ACN process (Shell), DMF process
(Nippon Zeon), furfural process (Phillips) and dimethylacetamide pro-
cess (Union Carbide) [38]. They have many similarities, but differ in the
mass separating agent used (solvent for ED). Modern plants employ the
NMP process or the DMF process [11]. These two particular technologies
are superior in their ability to enhance the relative volatility of com-
ponents in the C4 cut. The solvents that they employ are the most
environmentally friendly (out of the extraction technologies), and the
solvents do not form azeotropes with the hydrocarbons which allows for
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Table 1
Composition and normal boiling points of components in the C4 cut.

Component Chemical Normal Boiling Point Composition [w
Formula [°C] %]
Propene CsHe —47.8 2.11 x 1073
Propane CsHg —42.1 1.00 x 1072
Propadiene C3Hy -34.5 4.83 x 1072
Propyne CsHy —23.3 6.13 x 1072
Isobutane C4Hyo -11.8 3.54
Isobutene C4Hg —-6.8 23.4
1-Butene C4Hg —6.3 6.32
1,3-Butadiene C4Heg —4.4 50.6
n-Butane C4Hyo -0.4 7.61
Trans-2- C4Hg 0.9 3.27
Butene

Cis-2-Butene C4Hg 3.8 2.58
Vinylacetylene C4Hy 5.2 1.91
Ethylacetylene C4He 8.1 0.36
1,2-Butadiene C4Hg 10.9 0.29

easy solvent recovery, unlike the ACN process [1,31,46]. Although the
required solvent to feed flowrate ratio in the NMP process is higher than
the DMF process, the NMP process has lower energy requirements as a
result of the lower operating pressures and temperatures [17]. Fig. 1
shows a simplified flowsheet of the NMP process from BASF that is
considered the state-of-the-art technology, on which any process im-
provements can be considered relevant.

One area of investigation is solvent improvement of the extractive
distillation process. The addition of salts to ACN was found to reduce the
required solvent flowrate, although the effect of this salt addition on the
energy input for solvent regeneration was not reported [24]. The use of
ionic liquids as an additive to the ACN process found a 7% reduction in
energy consumption, although the main benefit of this novelty was a
reduction in ACN losses, which is not an issue for the NMP process due to
the low solvent volatility [42]. Adsorptive separation of the C4 cut is
likely to have reduced energy usage as compared to conventional
distillation methods, although the adsorption capacity is too low to
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compete with distillation in the near future [10,27]. The reactive sep-
aration of isobutene from the C4 cut was also studied, but the formation
of by-products in this separation imposes limits on the achievable
product purity [34]. The improvement of the NMP process by inte-
grating it with a membrane separation claimed that a reduction in en-
ergy use of ~ 30% was theoretically possible. However, the permeability
of many of the components in the C4 cut were just assumed without
validation, and the initial energy use of the NMP process that the study
reports (4.2 tsieam/t1,3-butadiene) iS above the typical industrial range
(about 1.5-2.5 tgteam/t1,3-Butadiene) [3,30]. The energy use of the distil-
lation section of the DMF process, which is similar to that of the NMP
process, was reduced by 22% by changing the order of the distillation
columns [25]. However, this modification requires that the final 1,3-
butadiene product comes from a reboiler (not a condenser), which
runs the risk of thermal degradation and impurities.

A key feature of extractive distillation is that the extraction solvent
has a low volatility such that it can be easily regenerated for reuse
[19-20,35]. However, this means that the operating temperatures of the
process are higher than they would be in the absence of solvent. The
NMP process is highly thermally coupled which can result in low total
energy use for the separation. However, thermally coupling typically
requires heat at a higher temperature than in the de-coupled case [4].
The large temperature span across thermally coupled ED columns can
require a higher grade of heating utility and reduce the opportunity for
process heat integration, which can increase overall energy usage and
operating costs [45,47]. Considering this, there is a research gap and an
opportunity to improve the NMP process if heat can be input at a lower
temperature such that the high temperature utility usage is reduced.
Moreover, the separation of components in the C4 cut (after ED) by
conventional distillation is highly inefficient as a result of the close
boiling points — see Table 1,[3]. However, the NMP process still employs
two conventional distillation columns to extract propyne and to purify
the final 1,3-butadiene product, which is an inefficient separation that
could be significantly enhanced.

