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Abstract
The selection of solvents in the chemical industry is typically based on performance and
economic considerations. Other relevant aspects, such as the safety implications that a
given solvent generates for the process, are generally left for their consideration after the
design of the process has been completed. In this work, an approach for solvent selection
including safety considerations at the design stage of the process is presented. The safety
component is included through a consequence analysis using an average distance for the
risk of death as the major parameter. The approach is applied to the design of extractive
distillation systems, for which a pre-selection step for the solvent is used, followed by the
formulation of a multiobjective optimization problem in which both economic and safety
aspects are taken into account. The approach is applied for the purification of bioethanol,
for which solvents that offer the best cost-safety compromise are identified.

Keywords. Extractive distillation; Multiobjective optimization; Process safety; Solvents;
Bioethanol

1. Introduction
Solvents are widely used in chemical and processing industries to aid in many separation
processes. For instance, extractive distillation separates azeotropic mixtures into high purity
products by the addition of a solvent, or entrainer. The search for candidate solvents for a

given separation is a major task in process design, and can be performed following different
criteria. For instance, Luyben and Chien1 have proposed a screening procedure for solvents
based on isovolatility, equivolatility and binary VLE diagrams. This method is fast and
evaluates solvents ahead of equipment design. Another approach was proposed by Kossack
et al.,2 who developed a framework for entrainer selection based on solvent properties and a
rectification body method, linked to the application of an optimization method for the
process design. These works show examples of the efforts to provide methodologies for
solvent selection. However, one relevant factor such as safety is typically not considered as
part of the search for solvents, even when safety is a natural concept related to the use and
selection of solvents. Regarding this point, pioneering work was reported by Patel et al.,3
who used a screening methodology based on desired safety properties using computer aided
molecular design (CAMD) to find safer entrainers for a liquid-liquid extraction system.
One limitation of this work is that an optimization of the process was not carried out.
In this work, inherent safety is considered as part of the factors to design a separation
process that involves solvents. Inherent safety is a concept that provides a valuable tool for
process design, since it aims to avoid risk instead to relying on protection devices once the
process has been installed. Potential incidents, or disruptions in the process that pose some
type of risk, are anticipated and assessed. Several principles have been developed to
account for inherent safety, the main ones being substitution, intensification or
minimization, attenuation or moderation, limitation of effects, and simplicity.4 Applications
of inherent safety in process design are limited by the lack of a standardized measurement
method. Some indeces have been proposed to account for inherent safety in complete
plants.5,6,7,8 However, their use for process design applications is limited because they are
not sensitive to variations in the design variables. An alternative approach is that by Khan
and Amyotte,9 who proposed a quantification of inherent safety aided by the application of
a consequence analysis methodology. The idea behind this application is that changes in the
equipment design will also change consequences in case of an incident.
The objective of this paper is to develop a design method that includes safety for separation
systems that require solvents. The method is applied to the design of extractive distillation
processes. Economic terms are measured through total annual cost calculations, and safety
is considered following inherently safe design principles. As a parameter to measure
inherent safety, we use a consequence analysis to calculate a distance likely to cause death
(DD), which provides a good metric for the initial design of the process, when a plant
layout and information on the number of workers nearby are not yet available. This
procedure gives rise to a multi-objective optimization problem, in which economic and
safety metrics are conflicting factors to be minimized.
2. Design Methodology

The approach used in this work for the optimal design of extractive distillation systems
including a solvent screening stage is shown in Figure 1. First, a pre-selection step gives a
set of potential solvents that meets specified safety properties. Potential solvents are found
using the ProCAMD tool available in the ICAS software version 15.0, which is based on
computer aided molecular design (CAMD). A screening for potentially safer solvents is
applied at this point. Next, optimal design and operating conditions are found taking into
account economic and safety considerations as part of a multi-objective optimization
method, which is carried out using genetic algorithms. The safety component is quantified
through an analysis of the consequences that an incident may cause within the process,
leading to the value of a distance likely to cause death (DD). The total annual cost (TAC) is
used to measure the economic performance of the process. Within the optimization
procedure, ASPEN simulation, and TAC and DD subroutines work as black boxes as part
of the implementation. The principles of moderation and minimization are applied at this
point of the methodology for an inherently safer design. The final assessment of the
combination of solvents and equipment design yields an effective substitution application
and an inherently safer design. The individual components of the methodology are
described below.

Figure 1. Approach used for the inherently safer design of extractive distillation systems.

