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A B S T R A C T

Butanol is an alternative fuel with characteristics competitive to petroleum-based fuels. Compared with ethanol,
butanol shows less miscibility, flammability, and corrosion; while potentially replacing gasoline in car engines
without modifications. However, the production cost of butanol from renewables feedstock, i.e. bio-butanol
(which also contains acetone and ethanol) through fermentation remains high. This is mainly due to the low
yield of butanol in fermentation. The conventional recovery of butanol by distillation is an energy-intensive
operation that has greatly restricted the industrial production of bio-butanol. This work studies ten hybrid and
intensified configurations, based on the liquid-liquid extraction and dividing wall columns, to purify the butanol
to the fuel grade. The study analyzes sustainability based on green metrics, including the inherent safety and
control properties using singular value decomposition analysis. The results indicate that as long as the process is
highly intensified, the sustainability and the inherent safety are improved and not necessarily the control
properties. This is primarily due to the loss in the degrees of freedom in intensified processes.

1. Introduction

Due to the increase in oil prices in recent years and to the generation
of a large dependence on fossil fuels, a great interest in the production
of biofuels through the fermentation of agricultural biomass and or-
ganic solid waste is created. Butanol is one of those fuels that can be
produced from agricultural crops such as corn and molasses using C.
acetobutylicum or C. beijerinckii [1]. The advantage of using these and
some other bacteria is that they can use both lignocellulosic, hexose and
pentose, hydrolyzed sugars as well as non-hydrolyzed sugars [2]. Un-
like ethanol and other fuels derived from fermentation, butanol has
some advantageous properties: a) the energy content of Butanol is 30 %
more than ethanol and is closer to gasoline; b) its low vapor pressure
facilitates its application in existing gasoline pipelines; c) it is less so-
luble in water; d) it is less volatile; e) less toxic; f) less flammable and g)
can be mixed with gasoline in any proportion [3].

The production of butanol by fermentation is one of the oldest
processes used for commercial production, the first report of a biolo-
gical route for butanol synthesis is from Louis Pateuri in 1861 [4] at
Strane & Graham Ltd in UK. In collaboration with William Perkin from
Manchester University, they identified C. Acetobutylicum which was

able to produce large amounts of acetone and butanol. In subsequent
years, during World War I, this fermentation process played an im-
portant role since acetone was needed for the production of the smo-
keless gunpowder cordite [5]. During 1940′s, approximately 66 % of
the total butanol and 10 % of the total acetone were obtained by yeast
fermentation [4]. During World War II, the commercial interest focused
into acetone; however, because of the petrochemical route research, the
production of both components was left aside.

Nowadays, the yield in the production of butanol from biomass is
very low, which makes the production of butanol by fermentation
economically infeasible. The concentration of butanol produced in the
batch fermenter is quite low (20 g / L) due to toxicity problems and
metabolic pathways. In addition, depending on the culture and
medium, many other compounds may be produced, e.g. acetone and
ethanol. All of them must be removed from the mixture coming from
the fermenter in downstream purification. The economics of the process
could be improved if butanol is produced from agricultural residues and
the product could be recovered using energy-efficient separation tech-
niques [1,3,6].

The main drawback of the fermentation processes is that products
are often rather dilute and they require highly energy intensive
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separation and purification stages, which represent more than 50 % of
the total annualized costs (TAC) [7]. In this regard, taking advantage of
process intensification principles, a combination of liquid-liquid ex-
traction with advanced distillation technologies could be used to in-
crease the concentration of the diluted stream and then purify the main
product. For example, Sánchez-Ramírez et al. [8] have analyzed and
compared four different possible processes for the purification of bu-
tanol production based on conventional distillation. The results in-
dicated that the process consisting of a liquid-liquid extraction column
followed by distillation turned out to be a cost-effective design from an
economic point of view. Dividing wall column (DWC) is a good example
of distillation separation units with heat integration and quite an es-
tablished industrial application due to its high thermodynamic se-
paration efficiency. In spite of the advantages of DWC from an opera-
tional and capital cost expenditure perspective, its industrial
application only began three decades ago. The world’s first DWC was
installed and operated by BASF in 1985. Moreover, understanding of
control and operability issues has improved greatly [9–11]. Since then,
many DWCs have been established worldwide, such as in Europe, South
Africa, and the US. Amminudin et al. [12] noted the industrial accep-
tance and commercialization of DWC by organizations such as BASF
AG, M.W. Kellogg (together with BP, later known as BP Amoco), and
Sumitomo Heavy Industries Co. together with Kyowa Yuka. Linde AG
constructed the world’s largest DWC for Sasol, an estimated 107m tall,
and 5m in diameter. Hence, there are better prospects for DWC in the
near future, and it might become a standard distillation configuration in
chemical process industries in the next 50 years [13]. The increasing
energy cost and the concern about global warming in recent years have
made the DWC an attractive alternative for reducing carbon footprint of
separations in chemical process industries. Regarding the number and
variety of industrial applications, DWC can already be considered as a
distillation process intensification success story. Many applications are
known today, mainly concerning separations of ternary mixtures. The
development and implementation efforts focus nowadays on the se-
paration of more than three components or applications of extractive,
azeotropic and reactive distillation in a DWC [14]. Being a genuine
representative of substantial distilling, making slowly inroad into the
applications dominated by tray columns, DWC will certainly develop
into a standard type of distillation column in the near future [15].