Heat pump assisted distillation is a promising technology to separate
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Fig. 1. Simplified process flow scheme of the NMP process.
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a component mixture while using less energy than classic distillation
[14]. Distillation can be considered as a heat engine, as heat is supplied
at high quality to the reboiler and rejected at low quality from the
condenser, while work is output in the form of a separation of compo-
nents. In case of close boiling components, this is an inefficient heat
engine, which presents an opportunity for efficient heat pumping. The
main heat pump assisted distillation systems are based on using me-
chanical heat pumps (including bottom flashing, vapor recompression
and external heat pumping) or absorption heat pumps in sequential or
parallel operation [14,16]. Of these systems, vapor recompression has
gained the most attention as a result of its simplicity and efficiency [16].

To enhance further extractive distillation processes, which are typi-
cally energy intensive, double effect heat integration, intermediate
reboiler and heat pumps have been explored [12]. The applicability of
double effect heat integration reduces for large numbers of columns in
the extraction system, which limits its feasibility for 1,3-butadiene
extraction [12]. Heat pump systems are efficient when the tempera-
ture of the reboiler and condenser are similar (hence requiring a low
temperature lift), but this not the case for extractive distillation systems
where the solvent has a much higher boiling point than the component
mixture. Because of the high boiling-point solvent, high quality hot
utility is often needed for extractive distillation and this means high
OPEX. Intermediate reboiler technology allows for lower quality utilities
to be used, which can reduce operating costs [12,47]. For example, the
total annual costs of separating benzene/cyclohexane are reduced by
19% using intermediate reboiler technology [26].

The novelty of this paper consists in a much improved version of the
NMP process that makes use of several key features: 1) intermediate
heating to enhance the heat integration potential of the ED process,
resulting in lower overall energy use and operating costs; 2) a single
dividing wall column (DWC) instead of the current conventional distil-
lation sequence, to separate propyne and to purify the final 1,3-buta-
diene product more effectively; and 3) addition of a vapor
recompression cycle to assist the DWC in order to improve its energy
efficiency. The novel butadiene extraction process was rigorously
simulated in Aspen Plus, along with the state-of-the-art conventional
NMP process (as reference case), for a processing capacity of 187 kta
mixed C4 feed to produce 94 kta 1,3-butadiene product.

2. Problem statement

In the conventional NMP process for the extraction of 1,3-butadiene
from the C4 cut, a crude (97-99 w%) butadiene stream is produced from
a series of thermally coupled ED columns [17,41,43]. As a result of this,
a large proportion of the heat input to the process is via the degasser
column at a temperature higher than any other point in the process — see
Fig. 1. This high temperature heat input results in a limited opportunity
for heat integration within the process, which results in high energy use
and operating costs. Particularly for the NMP process, the large feed to
solvent flowrate (F/S) ratio provides a large amount of excess heat that
is rejected when the regenerated solvent is cooled to be recycled. Instead
of supplying all of the heat at high temperature, it would be better to use
intermediate heating to supply heat to the process such that the waste
heat available from the solvent cooling (or elsewhere), can be used for
the separation to reduce the energy use and operating costs of the overall
process. Furthermore, the crude butadiene that is obtained from the ED
columns is further purified in a series of distillation columns, which is an
energy inefficient separation due to the close boiling points of the key
components. Instead of supplying heat via hot utility to the reboiler of
each column and rejecting heat to cooling water at the condensers, it
would be better to upgrade the waste heat to a higher temperature via a
heat pump and use that to drive the reboiler. Moreover, combining the
two distillation columns into a single DWC unit that is assisted by the
vapor recompression heat pump can reduce the required OPEX and
CAPEX as compared to the two conventional columns.
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Table 2
Binary NRTL interaction parameters for systems containing NMP (as component