3. Pre-selection of solvents
Computer aided molecular design (CAMD) provides the capability to find components that
meet desired properties.10 ProCAMD, a CAMD application available in the ICAS
(Integrated Computer Aided System) software, is used in this work as part of a preselection step to find entrainers with potential for the separation process in terms of
performance and safety. The potential solvents must meet some safety properties to avoid
dangerous materials. ProCAMD is based on the hydrid methodology for CAMD that
predicts property values using experimental data, when available, and group contribution
models. ProCAMD provides a set of predefined properties that the user can select within
the search for solvents.
The safety properties available within ProCAMD toolbox are flash point and octanol/water
partition coefficient, both of which are used in this analysis. Flash point is related to
flammable hazard, and partition coefficient is indirectly related to toxicity through lethal
concentration (LC50).11 The octanol/water partition coefficient is related to intoxication
hazard, and it can be estimated using a group contribution model.12 In order to consider a
material as not hazardous, its flash point should be greater than 300-330 K, and its LC50
greater than 2 mg/l.3,5 An inherently safer solvent should consider reactivity as well, but in
this analysis we assume that there is no reaction in the distillation system. Restrictions for
not forming new azeotropes and for the boiling point of the solvent are specified as a part
of performance properties. As a result of this pre-selection step, a set of potential solvents is
obtained. A limitation of CAMD is that, from the list of solvents, several new molecules
could be detected that might not be yet synthesized or commercially available. The set of
solvents subject to analysis, therefore, is limited to those included in the ICAS database.
The selected solvents have different performance and consequently different optimal
designs, which depend on the solvent-mixture interrelations. In terms of the inherent safety
principles, an efficient application of the substitution concept must analyze solvent
properties and solvent performance within the process. The reason is that sometimes the
amount of solvent needed is more important in terms of risk than its properties.

4. Inherent Safety
As an inherent safety metric, the risk of death in terms of distance (DD) is used in this
work. Thus, a safer process gives a lower value of the risk distance that might affect
workers. Such value is calculated within a subroutine in MATLAB, based on the CCPS
Guidelines for Chemical Process Quantitative Risk Analysis.13 The consequence analysis

assumes that a hazard identification analysis has been already developed, and a set of
catastrophic incidents has been identified. The risk analysis for extractive distillation of this
work is based on the treatment presented in the CCPS guidelines book for a conventional
distillation system. Risk is a function of probability and consequences. The probabilities of
the catastrophic incidents are taken from the CCPS source.13 Those values were calculated
through a frequency analysis procedure using fault and event trees for incident
identification.
4.1 Consequence analysis
Figure 2 shows the calculation procedure for a consequence analysis of a process unit. First,
the catastrophic event is selected; when there is more than one event, the procedure is
repeated for all catastrophic events. The consequence analysis models a spill source, the
dispersion of the spilled material, the characteristic variable of the catastrophic incident,
and the effect of the characteristic variable of the incident. The models of each item in
Figure 2 depend on the specific catastrophic incident. These items are described below. In
this work, the consequence analysis is carried out for each of the three process units, the
extractive column, the recovery column, and the storage tank (see Figure 3). Domino
effects are not considered.

Figure 2. Major steps for a consequence analysis application.

Figure 3. Process flowsheet for the extractive distillation system.

4.2 Source Models
There are two ways in which a spill can be modeled. The first one considers a case when
the material is released all at once or, in practice, a large amount of mass is released in a
very short period of time. This incident is referred to as an instantaneous spill. In the
second scenario, the material is released continuously and the model is non-time dependent,
which is identified as a continuous spill.
4.2.1 Instantaneous spill
The source model for an instantaneous release for the three units considered here is given in
Equation 1. The released material is taken as the total amount of mass within the column,
reflux drum, and condenser and reboiler. The mass within the column, or recipient,
𝑚𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡 , is calculated by means of volume, 𝑉𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡 (assuming a cylinder shape), vapor
and liquid fraction, 𝑓𝑣𝑎𝑝𝑜𝑟 and 𝑓𝑙𝑖𝑞𝑢𝑖𝑑 , and their densities, 𝜌𝑣𝑎𝑝𝑜𝑟 and 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 . Mass inside
reflux drum and reboiler, 𝑚𝑐𝑜𝑛𝑑 and 𝑚𝑟𝑒𝑏 , are considered at maximum capacity. Reflux
drum and reboiler capacities are based on 12 and 6 minutes of feed respectively. The total

mass released from a column unit due to an instantaneous release, Q∗𝑐𝑜𝑙𝑢𝑚𝑛 , is the sum of
the mass inside the column, the reflux drum and the reboiler. For the storage tank, the
∗
amount of released material, 𝑄𝑡𝑎𝑛𝑘
, is calculated from the tank volume and the liquid
density.
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(1)

4.2.2 Continuous spill

The model for a continuous release for the three units is shown in Equation 2. The flow of
released mass, ṁ , initiates from a pipe or recipient leaking gas or liquid. The mass released
as a leak is considered as a mixture of vapor and liquid. The model follows the guidelines
of CCPS13 and assumes vapor sonic flow.
𝑚̇𝑙𝑖𝑞𝑢𝑖𝑑 = ρACD �2 �

g c Pg
+ ghL �
ρ

⎫
⎪
⎪
⎪

(k+1)⁄(k−1)
kg c M
2
𝑚̇𝑣𝑎𝑝𝑜𝑟 = 𝑚̇𝑐ℎ𝑜𝑘𝑒𝑑 = CD AP1 �
�
�
⎬
R g T1 k + 1
⎪
⎪
𝑚̇𝑙𝑖𝑞𝑢𝑖𝑑 + 𝑚̇𝑐ℎ𝑜𝑘𝑒𝑑
⎪
𝑚̇ =
⎭
2