Among the distillation technologies, the dividing wall column
(DWC) is a promising alternative for separating and purifying the ef-
fluents produced by fermentation [16]. Okoli and Adams [17] studied
the separation of butanol in a quaternary DWC, by minimizing TAC, as
an objective function. Errico et al. [18] explored DWC as a promising
intensified distillation alternative in combination with liquid-liquid
extraction. Their results indicated a reduction of 22 % and 18 % in the
economy and the environmental indices, respectively.

Considering the control properties of the process for the purification
of butanol, Luyben [19] carried out a first-pass analysis. His work
studies the control of the azeotropic butanol/water distillation system
and develops a control structure that is capable of eliminating very
large perturbations. The control system is robust and applicable to
systems that are designed for a wide range of feed compositions. The
control properties of four different processes (based on conventional
distillation), for the purification of butanol, acetone, ethanol, and
water, are analyzed in the work of Angelina-Martínez et al. [20] using
the singular value decomposition method. The results indicated that the
scheme where only the butanol stream is purified, and ethanol and
acetone leave the purification process mixed with water and traces of
butanol, has best control properties. Sánchez-Ramírez et al. [21], used
both open-loop and closed-loop analysis and obtained the dynamic
properties of several hybrid processes to separate an effluent produced
by fermentation. This work verifies that it is possible to control all the
schemes under open-loop and closed-loop methodologies and it was
clear that the elimination of a section in the column improved the
control properties.

Today, there are huge global environmental concerns, including
energy and fuels, food, transport, use of water, pollution and ecological
destruction. The current and future objectives of process engineers are
not only to maintain and reduce the cost of the products, but also to
simultaneously reduce the impact on the environment and human
health. The growing concern for the environment, the increase of strict
standards for the release of chemicals into the environment and eco-
nomic competitiveness have led to more environmentally friendly ap-
proaches that have resulted in greater prevention of pollution through
the reduction of waste and the maximization of efficiency [22]. Green
process engineering is an important tool that could make significant
contributions in driving the sustainability of hazardous and waste
processes to the benefit of the economy, the environment, and society.
Some examples of current and future applications of ecological process
engineering have been presented, particularly in the areas of biofuels
[23].

Keeping in mind that an intensified process is the one that reduces
the size of equipment, increased performance of the process, reduced
equipment inventory, diminishment in using utilities and raw materials,
and increased efficiency of process equipment [24]. Process in-
tensification seems a natural alternative for cover all listed necessities
of a green process.

Even process intensification was initially considered as an alter-
native for reducing cost since the three kinds of improvements is or-
iented to the integration of operation, integration of functions and in-
tegration of phenomena [25]; all intensified alternatives seem also to
have many other characteristics if the goal is to obtain a green process.

Ramshaw [26] showed the potential of many intensified process at
the light of a framework of green processes, however, the numerical
evaluation of their proposal ware not evaluated. In the same sense,
Ramshaw [26] concludes that if the process intensification is effectively
implemented, it will lead to improvements in environmental accept-
ability, energy efficiency, intrinsic safety, and capital cost.

The importance of considering sustainability issues early in the
design of the intensified process can help to differentiate between
processes that are easy and process that is difficult to operate.
According to Jiménez-González et al. [23] should consider in-
corporating “green metrics” when designing an intensified process to-
wards the broader goal of environmental sustainability. Among those
green metrics should be highlighted the aspects of environmental,
health, safety and process control. Green Chemistry Principle #11 ex-
presses a desire to have real-time process analysis and monitoring in
place. The aim of this principle is simple enough—to prevent waste and
safety issues by identifying process excursions as they occur. By doing
so, there may be sufficient time to modify process parameters such that
the excursion may be reversed and there is no subsequent impact on
safety and the final product quality. Real-time analysis and process
control are necessary to carry out this action. In the same sense, the
intensification of processes, associated with the reduction of the
number of equipment and change in the system topology of the system,
can also modify control properties and dynamic performance compared
to non-intensified systems [24,27–29]. Contrary to the conventional
distillation process, the “greenness”, inherent safety and dynamic of the
complex distillation columns, based in DWC have not been explored in
the published literature.

With this in mind, the aim of this work is to evaluate if some in-
tensified process could cover the necessities previously proposed for a
green process. Moreover, the authors consider quite interesting to
evaluate the greenness of a downstream process to purify a biofuel;
additionally, if possess the characteristics to fit in a layout evaluated
under the light of a sustainable and green process.

As far as the authors are aware, no study has been carried out on the
sustainability and inherent safety of the purification section, based on
the liquid-liquid extraction and DWC, of the butanol, acetone, ethanol,
and water mixture. In this work, we study the configurations proposed
by Errico et al. [18] to analyze their sustainability, based on the green
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metrics proposed by Jiménez-González et al. [23]. Their inherent se-
curity is complemented with the analysis of open-loop control proper-
ties with the technique of singular value decomposition. Jimenez-
Gonzalez et al. [23] highlights as main metrics to define a process as
sustainable both the control of the process as well as the inherent safety
of it. The primary need for this pair of analysis is the desire to have real-
time on-site monitoring. Therefore, process waste and the safety risks
associated with it can be minimized. Additionally, having an adequate
control strategy, there is enough time to modify the process parameters,
avoiding the subsequent impact on safety and the final product.