-

Component i ajj aj b bji i Source
1,3- 0 0 656.607 —176.935 0.3 APV88
Butadiene VLE-RK
n-Butane 0 0 634.884  145.05 0.3  UNIFAC
i-Butane 0 0 635.217  143.841 0.3 UNIFAC
1-Butene 0 0 689.515 63.7335 0.3 User
i-Butene 0 0 689.515  63.7335 0.3  APVS88
VLE-RK
Trans-2- 0 0 635.533 66.7867 0.3 User
Butene
Cis-2-Butene 0 0 635.533  66.7867 0.3  APVS88
VLE-RK
Water 7.2111 —2.0976  487.597 -2218.79 0.3  APV88
VLE-RK
Table 3

Comparison between simulated results and plant data reported in literature
[17,43]

Stream Component Simulated Result [w Plant Data [w
%] %]
Main Washer 1,3-Butadiene 0.2 0.2
Overhead i-Butene 50.1 50.0
After Washer 1,3-Butadiene 98.4 99.1
Overhead Ethylacetylene 0.0 0.0
Vinylacetylene 0.0 0.0
Final Product 1,3-Butadiene 99.7 99.7
i-Butene 0.01 0.05
Trans-2- 0.1 0.2
Butene
Cis-2-Butene 0.2 0.2

3. Process simulation approach
3.1. Thermodynamics data

When selecting a physical property model, the presence of polar
components is an important consideration [5]. In the case of the NMP
process, the polar NMP solvent requires a property model that accounts
for the non-ideality induced by this polarity, such as an activity coeffi-
cient model. However, the absence of polar NMP in the distillation
section of the process makes an equation of state that is typical for
modelling hydrocarbon systems a more appropriate choice [7]. The non-
random two liquid (NRTL) activity coefficient method paired with the
Redlich-Kwong (RK) equation of state have been used in previously re-
ported simulations of the extractive sections of the NMP process to give a
good approximation of an industrial NMP process [17,43]. Thus the
NRTL-RK property model is used for the extractive distillation sections
of the process, while the Peng-Robinson equation of state is used to
model the simple distillation section.

Binary interaction parameters are available to a limited extent in the
Aspen Plus databanks for the C4/NMP system, while the missing inter-
action parameters are estimated with the UNIFAC group contribution
method. An important set of interaction parameters are those of the C4
components with the NMP solvent, as the affinity for each of the com-
ponents in the solvent is the principle behind the ED process. After an
initial simulation following reported process specifications, the quantity
of 1-butene and trans-2-butene passing to the distillation section was
slightly higher than the literature reports [2,17,18,41,43]. To resolve
this, the interaction parameters between 1-butene/NMP and trans-2-
butene/NMP (initially estimated by UNIFAC) were adjusted such that
cis-2-butene is indeed the light key component of the ED section. Table 2
provides the key interaction parameters between NMP and the C4
hydrocarbons.

The property model was validated against literature data (including
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Table 4

Process design specifications for the NMP process.
Description Specification
1,3-Butadiene Recovery >98%
1,3-Butadiene in Raffinate 1 <0.2 w%
1,3-Butadiene Product Purity >99.7 w%
Acetylenes in Product <20 ppm

Table 5
Configurations of the extractive distillation columns — see flowsheet in Fig. 1.
Main Rectifier  After Degasser ~ Water
Washer Washer Washer
No. Stages 26 30 36 11 2
Pressure [bar] 4.50 4.54 4.50 1.52 1.52
Feed Stage 26 - 36 1 2
Solvent Feed 2 - 6 - 1
Stage
Side Stream - 24 - 7 -
Stage
Heat Duty - 9.85 - 12.06 -
[MW]

industrial plant data), as shown in Table 3 [17,43]. Component-solvent
binary interaction parameters that were estimated with the UNIFAC
model (namely acetylenes and butanes) are given particular scrutiny,
but are found to be in good agreement with industrial data, whereby
butanes are completely removed in the main washer column and acet-
ylenes are almost completely removed before the butadiene leaves the
after waster column [17].

