COMPUTER-AIDED CHEMICAL ENGINEERING, 38




26™ EUROPEAN SYMPOSIUM ON
COMPUTER AIDED PROCESS
ENGINEERING

PART A

Edited by

Zdravko Kravanja and Milo$ Bogataj

Faculty of Chemistry and Chemical Engineering
University of Maribor
Maribor, Slovenia

R
£

ELSEVIER

Amsterdam — Boston - Heidelberg - London — New York - Oxford
Paris — San Diego — San Francisco - Singapore — Sydney - Tokyo



Elsevier

Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK
50 Hampshire Street, 5th Floor, Cambridge, MA 02139, USA

Copyright © 2016 Elsevier B.V. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, recording, or any information storage and retrieval system,
without permission in writing from the publisher. Details on how to seek permission, further
information about the Publisher’s permissions policies and our arrangements with organizations such
as the Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website:
www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and experience
broaden our understanding, changes in research methods, professional practices, or medical treatment
may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating
and using any information, methods, compounds, or experiments described herein. In using such
information or methods they should be mindful of their own safety and the safety of others, including
parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume
any liability for any injury and/or damage to persons or property as a matter of products liability,
negligence or otherwise, or from any use or operation of any methods, products, instructions, or ideas
contained in the material herein.

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN (Part A): 978-0-444-63873-1
ISBN (Set):  978-0-444-63428-3
ISSN: 1570-7946

For information on all Elsevier publications visit our
website at https://www.elsevier.com/

aa Working together
—4AB8 1o grow libraries in
Pockfid developing countries

www.elsevier.com ¢ www.bookaid.org

Publisher: John Fedor

Acquisition Editor: Kostas Marinakis

Editorial Project Manager: Sarah J. Watson
Production Project Manager: Mohanapriyan Rajendran
Designer: Greg Harris

ELSEVI ER

Typeset by SPi Global, India



Zdravko Kravanja, Milo§ Bogataj (Editors), Proceedings of the 26™ European Symposium on
Computer Aided Process Engineering — ESCAPE 26

June 12th -15th, 2016, Portoroz, Slovenia © 2016 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/B978-0-444-63428-3.50168-5

Enhanced Down-Stream Processing of Biobutanol
in the ABE Fermentation Process

Costin S. Bildea,” Iulian Patrascu,” J. G. Segovia Hernandez,” Anton. A. Kiss,*"
@ University “Politehnica” of Bucharest, Polizu 1-7, 011061 Bucharest, Romania

b Universidad de Guanajuato, Campus Guanajuato, Division de Ciencias Naturales y
Exactas, Dept. de Ingenieria Quimica, Noria Alta s/n, 36050, Guanajuato, Gto., México

¢ AkzoNobel Research, Development & Innovation, Strategic Research Group Process
Technology, Zutphenseweg 10, 7418 AJ Deventer, The Netherlands

¢ University of Twente, Sustainable Process Technology, PO Box 217, 7500 AE
Enschede, The Netherlands

Abstract

Butanol is considered a superior biofuel, as it is more energy dense and less hygroscopic
than bioethanol, resulting in higher possible blending ratios with gasoline. However, the
production cost of the acetone-butanol-ethanol (ABE) fermentation process is high,
mainly due to the low butanol titer, yield, and productivity in bioprocesses. The classic
recovery by distillation is an energy-intensive process that has largely restricted the
economic production of biobutanol. Other methods based on gas stripping, liquid-liquid
extraction, adsorption, and membranes are also energy intensive due to the bulk removal
of water. This study proposes a novel process for the butanol recovery by enhanced
distillation, using only several operating units in an optimized sequence to reduce costs.
This work considers a plant capacity of 40 ktpy and purities of 99.4 %wt butanol, 99.4
%wt acetone and 91.4 %wt ethanol. The process was simulated and optimized using
Aspen Plus as PSE tool. The enhanced process proposed here is cost effective and can
be readily employed at large scale to improve the economics of biobutanol production.

