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Reduction of Energy Consumption and
Greenhouse Gas Emissions in a Plant for the
Separation of Amines

The chemical industry comprises of the companies that produce industrial che-
micals. It is central to the modern world economy, converting raw materials into
more than 70 000 different products. However, environmental regulations and
the risk of climate change are putting pressure on the chemical industry to mini-
mize greenhouse gas emissions. In this work, we use the concept of process inten-
sification (using thermally coupled distillation) to reduce energy consumption
and CO, emissions in a plant for the separation of amines. The results show that
the use of thermally coupled distillation sequences can be related to a reduction
in energy consumption, greenhouse gas emissions, and good theoretical control

properties in the re-designed plant.
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1  Introduction

Global warming has recently become a growing source of envi-
ronmental concern. There is a scientific consensus that emis-
sions of what are known as greenhouse gases may have a seri-
ous effect on atmospheric composition and, therefore, induce
gradual climate change. When greenhouse gas emissions are
discussed, CO, is generally the gas that receives the most atten-
tion because of its greenhouse effect. CO, is emitted in large
amounts into the atmosphere and has a rather long atmo-
spheric lifetime [1]. Production of CO, globally has recently
been brought into sharp focus through declarations such as
the Kyoto Protocol, which applies to various industries. The
chemical industry is considered an emitter or contributor to
climate change. For instance, the combustion of fuel in fur-
naces is considered as the main source of CO, in chemical in-
dustries, accounting for ~ 90 % of CO, emissions [2]. It is re-
commended that we reduce CO, emissions by over 50 % in
order to stabilize their impact on global warming. One way in
which we can address this is through judicious use of process
intensification technology. Process intensification may be de-
fined as any engineering development that leads to a substan-
tially smaller, cleaner, safer, and more energy-efficient technol-
ogy. It is most often characterized by an enormous reduction

Correspondence: Prof. J. G. Segovia-Hernandez (gsegovia@quijote.ug-
to.mx), Universidad de Guanajuato, Facultad de Quimica, Noria Alta
s/n, 365050, Guanajuato, Mexico.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

¥, InterScience

in plant volume (orders of magnitude) but its contribution to
reducing greenhouse gas emissions may also be significant [3].

Thermally coupled distillation sequences (TCDS) are an ex-
ample of process intensification [4]. TCDS have been proposed
to perform distillation separation tasks with the incentive of
lower energy consumption levels (and consequently, reduction
in CO, emissions) with respect to conventional distillation se-
quences [5]. Through implementation of a vapor-liquid inter-
connection between two columns, a condenser or a reboiler of
one of the columns is eliminated, and if a proper optimization
of the operating conditions is performed, such an interconnec-
tion can provide energy savings [6,7]. TCDS for ternary mix-
tures have received special attention and their analysis is of
special interest. One of the schemes that has received special
attention is the system with a side column [8, 9], namely, the
thermally coupled system with a side stripper, TCDS-SS
(shown in Fig. 1). Oftentimes, the design of integrated systems
creates operational and control problems that do not affect
simpler designs. In particular, the presence of recycle streams
for TCDS schemes has led to the notion that control problems
might be expected during the operation of these systems; this,
compared to the rather well-known behavior of conventional
distillation sequences. The foregoing has been one of the main
reasons for the lack of industrial implementation of TCDS
schemes.

Recently, Ramirez and Jiménez [10] have studied one ar-
rangement that emerges from modifications to the systems
shown in Fig. 1. Such a new system is shown in Fig. 2. In the
modified arrangement (an indirect sequence with a side stream
from the first column, ISS), the vapor interconnection of the

T WWILEY

http://www.cet-journal.com



Chem. Eng. Technol. 2008, 31, No. 10, 1462-1469

Figure 1. Thermally coupled distillation sequence with side strip-
per (TCDS-SS).
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Figure 2. Modified arrangement of the TCDS-SS (ISS).

@

ow>

Greenhouse gas emissions 1463

TCDS-SS is eliminated and the top section of the first column
(section 3) is added to the second column, affecting the origi-
nal side stripper. Therefore, the new arrangement eliminates
the intercolumn vapor transfer, does not contain recycle
streams, and the second column of each sequence is trans-
formed into a conventional distillation column. The resulting
new structure, therefore, seems to provide simpler systems to
control and operate. Segovia-Hernandez et al. [11] have shown
that TCDS-SS and ISS systems are thermodynamically equiva-
lent.

In this work, we study process intensification (using TCDS-
SS or its thermodynamically equivalent arrangement) in an in-
dustry of amine separation (azeotropic mixture). Results show
that the use of process intensification is a better option than
conventional distillation sequences (Fig. 3) in terms of energy
savings, reductions in greenhouse gas emissions, capital invest-
ment, and control properties.