3.2. Process simulation data

This work considers a plant with a processing capacity of 187 kta
mixed C4 feed to produce 94 kta 1,3-butadiene product. The plant is
assumed to operate for 8200 h y~!. The composition of the C4 cut can
vary significantly depending on the conditions of the upstream cracking
reaction [11]. Typically, the quantity of 1,3-butadiene is between 35
and 55 w% [3]. Table 1 provides the composition of a feed to an existing
industrial NMP process as reported in literature [37]. This composition
is within the typical C4 cut ranges, containing 50.6 w% 1,3-butadiene
and is used for this study. The quality specifications for the final 1,3-
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35.0 °C, 7.1 bar
50 v% propyne
28 kg/h

Qc=3.94 MW
Area =399 m’

Qc=1.57 MW
Area=253 m

38.8°C, 4.2 bar

99.7 w% 1,3-Butadiene
11419 kg/h

39.8°C, 7.2 bar
98.4 w%

1,3-Butadiene Diameter =1.0 m Diameter = 1.5m
11690 kg/h Height =58 m Height =36 m
Qr=3.74 MW

Qz=1.75 MW

Area =23 m’
Area=16 m’ rea m

43.2 °C, 4.5 bar

61.9 °C, 7.6 bar Heavies

243 kg/h

Fig. 2. Configuration of the propyne and product conventional distilla-
tion columns.

butadiene product matches the one required for polymerization.
Table 4 lists the main process specifications [3]. An additional process
specification is that the concentration of propyne in the top of the pro-
pyne column must not exceed 50 v% [18]. The rigorous RADFRAC
model in Aspen Plus is used to simulate each of the distillation columns
in the processes described hereafter.

4. Results and discussion
4.1. BASF process design and simulation

Table 5 shows the design parameters of each of the columns in the
state-of-the-art process (number of stages, feed stage, column pressure,
duties, etc.) based on the data available in the literature [18]. The
recycle flowrate from the degasser column to the rectifier column is
selected such that the heat duty of the rectifier reboiler can be
completely recovered through process heat integration, which is the
case in the NMP process from BASF [18,41]. A large solvent to feed
flowrate ratio is a notable feature of the NMP process; a typical value of
S/F =11 is used in this work considering 91.7 w% NMP in water and this
stream is recycled [18]. The mass balance and stream information from
the simulation of the conventional NMP process (shown in Fig. 1) is
given in Table 6.

Table 6

Simulated mass balance for the conventional NMP process flowsheet.
Stream 1 2 3 4 5 6 7 8 9 10 11

C4 Feed NMP 1 Raffinate 1 NMP 2 Water Acetylenes Waste Water Regen Solvent Propyne 1,3-Butadiene Heavies

Temperature [°C] 30.0 40.0 40.7 40.0 30.0 44.9 44.9 40.0 34.0 38.8 44.9
Pressure [bar] 5.3 5.0 4.5 5.0 1.6 1.5 1.5 1.5 7.0 4.2 4.6
Mass Flow [kg/h] 22,824 251,000 10,660 8000 1500 522 1236 259,217 28 11,419 243
Mass Fraction
Propane 21 ppm 45 ppm
Propylene 100 ppm 214 ppm
Propyne 613 ppm 43 ppm 32 ppm 1 ppm 0.473 5 ppm
Propadiene 483 ppm 0.002 801 ppm 39 ppb 0.316 3 ppb
n-butane 0.076 0.163 4 ppb 18 ppm 79 ppm 14 ppm
i-butane 0.035 0.076 593 ppb 86 ppb
1-butene 0.063 0.135 11 ppm 17 ppm 900 ppb
i-butene 0.234 0.501 1 ppb 42 ppm 62 ppm 3 ppm
trans-2-butene 0.033 0.069 336 ppb 1 ppb 21 ppm 866 ppm 0.013
cis-2-butene 0.026 0.050 3 ppm 13 ppb 22 ppm 0.002 0.124
1,3-butadiene 0.506 0.002 0.042 165 ppm 0.211 0.997 0.473
1,2-butadiene 0.003 0.024 0.035 39 ppm
ethylacetylene 0.004 0.142 0.006 54 ppb 115 ppb 13 ppm 0.003
vinylacetylene 0.019 0.767 0.028 2 ppm 25 ppb 2 ppm 165 ppm
NMP 0.917 6 ppm 0.917 106 ppb 374 ppm 0.916
Water 0.083 0.004 0.083 1.000 0.023 0.929 0.084 228 ppb 23 ppm 0.388
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Fig. 2 shows the configuration of the distillation section of the NMP
process from BASF. The configuration of the two conventional distilla-
tion columns was determined by performing sensitivity studies on the
effect of the number of stages and the feed stage on the total annual costs
(TAC). The column pressures are as reported in the patent literature
[18]. The final configuration is selected such that the TAC is minimized.
To calculate the shell cost, the column height is required. The number of
actual trays in each column is calculated from the number of equilibrium
stages and using an overall column efficiency determined by the
O’Connell correlation [9]:

Noveran = 0-503 (@) " €y

where i is the liquid viscosity [mPa s 1] and o is the average relative
volatility. A tray spacing of 0.61 m is used to calculate the shell height,
along with an additional 2 m of height to allow for liquid distribution
and vapor disengagement [40]. This height, along with the diameter
that is calculated by Aspen Plus is used to determine the shell and trays
investment costs through the following equations [20]:

M&S

Column Shell Installed Cost($) = T (957.9 x "% x H*80?)

x (2.18 + Fp) (2

x 972 xd"® xH 3)

M&S
Column Trays InstalledCost($) = 250

Fp = 1+0.0074(P — 3.48) +0.00023(P — 3.48)° 4

where M&S denotes the Marshall and Swift cost index (with a value of
1638.2 at the end of 2018), d is the column diameter (m) and h is the
column height (m). The pressure factor (Fp) is calculated from the col-
umn pressure (P) in bar. The overall heat transfer confidents (U) for the
condensers and reboilers are assumed to be typical values of 750 W m 2
K 'and 1150 Wm 2K! respectively [36]. These coefficients are used
with the next equations to calculate the investment costs of the heat
exchange units [20]:

M
HeatExchangerInstalledCost($) = 2§)S x 474.7 x A% x 2.29 5)
o Y
A= U x LMTD ©®

where Q is the duty [kW], A is the area [m?] and LMTD the logarithmic
mean temperature difference [°C]. Saturated low pressure (LP) steam is
assumed to be available at 160 °C at a cost of $7.78 GJ~! and cooling
water at a cost of $0.4 GJ 1 [1 5,20]. The investment costs are annual-
ized over three years using an interest rate of 10%.

Process heat integration is a key feature of the low energy re-
quirements of the NMP process [29]. To assess the energy usage of the
NMP process, the maximum energy recovery (MER) case with a mini-
mum temperature difference for process-process heat exchange of 10 K
is considered. Almost all of the heat that can be recovered to power the
process heating requirements comes from the regenerated solvent that is
cooled and recycled, although some heat is also available from the
degasser vapor, as it is cooled before the compression, and from the
acetylenes/water stream that is condensed after leaving the water wash
column. The heat input required for the MER case of the NMP process is
12.1 MW. This heat can be supplied with LP steam available at 160 °C,
which has a latent heat content of 2082 kJ kg™* [13]. The production
rate of 99.7 w% 1,3-butadiene is 11.5 ton h™}, so 1.84 tsteam/ tproduct 1S
required (which is on the low side of industrial range). In addition to LP
steam, 260 kWh/tpoduct Of electricity and 178 m3/tpmduct of cooling
water (supplied at 25 °C and returned at 30 °C) is required. These utility
inputs to the NMP process are in good agreement with the typical ranges
that are reported, which indicates that the simulation of the NMP pro-
cess is a valid representation of the industrial process [3].
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Fig. 3. Determination of the optimum number of stages for the DWC.

34.9 °C, 7.1 bar

Qc=4.51 MWZ 50 v% propyne
Area =661 m 28 kg/h

59.8 °C, 7.3 bar

39.8°C, 7.6 bar 99.7 w% 1,3-Butadiene

98.4 w% 11419 kg/h
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Heavies
243 kg/h

Fig. 4. Configuration of the dividing wall column.