Keywords: ABE fermentation, energy efficiency, distillation, process simulation

1. Introduction

Butanol is an alternative fuel with characteristics similar to petro-fuels. Its production
by the ABE fermentation process has received renewed attention, and the developments
resulted in higher butanol concentrations, less fermentation by-products and higher
volumetric productivities during fermentation (Xue et al., 2013). However, these have
to be matched by a down-stream processing that is less energy intensive and can reduce
the separation costs (Xue et al., 2013; 2014; Huang et al., 2014; Kiss et al., 2015). In
addition to distillation, other methods based on gas stripping, liquid-liquid extraction,
adsorption, and membranes were investigated (Kraemer et al., 2010; vd Merwe et al.,
2012; Mayank et al., 2013; Errico et al., 2015). This work proposes a new optimized
distillation sequence that can radically improve the economics of biobutanol production.
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Figure 1. Flow diagrams for downstream processing of biobutanol (vd Merwe et al., 2012)

2. Problem statement

The production cost of the conventional acetone-butanol-ethanol (ABE) fermentation
process using Clostridium spp. is higher than that of petro-processes, mainly due to the
low butanol titer, yield, and productivity in bioprocesses. In particular, a low butanol
titer leads to extremely high recovery costs. The conventional recovery by distillation is
an energy-intensive process, which has largely restricted the economic production of
biobutanol. Recent reviews include other butanol recovery process based on gas
stripping, liquid-liquid extraction, adsorption, and membrane-based techniques.
However, all these process require 5-7 operating units (leading to high capital cost) and
an energy intensive operation due to the bulk removal of water from the diluted
fermentation broth (about 2% because of the solvent toxicity to the micro-organism).

Figure 1 illustrates some of the options described in literature (vd Merwe et al., 2012).
The problem is that all these designs have some major drawbacks that hinder their
implementation in practice. In designs A, B and C, the ethanol column must achieve
very high recovery of this component. Otherwise, because the butanol / water separation
delivers the products as bottom streams of distillation columns, ethanol (the lightest
component) will accumulate in the recycle streams. This has a negative impact not only
on the investment and operating costs, but also on the process controllability. Design D
incurs additional costs due to use of a large amount of solvent for water recovery.

To solve these problems, we propose a novel separation sequence able to reduce the
costs of the down-stream distillation of butanol. The improvements include: 1) the
column separating ethanol is part of the recycle loop of the butanol-water separation, in
order to prevent ethanol accumulation; 2) the first unit of the sequence is a decanter,
preventing phase separation in the first distillation columns. Rigorous dynamic
simulations are also used to prove the controllability of the proposed process.
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3. Modelling approach

The process was simulated in Aspen Plus using the NRTL property model that is most
suitable for these components and conditions and in line with the recommendations for
such systems (Kiss, 2013). All the binary interaction parameters related to the property
model are available in the pure components databank of the Aspen Plus process
simulator. Experimental data (Lee et al., 2004) was used to check that the butanol /
water LLE is correctly predicted by the NRTL model with default Aspen Plus binary
interaction parameters (Figure 2, left). Occurrence of a heterogeneous azeotrope (Figure
2, right) is a feature of the butanol — water mixture which is neatly exploited in order to
cross the distillation boundary and therefore produce high purity products.

Jin et al. (2011) described several integrated systems for fermentation and in situ solvent
recovery where the ABE fermentation process is coupled with gas stripping, liquid-
liquid extraction (perstraction), and pervaporation. Among them, gas stripping is a quite
simple technique for recovering ABE from the fermentation broth. Nitrogen or
fermentation gases (CO, and H;) are bubbled through the broth and capture the solvents
(butanol or ABE). Then the gas is passed through a condenser. The liquid solvents are
collected, while the gas is recycled back to fermenter to get more solvents. This allows
the collection of a more concentrated ABE mixture (4.5 %wt acetone, 18.6 %wt butanol
and 0.9 %wt ethanol) that is further treated by down-stream processing. The focus of
this paper is on the efficient down-stream processing of the effluent stream from an
ABE fermentation process coupled with gas stripping (Jin et al., 2011).

4. Results and discussion

In spite of being considered the most energy intensive separation, distillation remains a
method of choice for the separation of fluid mixtures (Kiss, 2014). Figure 3 presents the
flowsheet of a new down-stream processing sequence for the ABE process, including
the control structure along with the mass balance and the key design parameters. The
first unit of the sequence is a decanter that prevents potential phase separations in the
distillation columns. The organic phase (rich in butanol) goes to first stripping column
(CoL-1) that separates butanol as bottom product and a water rich top stream which is
recycled to the decanter. The aqueous phase from the decanter is fed to the stripping
column (CoOL-2) that separates water as bottom product (main water outlet).