2  Design Method

For the design of the TCDS arrangements, conventional se-
quences were first obtained (the indirect sequence (Fig. 3b))
for the TCDS-SS). The sections performing similar tasks in
the two types of systems were identified to produce the tray
arrangement of the thermally coupled design. Such a design
was then tested and optimized for energy consumption
through rigorous simulations. The optimization procedure
requires a rigorous model for each equilibrium stage in the
distillation columns that can be obtained from a generic
equilibrium stage. Eqs. (1-5) describe the equilibrium stage
model.
Total mass balance in stage j:

L+ Vi +E'+F = (Li+ U) - (Vj+ W) =0 1)

(b)

Figure 3. Conventional distillation sequences for the separation of ternary mixtures. a) Direct sequence; b) indirect sequence.
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Component mass balances in stage j:

Ly Xijr + Vi Vi + B 2+ BY 25
-(Li+U) Xi—(V;+ W) Y3;=0 (2)

Equilibrium relation in stage j:

Y =K

ij Xij (3)

Summation constraint in stage j:
C
D KijXij—1.0=0 (4)
i=1
Energy balance in stage j:

- — -L -V _ _
List b Vi HAE By 5 H =+ U b =(V; + W) H

+Q =0
(5)

Further details on the design procedure are given by
Hernandez and Jiménez [12].

The equivalent scheme can be obtained directly from the
TCDS-SS arrangement, following the simple tray section ana-
logies depicted in Fig. 1. The new systems should also be sub-
jected to an optimization procedure to detect the values of side
stream flow rates from the first column that minimizes their
energy consumption. It should be noted that the range for the
optimization procedure for these structures is more restricted
than for the TCDS-SR structure because of mass balance con-
siderations. The bounds for columns with side streams are ex-
plained by Glinos and Malone [12].

3 Case Study

We studied the purification process of a mixture of amines
(Tabs. 1 and 2). The original process is shown in Fig. 4. This is
a real case study and due to confidentiality policies; we cannot
reveal the identity of the three amines. The amine of industrial
interest is component C (a ternary amine) with a purity of
99 % in mole percentage in stream 8. According to Fig. 4, a
feed of three amines is introduced into a conventional distilla-
tion column that removes the ternary homogeneous azeotrope
(Fig. 5). The bottom product of the first distillation column is
mostly component C and the top products is principally a

Table 1. Mixture of amines.

Component Mole fraction
A Ternary Amine 1 0.00311
B Water 0.14519
C Ternary Amine 2 0.12465
D 1-Propanol 0.72496
E Ternary Amine 3 0.00207
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Table 2. Properties of the mixture.

Component  Molecular weight [g/mol]  Boiling temperature [°C]

A 59 2

B 18 100
C 87 65
D 60 97.8
E 156 157

mixture of A and B. More details about the process are given
in Tab. 3. The separation of the bottom products in the other
two columns may be re-designed (use of process intensifica-
tion). The first conventional distillation column and the col-
umns for the separation of top products are needed in the two
new configurations.

Table 3. Specifications of the columns in the original process.

T-204 T-205 T-305 T-306
Number of stages 65 60 65 30
Feed stage 35 30 28 15
Reflux ratio 791 1.91 28.9 3.69

Reboiler duty [W] 260 000 260 000 260 000 260 000

Presure [kg/cmz] 5.0 0.4 5.0 0.4

The first option uses a TCDS-SS. As indicated in Fig. 6,
component C is obtained at the top of the main column of the
complex arrangement. The second option uses an ISS arrange-
ment. As shown in Fig. 7, component C is obtained at the top
of both columns of the sequence.

The UNIQUAC model was used to predict thermodynamic
properties. In the new schemes, the design pressure for each
separation was chosen to ensure the use of cooling water in the
condensers. The pressure drop for a single tray is given based
on the heuristics of Kister [13].

4 Results

The results presented here correspond to the separation of
component C with a high mole fraction (0.99), using different
alternatives of the original flow sheet. In the case of the first
option, using a TCDS-SS (Fig. 6), Tab. 4 displays the energy
consumption of all columns, including the coupled distillation
scheme. When we compared the original scheme with the op-
tion-1 flowsheet, the modified separation process shows energy
savings, reduction in CO, emissions (calculated according to
Appendix A), and reduction in total annual cost (TAC) calcu-
lated according to Turton et al., 2004 (see Appendix B). In
general, the savings are ~ 25 % (Tab. 5). In the case of the op-
tion-2 flowsheet displayed in Fig. 7 (Tab. 4 shows energy con-
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Figure 5. Residual curve map for the system B-C-D.
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sumption of all columns including the
ISS arrangement), that modified pro-
cess shows savings of ~ 9% in energy
consumption, CO, emissions, and
TAC in comparison with the original
process (Tab. 5). The results show the
advantage of using process intensifica-
tion to obtain savings in reboiler duty,
greenhouse gas emissions, and TAC. In
the case of the plant for the separation
of amines, the use of a TCDS-SS
showed the greatest savings.