2. Analyzed configurations and case study

Previously, Errico et al. [18] presented a complete synthesis meth-
odology to generate separation alternatives to purify biobutanol. In
brief, the methodology starts from a hybrid process design with a li-
quid-liquid extractive column and a set of three conventional distilla-
tion columns. Considering a base case, Errico et al. [18] applied a
systematic methodology to produce several alternatives, liquid-liquid
extraction-assisted conventional DWC configurations, and liquid-liquid
extraction-assisted nonconventional DWC configurations. All those al-
ternatives were designed considering the NRTL−HOC as a thermo-
dynamic model to describe phase equilibrium. Note Fig. 1 shows ex-
perimental composition of the binary system n-butanol / water
obtained in the temperature range 323−393 K and pressures between
13.4 and 267 kPa [30], and the data predicted by the NRTL model with
default Aspen Plus binary interaction parameters. Additionally, pre-
vious works have reported a relatively good accuracy for predicting the
interactions between the components [31–34]. The feedstream con-
sidered by Errico et al. [18] is presented in Table 1, and all schemes
were modeled using Aspen Plus V 8.8.

The synthesis methodology was based on the inclusion of thermal
couplings and both movement and elimination of a column section. All
the generated alternatives were evaluated and optimized by means of a
robust optimization algorithm, differential evolution with tabu list
(DETL), evaluating the total annual cost and the eco-indicator 99 [35]
as economic and environmental performance indices. Thereby, Errico
et al. [18] reported a set of ten hybrid designs which may perform the
Acetone-Butanol-Ethanol (ABE) separation with relatively good eco-
nomic and environmental indexes.

The inherent risk (measured by the individual risk), and a selection
of green metrics proposed by Jimenez-Gonzalez et al. [23], and the
dynamic behavior are evaluated for those designs in this work (see
Figs. 2–3).

The complete set of ten schemes are hybrid processes since a liquid-
liquid extraction column is included. The inclusion of a liquid-liquid
extraction column, with n-hexyl-acetate used as an extraction agent, it
breaks both the homogenous and heterogeneous azeotropes (ethanol/
water and butanol/water). In general terms, the inclusion of a LLE
column promotes energy savings in comparison with conventional
schemes (designed exclusively with distillation columns). The first
three configurations considered are shown in Fig. 2 [18]. This design
comprises a liquid-liquid extraction followed by a dividing wall column
which performs the ABE separation jointly with extractive purification
(DWC); additionally, these configurations are considered as reference
configurations for producing the other designs. Considering the designs
presented in Fig. 2, as the first step, a simple column configuration is
selected from the subspace including all the possibilities (location of
DWC for ABE purification). The selection of a single configuration was
carried out based on the performance indices that were evaluated
previously [18]. In the second step, a thermally coupled unit is in-
troduced jointly with the elimination of condensers and/or reboilers
associated with no-product streams. Instead of heat exchangers, bidir-
ectional thermally coupled vapor and liquid streams are placed (see
Fig. 4). In the next step, the production of the thermodynamic
equivalent schemes from the corresponding original thermally coupled
design by rearranging/moving the column sections associated by
thermal couplings is considered. Finally, the DWCs are obtained from
the thermodynamically equivalent configurations by incorporating the

Fig. 1. Comparison between LLE predicted by NRTL model (line) and experimental data [30].

Table 1
Feed characterization.

Temperature (K) 322.039

Vapor fraction 0
Flowrate (kg h-1) 45.3592
Composition (wt %)
Butanol 0.3018
Acetone 0.1695
Ethanol 0.0073
Water 0.5214
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Fig. 2. Liquid− liquid extraction-assisted conventional DWC configurations.

Fig. 3. Liquid− liquid extraction-assisted nonconventional DWC configurations.

Fig. 4. Liquid− liquid extraction-assisted nonconventional DWC configurations synthesis procedure.
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single-column section into its thermally linked column through a di-
viding-wall. Note that in Fig. 4, the stripper section is implemented
inside the dividing wall column to produce a DWC scheme with two
reboilers is obtained.

3. Process risk quantification, green process evaluation, and
dynamic performance

As it was mentioned previously, earlier studies for biobutanol pur-
ification that were carried out focused mostly on both economic and
environmental issues, which nowadays are critical issues. However,
current political and social demands lead to accomplishing a wider
view involving a quite complex perspective for production and se-
paration alternatives.

To compare those ten designs, the current analysis was conducted in
three parts: a process risk quantification, a green process evaluation,
and finally, a control properties test. The purpose for these analyses is
to understand the role of those performance indices in the process
synthesis procedure. Moreover, it is mandatory to evaluate its role
when the process intensification is based on thermal couplings, re-
arrangement and elimination of column section to provide energy and
economic savings.

Initially, the quantitative risk quantification was evaluated by the
means of the inherent safety. Regarding risk reduction strategies, if the
approached is aimed at reducing accidents or mitigating all the con-
sequences of those accidents, it can be categorized into four elements:
inherent, passive, active and procedural.

Inherent and Passive categories are more reliable and robust since
they depend on the physicochemical properties of the system rather
than the operation and intervention of devices and industrial personnel
[36]. In a similar way, inherent safety in some traditional areas of the
chemical engineering offer many benefits for safe operation of pro-
cesses. For example, the research in evaluating catalyst performances
commonly leads to improved conversion and yields. Moreover, an ad-
ditional benefit is the possibility of operating the process at lower
pressure and temperature.