4.2. Heat pump assisted dividing wall column

In a first stage, the distillation section of the NMP process is
improved by combing the two classic distillation columns (shown in
Fig. 2) into a single unit in the form of a dividing wall column (DWC).
The DWC reduces the energy input by minimizing thermodynamically
unfavorable remixing effects that occur in the conventional sequence,
and reduces investment costs as a result of requiring fewer units [20]. To
simulate the DWC, the two column sequence model is used, as described
in literature [20]. Starting from an initialized simulation, the DWC
design is optimized to minimize the objective function N(RR + 1) —
which is an indirect measure of total annual cost, by combining the size
of the column and energy use. For a given number of stages, the vapor
and liquid split ratios, feed stage, number of prefractionation stages and
prefractionator position are sequentially adjusted. Each sequential
adjustment is only made if the separation is improved; if no improve-
ment is seen then no adjustment is made and the next variable is
adjusted. The reflux ratio is then reduced for each adjustment until the
same degree of separation in the conventional sequence is achieved. The
number of stages is systematically reduced while following this pro-
cedure until N(RR + 1) is minimized. The details of this procedure are
reported in the literature [8]. The result of the number of stages on this
objective function is shown in Fig. 3. Note that the number of stages in
this plot includes the condenser (stage 1) and reboiler, hence 84 trays
are optimal. Fig. 4 shows the final configuration of the optimal DWC
unit.

A mechanical vapor recompression (MVR) cycle is investigated to
reduce further the energy input to the distillation section of the NMP
process. This type of heat pump uses a single compressor to increase the
pressure of the vapor from the top of the DWC, which in turn boosts the
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Fig. 6. Configuration of the DWC-MVR system.

temperature. With this higher temperature, the vapor transfers heat to
the reboiler of the DWC, which drives the separation. In this way, a large
quantity of hot and cold utility input is replaced with a small quantity of
electricity input [21]. The use of heat-pump assisted distillation has
been shown to be effective when the inverse of the Carnot efficiency is
greater than 10, as shown by the following equation [32]:

Table 7
Process comparison in terms of key performance indicators for the heat pump
assisted dividing wall column system.

Key Performance Indicator Classic DWC  Savings DWC- Savings
MVR

Total Investment Costs [k$] 1330 1200 9.8% 2201 —65.4%

Total Operating Costs [k 1325 1124  15.2% 418 68.4%
$/yr]

Total Annual Costs [k$/yr] 1860 1606  13.6% 1303 29.9%

CO, Emissions 69.3 58.9 15.1% 40.3 41.9%
[kg COy/ton product]

Thermal Energy Use 0.48 0.41 15.1% - -
[kWh/kg product]

Electrical Energy Use - - - 0.07 -
[kWh/kg product]

Equivalent Energy 0.48 0.41 15.1% 0.22 54.8%

Requirements [kWh/kg]

[¢) Tc

== > 10
W Tr—Tc

)

For the DWC shown in Fig. 4, the inverse Carnot efficiency is 10.3.
Hence, an inefficient heat engine presents an opportunity for efficient
heat pumping. The choice of compression ratio presents a trade-off in
the DWC-MVR system. A higher compression ratio requires more
compression duty, which increases the investment and operating costs of
the compressor, so this should be minimized. However, a higher
compression ratio also gives a higher discharge temperature, which in-
creases the temperature driving force for heat exchange and hence re-
duces the heat exchanger surface area and investment costs and hence
should be maximized. Fig. 5 shows the effect of increasing compression
ratio on the inverse logarithmic mean temperature difference (1/LMTD)
and compression duty. There are practical constraints that limit the
choice of compression ratio. The heat exchanger equipment presents a
practical limitation in that the exchanger minimum approach temper-
ature (EMAT) cannot be too low. Some advanced types of heat
exchanger can handle an EMAT as low as 1 K, but more typical equip-
ment types (such as a shell-and-tube heat exchanger) are limited to 10 K,
which sets a lower limit [40]. The upper limit is either set by the
maximum compression ratio that is achievable in a single stage (which is
up to 4), or by a safety limitation that restricts the discharge temperature
to 150 °C [22]. In the design proposed here, the lower limit is used to
minimize the compression duty and hence minimize the energy input.

Fig. 6 shows the configuration and technical performance of the
DWC-MVR system. The investment costs of the compressor are calcu-
lated as follows [20]:

M&S
Compressor Cost($) = 280 < 664.1 x P*%? % 1.15

)

where P is the compression duty [kW]. Electricity is assumed available
at a cost of $16.8 GJ L.

The CO, emissions are calculated using the following equations,
considering a heat input through LP steam, while an emission factor of
0.556 (kg CO2) kWh! is used for electricity [6,23].