As a complement to this study, we
analyzed the control properties of the
original process with the best case
using process intensification (option
1). We used the singular value decom-
position technique (SVD) for this pur-
pose. First, open-loop dynamic re-
sponses to changes in the manipulated
variables around the assumed operat-
ing point were obtained. The responses
were obtained using Aspen Dynamics.
Transfer function matrices (G) were
then collected for each case (Tabs. 6
and 7), and they were subjected to singular value decomposi-
tion (SVD):

G=VvIwh (6)

where X = diag (oy,....,04), 0; = singular value of G = I
(GGH); V = (v1, ¥,.....), matrix of the left singular vectors, and
W = (w}, W,,....), the matrix of right singular vectors. Two pa-
rameters of interest are the minimum singular value, o, and
the ratio of maximum to minimum singular values, or condi-
tion number:

y* =0 /ox (7)

The minimum singular value is a
measure of the invertibility of the sys-
tem and represents a measure of the
potential problems of the system under
feedback control. The condition num-
ber reflects the sensitivity of the system
under uncertainties in process parame-

] ters and modeling errors. These pa-
rameters provide a qualitative assess-
' 5 ment of the theoretical control
% properties of the alternate designs. The
| systems with higher minimum singular
values and lower condition numbers
are expected to show the best dynamic
performance under feedback control
[14].
For the case study of the original
process and option 1, we obtained the

Figure 6. Flow sheet in Aspen Plus One of process intensification of the scheme using a following results (Figs. 8 and 9): the al-

TCDS-SS system (option 1).
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Figure 7. Flow sheet in Aspen Plus One of process intensification of the scheme using a ISS
system (option 2).

Table 4. Energy consumption in modified process.

Option 1

T-204 T-205 T-305 T-306
Reboiler duty [W] 260 000 268 000 260 000 96 000

Option 2

T-204 T-205 T-305 T-306
Reboiler duty [W] 260 000 275 000 260 000 172 000

Table 5. Comparison of results using the various alternatives.

Original Option 1
flowsheet flowsheet

Option 2
flowsheet

Total reboiler duty [W] 1 040 000 884 000 967 000
TAC [$/y] 629 261 471 945 585212

CO, emissions [Ton/h] 3.48 2.61 3.24

presents higher minimum singular values and a lower condi-
tion number for the entire frequency range. Therefore, it can
be expected that the modified process exhibits better control
properties than the original process under feedback control
and is better conditioned to the effect of disturbances than the
other flow sheet.

According to the results, option 1 is the best alternative to
separate the mixture of amines. Additionally, the use of a com-
plex distillation sequence (TCDS-SS) can more effectively re-
duce capital costs when implemented in a single distillation
column, using a dividing wall [15]. This is important to high-
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light because the industrial implemen-
tation of the TCDS options is being
carried out using a single shell divided
by a wall. This eliminates potential op-
erational and control problems asso-
ciated with flooding and operating
pressure.

5 Conclusions

The separation of an azeotropic mix-
ture of amines was studied using pro-
cess intensification through a coupled
distillation scheme or its alternative se-
quence. The results show that the use
of TCDS-SS can produce total savings
(in energy, TAC and CO, emissions) of
around 25 % over the original process.
In the case of the use of the ISS ar-
rangement, the total savings are ~ 9 %.
Furthermore, it was found that control
properties of option 1 are better than
the original scheme. The results imply
that the proposed modification using a
coupled distillation sequence can achieve significant total ener-
gy savings that can be translated into reductions in TAC and
CO, emissions. The theoretical control properties indicate that
cost savings and lower greenhouse gas emissions can be ob-
tained without additional control properties; i.e., the expected
dynamic behavior could be even better than the process using
conventional distillation sequences.
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Appendix A

Fuel combusts when mixed with air, producing CO, according
to the following stoichiometric equation:

CiHy + (x + y/4) O; = x CO, + y/2 H,O (A.1)

where x and y denote the number of carbon, C, and hydrogen,
H, atoms, respectively, present in the fuel compositions, and
where complete oxidation of carbon is assumed.