Kletz was the first to propose the concept of inherent safety [36]; he
defines an inherently safe process if it eliminates or reduces hazards
associated with the used materials and process operation conditions,
and this reduction is a permanent and inseparable part of the process
technology [37]. Consequently, with this approach, it will result in
safer and more robust process and economically lucrative process op-
eration.

In this work, the risk quantification was evaluated by means of in-
dividual risk (IR). The IR is defined as the risk of injury or decease of a
person in the neighborhood of a hazard [38]. The main objective of this
index is the estimation of affectation caused by the specific incident that
occurs with a certain frequency. The mathematical expression for cal-
culating individual risk is the following:

∑=IR f Pi x y, (1)

Where fi is the occurrence frequency of incident i, whereas Px,y is the
probability of injury or decease caused by the incident i. In this work,
an irreversible injury (decease) is used, for which more data are re-
corded. The calculation of IR is carried out through quantitative risk
analysis (QRA), which is a methodology used to identify incidents/ac-
cidents and their consequences. For distillation columns, the incidents
may be both continuous release and instantaneous releases. The fre-
quencies for each incident (fi) were taken according to the reported
information [38]. Fig. 5 shows the event tree diagrams obtained with
all probabilities of instantaneous and continuous incidents, along with
their respective frequencies. Once the incidents have been identified,
the probability Px,y can be calculated through a consequence assess-
ment, which consists of determining the physical variables as the
thermal radiation, the overpressure and the concentration of the leak

originated by incidents and their respective damages. The atmospheric
stability type F is used to calculate the dispersion, which corresponds
with a wind speed of 1.5 m/s which are the worst scenario possible
since low wind speed does not allow a fast dispersion of flammable and
toxic components, increasing the time of exposure and the probability
to begin in contact with an ignition source.

The probit models associated with diseases/deaths by a certain time
of exposure to thermal radiation [(te) (Er)] and overpressure due to
explosions (P°) are given by Eq.2–3. Note both, thermal radiation and
overpressure values are directly dependents of UVCE and jet fire cal-
culations. For a detailed explanation please consult Contreras-Zarazua
et al. [39]:

= − + ⎡
⎣⎢

⎤
⎦⎥

Y
t E

14.9 2.56ln
( )( )

10
e r

4/3

4 (2)

= − +Y P77.1 6.91ln( )0 (3)

Due to the lack of reported probit models of toxicity of components
considered in this work, the calculation of the damage to toxic releases
was carried out using the LC50. Finally, the probability Px,y is calculated
substituting the probit results of the Eq. 2 and Eq. 3 into the following
equation:

= ⎡
⎣⎢

+ ⎛
⎝

− ⎞
⎠
⎤
⎦⎥

P Y0.5 1 erf 5
2x y,

(4)

Regarding the green process evaluation, Jiménez-González and
Constable [23] presented an overview of the main metrics that have
been used to test and compare the ‘greenness’ of processes and pro-
ducts. The interest in using their overview is that it widely covers either
separation process or process which involves reactant transformation.
Considering the background presented by [23], in this work we con-
sidered three green indices to evaluate those purification alternatives in
the previous section; the mass intensity, the E-factor, and the green-
house gas emission.

The mass intensity was initially proposed [40] and is the total
amount of mass required to produce a unit of product or service, usually
on a wt/wt basis

The mass intensity is defined as follows:

=Mass intensity MI
Total mass used in a process step kg

Mass of product kg
( )

( )
( ) (5)

The mass intensity may be used for many processes since it takes
yield, stoichiometry, extraction agents and the reagent used in the re-
action mixture into account, and expresses this on a weight/weight
basis rather than a percentage. Total mass includes everything that is
used in a process or processing step with the exception of water. Water
has been excluded from mass calculations since it skews mass data in
many processes.

The E-factor is the mass ratio of waste to the desired product.
Moreover, it can be considered for a process which involves the
transformation of products, even atom efficiency may be calculated.
The enormity of the waste problem in chemical manufacturing is evi-
dent from a consideration of typical E factors of the chemical industry
(see Table 2) [41].

=E factor
Total waste kg
kg product

( )
(6)

The E-factor equals to the amount of waste produced in the process,
defined as everything but the desired product. There is only one ex-
clusion, generally, water is excluded from E-factor calculation. As long
as E-factor becomes higher means more waste and, consequently,
greater negative environmental impact. The utopic E-factor is zero
which resembles a zero-waste production.

Another metric to evaluate the greenness of a process is the green-
house emissions. Reducing CO2 emissions is an absolute necessity for
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chemical process industries in order to meet the environmental targets
of many international agreements, for example the Paris Accord on
climate chnage. Even in previous works, Errico et al. [19] evaluated
those designs with an LCA (EI99) method using a Hierarchist perspec-
tive (a balanced perspective between short and long term). It is worth
studying separately the impact of greenhouse gases on global warming.
Note, for example Global Warming Potential (GWP), also referred to as
carbon footprint, expresses the amount of greenhouse gases emitted to
the atmosphere. Global Warming Potential is a single index that allows
relating directly to the amount of greenhouse gas emissions and global
warming. GWP seems to have retained its attractiveness and wide-
spread use, mainly because of the simplicity of its definition, the small
number of required input parameters and the relative ease of calcula-
tion, compared to some of the alternatives [42–44].