_ Q.rteam TFTB — TO

el = X (Msteam — 419) X 9
Ope Asteam (B ) (TFTB = Tyrack

_ qucl
CO, = (NHV) xCxa (10)
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where the latent heat of steam (Ageam) and the saturated steam enthalpy
(hsteam) are determined from steam tables, while the flame temperature
(Tprp) is assumed to be 1300 °C, the stack temperature (Tsiack) 200 °C
and the ambient temperature (Tp) 25 °C. The fuel is assumed to be
natural gas, with a net heating value (NHV) of 48.9 MJ kg™}, a carbon
content (C) of 0.41 kg carbon (kgfuel)’1 and molar mass ratio between
CO4 and C of 3.67 [23]. Electricity is considered to be sourced from fossil
fuel (grey electricity), and the equivalent energy (primary thermal en-
ergy required to produce the electricity) is assumed to be 3 times the
electrical energy input [22]. This represents the worst-case scenario, as
with renewable electricity both the CO, emissions and equivalent en-
ergy value is lower.

Table 7 provides the results in terms of key performance indicators
for the DWC and DWC-MVR systems, as compared to the conventional
case. The DWC reduces energy usage by 15.1%, which results in a
reduction in total operating costs (TOC) due to reduced LP steam and
cooling water use. In addition, the investment costs of the DWC are 9.8%
lower than the conventional sequence due to the DWC having only one
shell and two heat exchangers, as compared to the two shells and four
heat exchangers of the conventional system (see Fig. 2 and Fig. 4 for the
size of units). The DWC-MVR system gives significant energy savings of
54.8% as compared to the conventional sequence. Although the energy
input of the DWC-MVR is electricity (which is higher value than LP
steam), the operating costs are reduced by 68.4% due to this large en-
ergy reduction. The investment costs of the compressor are significant
(1.1 M$), and the total investment cost (TIC) is higher than the con-
ventional case. However, this additional investment is worthwhile as
indicated by the reduced total annual costs (TAC) of the DWC-MVR
system, as this leads to a payback time of 1 year or less.

4.3. Extractive distillation with intermediate reboiler

The NMP process uses thermally coupled columns with a low vola-
tility solvent, which requires a hot utility with higher temperature than
if conventional distillation columns were used. Using an intermediate
reboiler (IR) is an option worth exploring as it can shift some of this high
temperature heat input to a lower temperature, which is economically
beneficial if a cheaper utility can then be used or if the IR duty can be
recovered by process heat integration.

The performance of an intermediate reboiler depends on its position.
The closer it is to the base of the distillation column, the better the
separation but the higher the temperature of the required heat input (hot
utility or process heat integration). If the temperature of the IR is above
the process pinch temperature, the IR cannot recover additional heat
through process heat integration compared to the original process. In the
case of the NMP process, the pinch stream is the bottoms of the rectifier
column (being heated and vaporized), so placing the IR on the rectifier
column ensures that it operates below the pinch temperature. An upper
limit on the position of the IR is imposed by the large vapor side stream
that flows to the after washer column. Above this side stream, the col-
umn vapor flow is much lower which limits the effectiveness of the IR
compared to if it were placed below this side stream. The IR is placed on
the stage below the side stream to minimize the temperature and hence
maximize the possibility for process heat integration.

The duty of the IR is increased and the vapor recycle from the
degasser back to the rectifier is reduced while maintaining the same
separation performance. The duty of the rectifier reboiler is maintained
such that it is completely powered through process heat integration at
all times. This reduces the high quality heat input (LP steam) to the
degasser and also reduces the compression duty of the recycle gas
compressor. The duty of the IR is increased until a new process pinch is
formed. At the formation of the new pinch, no more heat can be
recovered to the IR reboiler by process heat integration, so further
increasing the duty of the intermediate reboiler would require hot
utility. This new pinch can be seen in Fig. 7, which shows the grand
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Fig. 7. Grand composite curves for the conventional NMP process and the
process with intermediate heating on the rectifier column.

Table 8

Results of the maximum energy recovery heat exchanger networks.
Key Performance Indicator Conventional IR Modified
Hot Utility [MW] 121 11.2
Cold Utility [MW] 11.8 10.8
Number of Units 19 25
Total Heat Exchange Area [m?] 2578 2661
Operating Costs [M$/y] 2.92 2.69
Capital Costs [M$] 1.07 1.17

Table 9
Process comparison in terms of key performance indicators for the intermediate
reboiler modified process.