In the combustion of fuels, air is assumed to be in excess to
ensure complete combustion, so that no carbon monoxide is
formed. CO, emissions, [CO,] gmiss (kg/s), are related to the
amount of fuel burnt, Qg (kW), in a heating device as fol-
lows [5]:

_ QFuel C%
[COZJ Emiss — (NHV) (ﬁ) a (A2)
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Table 6. Transfer function matrix for original flow sheet.
R (T-305) Q (T-305) Q (T-205) R (T-306) Q (T-306)
A 0.050167 0.127273 0.049359 0.188961 0.049715 0.108653 0.50112 0.128706 0.049912 0.128678
12s+1 5s+1 08+1 88+1 08+1 74+1 0X+1 45+1 s+1 6s+1
—-0.810429 —0.810512 —0.810423 —0.810512 —0.810421
B 0.35152+ 1.0077s+ 1 0.23252+ 1.0323s+ 1 0.19952+ 0.9323s+ 1 0.23252+ 1.0323s+ 1 0.23252+ 1.0323s+ 1
c 0.010109 0.065091 0.010109 0.065379 0.10 0.143948 0.010105 0.067043 0.010109 0.066140
0.2+ 1 45 + 1 02+ 1 4s + 1 006s+1 25 +1 02+1 45 + 1 02+1 35+1
D 0.132872 0.461325 0.135172 0.46338  0.195453 0.465409 0.123613 0.452373 0.127175 0.456261
28 +1 0%+1 25+1 0%+1 25 +1 07s+1 28&+1 0%+1 25+1 0%+1
E . .
0 0 0 0.00003 0.00003
01s+1 01s+1
Table 7. Transfer function matrix for option 1 flow sheet.
R (T-305) Q (T-305) R (T-205) Q (T-205) Q (T-306)
A 0.02829 0.657282 0.049634 0.351291 0.050066 0.115785 0.049989 0.100839 0.05  0.108506
01s+1 30s+1 02+1 8+1 08+1 55+1 075+1 9%S+1 08ls+1 75+1
-0.810774 —0.810512 —0.810244 —0.810585 —0.810425
0.28452+ 1.188s+ 1 0.23252+ 1.188s+ 1 0.21652+ 0.982s+ 1 0.216sz+ 0.982s+ 1 0.21652+ 0.982s+ 1
c 0.101033 0.101033 0.100868 0.101033 0.101033
0.828s + 1 0.3 +1 01s+1 01s+1 0% +1
0.008031  0.00291 0.010138 0.011087 0.009652 0.010673 0.009859 0.010651 0.009505 0.01031
D s+ 1 01s+1 3s+1 0%+1 25+1 055+1 22+1 05+1 25+1 04s +1
0 0 0 0 0.00000001
0.0000001s + 1

where a (= 3.67) is the ratio of molar masses of CO, and C,
while NHV (kJ/kg) represents the net heating value of a fuel
with a carbon content of C%. Eq. (A.2) shows that both the
fuel used and the heating device affect the amount of CO, pro-
duced.

Boilers produce steam from the combustion of fuel. This
steam is delivered to the process at the temperature required
by the process or obtained at a higher temperature and then
throttled. In distillation systems, steam is used either for heat-
ing purposes, indirectly in the reboilers, or as a direct stripping
agent in so-called steam distillations, such as crude oil units.
The flame temperature is lower in a boiler than in a furnace
because the heat of combustion is immediately removed from
the steam. However, the same theoretical flame temperature of
1800 °C may still be used. The stack temperature of 160°C is
also used in the calculations. The amount of fuel burnt can be
calculated from Gadalla et al., 2005:

Terg — T
Terp — Tstack
where Ap;oc (kJ/kg) and hpo. (kJ/kg) are the latent heat and en-
thalpy of steam delivered to the process, respectively, while

Trrg (°C) is the flame temperature of the boiler flue gases. The
above equation is obtained from a simple steam balance

— 419) (A3)

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

around the boiler to relate the amount of fuel necessary in the
boiler to provide a heat duty of Qpoc the boiler feed water is
assumed to be at 100°C with an enthalpy of 419 kJ/kg.
Eqgs. (A.2) and (A.3) can be used to calculate the CO, emis-
sions from steam boilers.

Appendix B

For a given number of theoretical trays, Aspen Plus One simu-
lator calculates column diameter and height (for 24-in tray
spacing) after converging for selected valve tray column with
2 in weir height. Glitsch valve trays are considered. Distillation
column cost (carbon steel construction) was estimated by the
cost equations showed in Turton et al. [16], which are adjusted
using the CEPCI (Chemical Engineering Process Cost Index).
For comparison, a single value from CEPCI is selected (Octo-
ber 2007), as of the year this study begun. The total column
cost is the sum of the installation cost of the column shell and
the installation cost of the column trays. Moreover, the sizing
and costing of heat exchangers were carried out. The cost of
heat exchangers can be calculated as a function of the surface
area assuming shell and tube, floating head, and carbon steel
construction. Installation prices are adjusted using the CEPCI

http://www.cet-journal.com
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index. Capital cost (purchase plus installation cost) is annual-
ized over a period which is often referred to as plant lifetime:

Annual capital cost = Capital cost / Plant life time (B.1)

Total annual cost (TAC) = Annual operating cost
+ Annual capital cost (B.2)

Operating costs were assumed to be only utility costs (steam
and cooling water).

Plant life = 5 years

Operating hours = 8400 h/y.
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