The case study in this work includes non-conventional distillation
columns with an energy-intensive profile. Energy consumption in dis-
tillation and CO2 gases produced in the atmosphere are strongly related.
Therefore, according to the green metrics by Jiménez-González and
Constable (2012), the reduction of CO2 emissions is the main metric for
chemical industries. The CO2 emission is calculated as follows [45]:

⎜ ⎟= ⎛
⎝

⎞
⎠
⎛
⎝

⎞
⎠

CO emiss
Q
NHV

C α[ ] %
100

fuel
2

(7)

Where α=3.67 is the ratio of molar masses of CO2 and C, while NHV
(kJ/kg) represents the net heating value of fuel with a carbon content of

C%. In this work, it is assumed that all energy involved in ABE pur-
ification comes from burning CH4 gas. Moreover, the target is to obtain
as little as it is possible CO2 emissions.

Furthermore, the control properties of all configurations are ana-
lyzed in this work. We used the singular value decomposition technique
(SVD) for this purpose. A matrix A 2 Cm£ r (with r < m, rank(A)=r),
can be represented by its SVD:

∑=G V WH (8)

were Σ = diag (σ1,…..,σn), σi = singular value of Σ = (λi)1/2(GGH); V
= (v1, v2,…..), matrix of the left singular vectors, and W=(w1, w2,….),
the matrix of right singular vectors. The interpretation is: linear map-
ping y=Ax can be decomposed as a) compute coefficients of x along
input directions wi; b) scale coefficients by vi; c) reconstitute along
output directions σI [46]. To generate G for all configuration, first,
open-loop dynamic responses to changes in the manipulated variables
(in this work 1 % of the nominal value) around the assumed operating
point were obtained. For this cases study manipulated variables are
reflux ratio, reboiler duty and flowrate side stream and the control
variables are each composition in the output stream. The responses
were obtained using Aspen Dynamics. Transfer function matrices (G)
were then collected for each case (Tables 3), and they were subjected to
singular value decomposition (SVD). Two parameters of interest are the
minimum singular value, σ∗, and the ratio of maximum to minimum
singular values, or condition number:

=γ σ σ*/ * (9)

The minimum singular value is a measure of the invertibility of the
system and represents a measure of the potential problems of the
system under feedback control. The condition number reflects the
sensitivity of the system under uncertainties in process parameters and
modeling errors. These parameters provide a qualitative assessment of
the theoretical control properties of the alternate designs. The systems
with higher minimum singular values and lower condition numbers are

Fig. 5. Event tree diagrams for distillation schemes [38].

Table 2
E factor in some chemical industries.

Type of Industry Product tonnage E factor

Oil refining 106-108 < 0.1
Bulk chemicals 104-106 < 1-5
Fine chemicals 102-104 5-50
Pharmaceuticals 10-103 25-100
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expected to show the best dynamic performance under feedback control
[47]. In other work, Angelina- Martínez et al. [20] have demonstrated
the application of the SVD technique to compare the controllability
properties of the intensified separation structures.

4. Results and discussions

In this section, the obtained results will be shown along with their
discussion. This section will be presented as follows: initially, the safety
results are discussed. Next, the green process evaluation, and finally the
control results.

Regarding safety analysis evaluated by the individual risk, an initial
correlation is found. Observing those schemes named conventional
DWC columns, it would be logical to, at first sight, presume that the
safer scheme is the one which carries out the separation task with the
lower heat duty or the lower operating pressure. However, considering
the results shown in Table 3 and Fig. 6 it would seem contradictory
since schemes B (with higher reboiler heat duty) is indeed the safer one
from Fig. 2. Even though all three schemes performed the same pur-
ification, the main difference among those designs lays on the separa-
tion carried out by the conventional column. Scheme B) showed the
lowest IR value, and this behavior is totally related to the conventional
column. According to Fig. 2, the conventional column of scheme B) is
intentionally designed to separate acetone-ethanol which are the two
components in the lower proportion of the ABE mixture. With this
consideration, it is understandable that the IR reduction among the first
conventional DWC schemes, since the IR value depends directly from
the amount of matter in the separation unit. Note the conventional
column in scheme B, is associated with the separation of acetone-
ethanol, in consequence, the IR value is considerably smaller.

Focusing on the non-conventional DWC configurations, again the
attention is initially on the heat duty or variable design that may di-
rectly affect the IR value. For example, those designs with higher reflux
ratio will also generate a higher reboiler heat duty, increasing the IR

values. However, all those schemes considered in the case study were
previously optimized, with both economic and environmental objective
functions. Therefore, during this optimization procedure, a group of
designs with several design variables to generate both low economic
and environmental impact, named heat reboiler duty, reflux ratio, etc
are obtained. This presumption may be corroborated in Table 3–4, even
though scheme J) separates the ABE mixture with lower energy in
comparison with the other no-conventional DWC schemes, the differ-
ence is not bigger than 15 % among the designs from D) to J).