Key Performance Indicator Conventional IR Saving/
Modified %
HEN Investment Costs [k$] 1067 1166 -9.3
Compressor Investment Costs [k$] 2379 2173 8.7
Total Operating Costs [k$/yr] 3330 3055 8.2
Total Annual Costs [k$/yr] 4716 4398 6.7
CO,, Emissions [kg CO»/ton product] 190 174 8.4
Thermal Energy Use [kWh/kg product] 1.06 0.98 7.9
Electrical Energy Use [kWh/kg 0.07 0.06 10.4
product]
Equivalent Energy Requirements 1.28 1.17 8.3
[kWh/kg]

composite curve for the conventional NMP process from BASF and for
the modified case proposed in this work (considering 10 K EMAT). The
effect of this IR is that the overall process hot utility need is reduced by 1
MW. In addition, the electricity usage is reduced by 0.1 MW due to the
reduced recycle flowrate. A maximum energy recovery heat exchanger
network is developed for the conventional case and the modified case,
with the results of these networks given in Table 8. Due to the
complexity of the modified case, the cost of this network is higher.
However, the cheaper compressor (206 k$ saving) outweighs the heat
exchanger network cost increase (99 k$ increase), giving a net reduction
in investment costs of 106 k$. The energy savings are directly reflected
in the operating costs, which are proportionally reduced. Table 9 gives
an overview of the conventional vs intermediate reboiler systems,
showing improved key performance indicators for the IR system.

4.4. Sustainability metrics

Among the sustainability metrics that can be evaluated for this in-
dustrial process, the most relevant ones are the energy intensity, water
consumption and greenhouse gas (GHG) emissions [39]. Energy is input
to the process through LP steam and electricity, water is consumed in the
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Fig. 8. Effect of the process modifications on the: (a) GHG emissions, (b) water consumption, and (c) energy intensity.

process through LP steam and cooling water, and GHG emissions are
from CO5 used to generate the energy inputs (worst-case scenario with
grey electricity). The water consumption is calculated assuming that
10% of the LP steam and cooling water is removed as blowdown and
replaced with fresh water, and that cooling water is supplied at 20 °C
and returned at 30 °C. Fig. 8 shows the effect of the newly proposed
process modifications on the sustainability metrics. Each of the modi-
fications in both sections of the process brings a reduction that indicates
they are indeed sustainable design changes.

5. Conclusions

This work proposed several key improvements to the state-of-the-art
1,3-butadiene extraction process by BASF, and successfully proved the
advantages of an energy efficient combination of mechanical vapor
recompression and DWC technology and a thermally coupled extractive
distillation assisted by intermediate heating. In this configuration, the
top vapor of the DWC is compressed from 7.1 to 18.2 bar to increase its
temperature and is used to drive the reboiler of the DWC. In addition, the
excess heat that is available from the solvent recycle cooler is used to
drive an intermediate reboiler of the rectifier column to reduce the
process hot utility use.

The results show that that the specific energy requirements are
reduced from 1.28 to 1.17 kWh/kg for the ED process with IR heating,
achieving 8.3% energy savings over the classic ED process. If LP steam is
used in the propyne and product columns of the classic sequence, the
novel DWC-MVR system reduces the specific energy requirements from
0.48 to only 0.22 kWh/kg product. Combining all these process modi-
fications brings up to 21% energy savings in total as compared to the
conventional process from BASF. The overall specific steam use of the
modified process is reduced from 1.84 to to 1.69 tseam/t1,3-Butadiene-
These modifications are economically feasible, with the intermediate
reboiler reducing the investment costs of the process by 107 k$ and the
DWC-MVR system having a simple payback time of just one year.

Besides the improved economics, the enhanced process proposed in
this work revealed major improvements in the sustainability metrics:
GHG emissions of 0.21 kg COqe/kg product (17% reduction), water
consumption of 8.8 kg H,O/kg product (34% reduction), and an overall
energy intensity of 1.38 kWh/kg product (5.0 MJ/kg product; equiva-
lent to 21% reduction).
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