40 le -
0 01 02 03 04 05 06 07 08 09 1
Butanol mole fraction

0 01 02 03 04 05 06 07 08 09 1
Butanol mole fraction

Figure 2. Phase equilibrium of mixture butanol-water. Left: Comparison between LLE predicted
by NRTL model (line) and experimental data (dots; Lee et al., 2004); Right: T-xy diagram,
showing the occurrence of a heterogeneous azeotrope (1 bar).
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Figure 3. Process flowsheet of the novel down-stream separation sequence (40 ktpy butanol)

The top stream of the stripping column (COL-2) is fed to the distillation column (COL-3)
that separates an acetone-ethanol rich fraction as top distillate stream and a butanol-
water bottom stream that is recycled to the decanter. The acetone-ethanol stream from
this column (COL-3) is sent to distillation column (COL-4) that separates near azeotropic
ethanol as bottom product and acetone as top distillate. The column separating ethanol
(CoL-3), which is part of the recycle loop of the butanol-water separation, prevents
ethanol accumulation although a high value for the ethanol recovery in the distillate is
not required. Figure 4 shows the liquid composition profiles along the four columns.
Due to high purity requirements, quite a large number of trays are necessary for the
columns delivering the butanol, acetone and ethanol products (COL-1 and CoOL-4).
However, the splits (water, butanol) / (water) and (acetone, ethanol) / (water, butanol)
are rather easy and they can be achieved with a low number of trays (COL-2 and COL-3).
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Figure 4. Molar composition profiles in the stripping and distillation columns



Enhanced down-stream processing of biobutanol in the ABE fermentation process 983

25000 1 0.94
Water
20000 - 0.998 /—{ﬁ 0.92
E g < Ethanol
oo o
£ 15000 £ 0.996 0.9
~ e
o £
2 “
T 10000 90994 ——Acetone,  ___~———— 038
3 s Butanol
k]
" s5ppp Eutanol 0.992 0.86
Acetone
0 Ethanal 0.99 0.84
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time / [h] Time / [h]

Figure 5. Dynamic simulations results: flow rates (left) and composition (right)

After developing the base case, the design was optimized using the total annual cost as
objective function to be minimized: TAC = OpEx + CapEx / 3. The design parameters
(e.g. number of trays, feed tray, reflux ratio) were used as decision variables. A payback
period of 3 years and 8000 hours/year operating time was assumed. The capital cost was
evaluated according to Dimian (2003). The heating and cooling costs taken into account
are: LP steam (6 bar, 160 °C, $7.78/GJ), and cooling water ($0.72/GJ).

A dynamic simulation was built in Aspen Dynamics. All vessels were sized based on 15
minutes residence time. The control structure involves simple controllers, chosen as PI
and tuned by the direct-synthesis method. The results of dynamic simulation are given
in Figure 5. The simulation starts from steady state. At time ¢ = 10 h, the feed flow rate
is increased by 10%, then at time ¢ = 20 h, the feed flow rate returns to its original value,
and at time ¢ = 30 h, the feed flow rate is reduced by 10%. Remarkable, all disturbances
are properly rejected, with low overshooting and short response times.

5. Process evaluation

Table 1 lists the equipment cost, energy requirements and the total annual cost (TAC).
The total equipment cost takes into account the decanter and all distillation columns
(including heat exchangers: reboilers and condensers) and amounts 4420 k$, while the
total operating costs (energy related) are 2681 k$/yr. The specific energy requirement is
2.28 kWh/kg butanol, which is in the same range as for the bioethanol production.
However, in case of the ABE process, each kg of butanol yields also 0.243 kg acetone
(high purity) and 0.054 kg ethanol (near azeotropic composition with water) by-
products which are valuable and contribute positive to the economics.

Table 1. Economic evaluation of the enhanced ABE down-stream processing

Item description (unit) COL-1 COL-2 COL-3 COL-4 Decanter

Shell / [10° US$] 292.7 107.49 250.31 267.9 71.22
Trays / [10° US$] 28.69 6.51 23.05 25.47 -
Condenser /[103 US$] - - 557.02 560.75 303.9
Reboiler / [10° US$] 567.05 788.19 245.62 32533 -
Heating / [10° US$/year] 566.29 1223.24 224.47 539.81 -
Cooling / [10° US$/year] - - 77.06 50.18 11.52

TAC / [10° US$/year] 862.46 1523.98 660.21 983.16 136.56
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6. Conclusions

The enhanced new down-stream processing sequence proposed in this work allows the
efficient separation of butanol using fewer equipment units and less energy as compared
to previously reported studies (vd Merwe et al., 2012; Errico et al., 2015). The main
improvements include using a decanter as the first unit of the separation sequence to
prevent phase separation in the stripping and distillation columns, and placing the
column separating ethanol in the recycle loop of the butanol-water separation to prevent
ethanol accumulation. The total equipment cost is 4420 k$, while the energy costs are
2681 k$/yr. The energy requirement for separation is very low (2.28 kWh/kg butanol),
especially considering that butanol fuel has a specific energy of 10 kWh/kg (36 MJ/kg).
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