From a purely economic point of view (see Table 3), it can be seen
that all configuration tested have a TAC which deviated<30 %, with
Fig. 3c having the worst economic performance while Fig. 3g having
the best economic performance with respect to the total annualized cost
of operations. While this difference is noticeable it is not a sufficiently
significant difference. To this end when thinking of process im-
plementation the factor of technology readiness level (TRL) comes into
effect. Technology readiness level (TRL) metric which was originally
developed by NASA can be used to rate how close to implementation of
given process technology is [48]. In the context of the alternatives as-
sessed in this work, the process alternative with the least process
complexity would have the highest TRL as these alternatives combine
two proven technologies. From an economic risk point of view, a pro-
cess alternative with a higher TRL would have a significantly lower risk
of failure during operations as such a risker economic outlook. When
considering this TRL based economic risk together with the< 30 %
overall deviation in expected cost saving it can be concluded that from
a practical implementation point of view, the configuration with the
least complexity (hence the higher TRL) would be the best option.

Table 4 shows the main parameters to design schemes 2(e) and 2(g)
such as number of stages, reflux ratio, reboiler heat duty, feed stage and
interconnection flows between column sections. Considering a column
section as a portion of the distillation column not interrupted by en-
tering or existing both mass streams and/or heat flows, Table 4 shows
diameters of each section of every schemes. An interesting explanation

Table 3
Performances Indexes for the cases of study.

Performance Indexes Fig. 2 a) Fig 2 b) Fig 2 c) Fig 3d) Fig 3e) Fig 3f) Fig 3 g) Fig 3 h) Fig 3i) Fig 3j)

TAC [k$ yr-1] (Errico et al. (2017) 111.86 122.99 128.45 108.54 105.57 115.5 101.78 100.85 100.59 97.88
EI99 [kpoints yr-1] (Errico et al. (2017) 17.5 19.5 16.74 13.73 12.93 14.34 13.3 12.79 14.74 12.22
IR (Probability/y) 5.04E-04 2.56E-04 5.04E-04 2.56E-04 5.04E-04 2.56E-04 5.04E-04 5.04E-04 5.04E-04 2.52E-04
CO2 emissions [Ton/h] 0.458 0.614 0.490 0.405 0.385 0.378 0.397 0.427 0.393 0.352
E factor [kg/kg] 8.024 8.021 8.021 8.020 8.034 8.023 8.024 8.023 8.065 8.026
MI [kg/kg] 1.003 1.001 1.001 1.000 1.009 1.003 1.003 1.003 1.030 1.004
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Fig. 6. Energy requirements for each separation alternative.
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comes from column diameter; note in Table 4 diameters of section
1+ 2, 4, 3+ 5 and 6 are given. Diameter 1+2 represents the diameter
of the first column after LLE column, 0.577m. On the other hand, the
entire diameter of the DWC is 0.5769m; however, note that diameter is
resulting from the synthesis methodology of joining the section 6
(0.288m from a rectifying section in previous synthesis steps) and
sections 3,4 and 5 (0.288m) from a thermodynamic equivalent scheme
[18]. So, the sum of both lengths, section 4 (or 3) and 6 is equal to
0.5769m and must be interpreted as the distance between the wall
inside the column and the outer surface of the column. In the same way,
Fig. 3e, section 3+4 is

With this in mind, the analysis must be focused in another direction.
Note in Table 3 from D) to J), the schemes with the lowest IR values are
D) and J). Following the idea of last paragraphs, the Scheme D) per-
forms the separation of acetone-ethanol in a single conventional
column, generating a few contributions in comparison with the column
to separate butanol, reducing the IR values about 50 %. On the other
hand, the main reason for IR reduction in scheme J) is the reduction of
equipment. In other words, note that scheme J) performs the entire
purification in a single equipment, in this way the risk associated of
scheme J) is also reduced about 50 %, in comparison with those
schemes with at least two vessels.

Moreover, an interesting role in the inherent safety lays on the
thermal couplings. For example, once a thermal coupling is introduced
in scheme D) to produce E) the IR value increases. Nonetheless, starting
from F) with a thermal coupling, G) is obtained, in the same way de-
spite the relative similarity on its topology, the thermally coupling in-
crease the IR value about 51 %.

However, despite scheme J) presents the higher number of internal
thermal couplings the synthesis methodology allows to obtain equip-
ment with a single shell, which seems to have major importance to
reduce the IR value.

Regarding the green metrics, greenhouse gas emissions, E-factor,
and Mass Intensity; in light of Table 3, the complete set of ten schemes
seems to have a relatively good behavior. Considering the greenhouse
gas emissions, it is evident that there is a direct correlation with the
reboiler heat duty in Fig. 6. Moreover, those ten designs spend little
energy in comparison with conventional separation. Therefore, the
main correlation on decreasing CO 2 emissions is the process in-
tensification. In other words, as long as the process acquires a high level
of intensification, it allows reducing energy consumption and the CO2

emission. With this in mind, it is clear that the first three designs A), B)
and C) emit the highest amount of CO2, about average 25 % higher than
non-conventional DWC schemes. Otherwise, from D) to J) the emissions
decrease while reaching the minimum value in the design J), where the
highest level of intensification is introduced.

Even that the difference between schemes A)-C) and D)-J) is clear
considering the level of intensification, there is also a clear difference

among D)-J). In other words, from the scheme D) to J). For example,
the scheme J which we consider as the most intensified since performs
the entire separation in a single shell, is the scheme with the lowest CO2

emissions. This difference is totally related to the topology and opera-
tive conditions. Clearly, scheme J) is designed with lower reflux ratios
and the amount vapor/liquid is also lower in comparison with the other
intensified alternatives.

On the other hand, the E-factor presents values close to the values
presented for bulk chemicals, all cases the E-factor is almost 8 and the
bulk chemicals is 5 (Sheldon, 2007); however, this E-factor is relatively
higher in comparison with the oil refining industry, i.e. the theoretical
direct competence. The mass intensity values for all cases considered in
this study were almost 1, not far away from zero, which is the utopic
value [49]. It is interesting to observe how these values are related to
the recovery restriction fixed on the optimization procedure as minimal
recoveries. In other words, as long as the recovery increase both the E-
factor and Mass intensity values will improve. Nevertheless, even if E-
factor and MI values increase, will directly affect the CO2 emission. If
recovery increase the design variables associated with this target will
change. Commonly, if reboiler heat duty increases the recovery rate of
the products also increases; however, if the energy consumptions in-
crease also the CO2 emission increases (depending on the energy source
and its carbon footprint).

The SVD technique requires transfer function matrices, which are
generated by implementing step changes in the manipulated variables
of the optimum design of the distillation sequences and registering the
dynamic responses of the three products under a open-loop policy. For
the distillation sequences presented in this work, four controlled vari-
ables were considered, the product mass composition of n-hexyl-
acetate, acetone, ethanol and butanol (Xn-hexyl-acetate, Xacetone, Xethanol

and Xbutanol). Similarly, four manipulated variables were defined, the
reflux ratios (R), lateral flow (LF, only in the scheme A) and the heat
duties supplied to the reboilers (Q);. After the optimum designs were
obtained, open-loop dynamic simulations were obtained in Aspen
Dynamics in order to obtain the transfer function matrix. Table 5 shows
the transfer function matrix generated by using step changes 1 % in the
manipulated variables and recording the dynamic behavior of the four

Table 4
Design and Operating Parameters for the Configurations in Fig. 3(g) and 2e.

Fig 3g Columns Section Fig 3e Columns Section

Extractor 1+ 2 4 5+3 6 Extractor 1+ 2 3+4 5+6

Number of stages 5 43 26 71 7 5 43 46 32
Feed location — 13 — — — — 33 — —
Reflux ratio — — — — — — — —
Distillate flowrate [kg h-1] — — — 7.7 — — — — 7.701
Residue flowrate [kg h-1] — 712.1 13.6 — 0.3 — 712.1 13.6 0.316
Liquid split flowrate [kg h-1] — 43.4 17.3 — 0.42 — 43.4 17.38 —
Extract flowrate [kg h-1] 733.8 — — — — 733.8 — — —
Solvent flowrate [kg h-1] 712.1 — — — — 712.1 — — —
Diameter [m] 0.335 0.577 0.288 0.577 0.288 0.335 0.288 0.666 0.299
Pressure [kPa] 101.3 101.3 101.3 101.3 101.3 101.3 101.3 101.3 101.3
Condenser duty [kW] — 0 0 11.233 0 — 0 0 0
Reboiler duty [kW] — 69.92 0.633 0 0.022 — 64.7 3.096 1.86

Table 5
Matrix of transfer functions for case J).

Q1 (KW) Q2 (KW) Q3 (KW) R (mol/mol)

XHexyl acetate (%w/w) −
+
0.3836

1 2.73s
−
+
0.004

1 2687.63s
−
+
0.0004

1 61.2917s
−
+
0.0604

1 1.518s
Xbutanol (%w/w)

+
2.1574

1 0.3522s +
0.008

1 6745.96s +
0.0052

1 54.16s
−
+
0.06

1 1.64s
Xethanol (%w/w)

+
0.6370

1 127.845s
−
+
0.0164

1 49.53s +
0.0064

1 92.62s
−
+
0.1128

1 20.8137s
XAcetone (%w/w) +

+ +
0.0001

1 1.174s
0.67

1 13.98s
−
+
0.0024

1 43.4693s
−
+
0.0092

1 43.59s
−
+
0.0024

1 1.4356s
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product mass compositions (Xn-hexyl-acetate, Xacetone, Xethanol and Xbutanol).
The transfer function matrix shown in Table 5 corresponds to the ar-
rangement J. It can be noted that the dynamic responses can be ad-
justed in general to first order models. Similar transfer function matrix
can be obtained for other schemes.

Fig. 7 presents the minimum singular value. For this case study the
configurations G) and A) show the highest value of σ*. The results in-
dicate that configurations that present two interconnecting thermal
links in top or bottom or a DWC as last equipment will show better
dynamic behavior. It can be expected that those options will present
better closed-loop dynamic behavior for both set-point tracking and
load rejection in comparison to other distillation sequences being stu-
died. On the other hand, sequences I) and D) show the lowest minimum
singular value. At low frequencies A), D) and J) showed the lowest
condition number and highest minimum singular value. These results
indicate that arrangements with only one interconnecting thermal
linking or thermal links in side stream will present the worst control
properties.

The condition number is displayed in Fig. 8. Similar control results
to minimum singular value are shown: sequences with two

interconnecting links in top or bottom or a DWC as last equipment
display good dynamic behavior. From a physical point of view, low
values of the minimum singular value and high values of the condition
number imply large movements in the control valves for changes in the
set-points and load rejection. Segovia-Hernández et al. [50] remark that
the control in a side stream, in intensified separation configurations,
present problems in dynamic behavior. This is perhaps because of its
inverse response behavior under open-loop operation. Tamayo-Galván
et al. [51] indicate that a reduction in the number of interconnections,
in intensified separation systems does not necessarily provide the op-
erational advantages. It is apparent that the presence of recycle streams,
instead of deteriorating the dynamic behavior of separation sequences,
may contribute positively to their dynamic properties. Also Lucero-
Robles et al. [52] have shown that the DWC located at the end of the
sequence can show good control properties. Therefore, the results
generated in this work are consistent with those previously reported in
the literature.

As preliminary conclusions, it is clear that as long the level of in-
tensification increases the inherent risk measured by individual risk,
decrease. In other words, the most intensified process shows better

Fig. 7. Minimum Singular Value for the cases of study.

Fig. 8. Condition number for the cases of study.
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values of IR in comparison with the less intensified process. Moreover,
combining unit operations and separation tasks is associated with a
reduction in energy demands and low greenhouse gas emissions. The
green process evaluation showed that the complete set of alternatives
exhibited relatively good values, with an E-factor of 8, near the
common values for bulks in chemical industries. Regarding the Mass
Intensity, the average values were about 1, not so far from the utopic
point of zero.

On the other hand, when the dynamic properties were evaluated,
good dynamic behavior is totally associated with the number of thermal
couplings. In other words, as long as the scheme becomes more in-
tensified the dynamic properties may improve. This correlation in-
tensification/dynamic properties have been previously studied in many
similar cases where the dynamic properties of intensified designs are
studied. For example, the works published by Gomez-Castro et al. [53]
concluded that the dividing wall columns may present better control
properties in comparison with its conventional equivalent; in the same
sense Sánchez-Ramírez et al. [21] concluded that for bio-butanol se-
paration, the intensified process, involving distillation columns with
side stream is better conditioned than less complex systems. Note
however, the scheme with the highest level of intensification did not
show the best control properties in all range of frequency. Only at low
frequencies, a relatively good dynamic behavior may be observed; in
operational terms it may indicate a well-conditioned process under low
disturbances. In future, systematic economic and sustainable assess-
ment of control structures will be beneficial for an in-depth under-
standing of the ways to overcome the challenges associated with control
and operation of highly intensified unit operations [54].

5. Conclusions

In this work, the inherent risk, the green process evaluation, and the
control properties were tested to a set of 10 hybrid designs, designed
with an LLE extraction column and distillation columns, including at
least one DWC for bio-butanol purification. The evaluated schemes
were separated into two groups named conventional DWC and non-
conventional DWC columns. A previous work [18], reported a reduc-
tion of about 22 % of the TAC and 18 % of an environmental index for
the alternatives with the highest level of intensification (I and J). In this
work, regarding inherent risk, a tendency was observed, to separate
acetone-ethanol in a single column will produce a lower effect on IR
value in comparison with other separations since the pair acetone-
ethanol represents the lowest amount of matter in a classical ABE
mixture. In brief, to perform this separation in a single column reduce
the IR value about 50 %. In the same way, to reach a high level of
intensification also allows improving the IR value. For example, the
scheme J), were the entire ABE purification is performed in a single
shell, showed a reduction of about 50 % in comparison with the other
separation schemes. Besides, a tendency between thermally couplings
and IR values was observed, the substitution of a single stream for a
thermally coupling increase the IR values.

According to green metrics results, the CO2 emissions, a similar
trend is observed, as long as the intensification level increase, the en-
ergy invested reduce jointly the CO2 emissions. Moreover, the complete
set of separation alternatives showed relatively good values of E factor
and Mass Intensity in comparison with current chemical industries.
However, in order to increase those green metrics and improve its va-
lues, it is necessary to reduce wasted materials on each alternative.
Evidently, the reduction is probably accompanied by energy require-
ments, which probably results in CO2 increasing, so it would be inter-
esting to reach and find a middle point for all the green metrics.

The control properties study showed marked trends regarding the
thermal couplings, a reduction in the number of interconnections, in
intensified separation systems does not necessarily provide the opera-
tional advantages originally expected given the resulting, simpler,
structural design. Apparently, the presence of recycle streams, instead

of deteriorating the dynamic behavior of separation sequences, may
contribute positively to their dynamic properties.

In general terms, the scheme with a high level of intensification
showed relatively good dynamic properties at low frequencies.
However, the scheme with the highest level of intensification (scheme
J), even though at low frequencies presents relatively good dynamic
behavior, is not actually the best one. In other words, as long as the
high level of intensification is reached, not always the best dynamic
properties may be obtained, a similar conclusion is obtained in the
application of intensification techniques applied to ethanol purification
[55]. Nevertheless, the scheme J), is competitive regarding IR, green
metrics, and dynamic properties in comparison with the other alter-
natives.

In this manner, as long as the process increases its level of in-
tensification for bio-butanol purification, also increase their green
properties. In other words, the intensified downstream process is able to
improve almost all green metrics in order to be a more sustainable
process. It is well-known that the entire process to produce biobutanol
depends on several previous factors, however, this work shows that this
kind of intensified process possess many green metrics if the intention is
to be fitted in an entire process under the same trend/approach for
further direct comparison with the traditional process to obtain bu-
tanol.
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