(2)

4.3 Dispersion Models for Spills
The two types of releases have different dispersion models.13,14,15 The dispersion model by
Pasquill-Gifford16 is used in this work. This model is simple and represents passive
dispersion. The following dispersion conditions are assumed: rural field, class F stability
(very stable) and slow wind velocity conditions, which provide conservative results.
Equations 3 and 4 provide models for ground level release due to instantaneous and
continuous dispersions. The instantaneous dispersion coefficients are modeled for unstable
conditions, to provide conservative results. The instantaneous release is time-dependent.

The average downwind concentration for both models, < C >, is a function of location,
(x, 0,0), wind velocity, 𝑢, and dispersion coefficients in Cartesian directions (σx , σy
and σz ).
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4.4 Characterization of catastrophic incidents
We assume that an extractive column and a tank have the same failure frequencies as a
conventional distillation column. The following types of catastrophic incidents are
considered: boiling liquid expanding vapor explosion (BLEVE), unconfined vapor cloud
explosion (UVCE), flash fire due to an instantaneous release (FFI) and due to a continuous
release (FFC), and jet fire (JF). The models to describe the catastrophic incidents are
discussed below.
4.4.1 BLEVE
A BLEVE occurs when there is an instantaneous release, followed by immediate ignition.
The two main hazards in a BLEVE incident are the release of projectiles and thermal
radiation. We consider here only thermal radiation as the characterization variable.
Equation 5 shows the BLEVE characterization model, which involves empirical and
radiation equations. Emissive radiation hazard, Er , is a function of the instantaneously
released material, Q∗ , diameter of the fireball, Dmax , duration of the BLEVE, t BLEVE , and
thermal emissive power, E. Mudan and Croce17 have proposed an expression for partial
pressure, Pw , as a function of relative humidity, RH, and air temperature, Tair . In this

analysis, the combustion heat radiation fraction, R, was taken as 0.4 in order to obtain
conservative results.18
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4.4.2 UVCE
UVCE is the result of an instantaneous release that finds an ignition source when the
atmospheric conditions allow the formation of a vapor cloud. The UVCE main hazard is
overpressure, po . A TNT model is used, which is based on the association of TNT
explosion with the solvent combustion heat Hcomb and the released mass, Q∗ , considering
an explosion efficiency, ηe . The distance of interest for this incident is DDUVCE .
Mathematical expressions to characterize UVCE are given in Equation 6.13
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4.4.3 Flash Fire
A flash fire is produced by any type of release that finds ignition after a flashing cloud of
material is formed. Flash fire does not have a well-accepted characterization model due to
the complexity of the physical phenomena. An alternative for the characterization of this
incident is to consider DD as the distance where the concentration is equal to the lower
flammability limit (LFL).19 The distances at LFL are calculated using equations 3 and 4 for

instantaneous and continuous releases. The variable DDincident is related to the distance x
in such equations.
4.4.4 Jet fire
A jet fire is produced by the combustion of a continuous pressurized leak that finds
immediate ignition. In general, jet fire has lower consequences than the other incidents, but
it has a higher probability of occurrence. The main hazard of a jet fire is thermal radiation,
Er , which depends on the discharge rate, ṁ r , flame size, Lflame, heat of combustion, Hcomb ,
and point view factor, FP. The jet fire model is given in Equation 7.13
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4.5 Model for prediction of effects
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A Probit model is used to quantify the effects of the characteristic variable or main hazard
of incidents. Probit models are generalized time-dependent functions, which can be used for
toxic, thermal radiation and blast effects. This method relates the damage as a fraction, P,
with a probit variable, Y. Then, this probit variable is related to the characteristic variable,
𝑉, and fixed constants, k1 and k 2 . The Probit model is given in Equation 8,13 with values
for constants and causative variables reported in Table 1.
𝑌 = 𝑘1 + 𝑘2 𝑙𝑛𝑉

𝑃 = 50 �1 +

⎫
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Table 1 Parameters for the Probit model
Event type
Thermal Radiation
(BLEVE, JET FIRE)
Overpressure
(UVCE)

𝒌𝟏

𝒌𝟐

−14.9

2.56

−77.1

6.91

�

𝑽

t e ∗ I4/3
�
104
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4.6 Calculation of distance likely to cause death

In general, risk is defined as a function of frequency and consequences. In this work,
consequences are taken as the distance at which there is a 50% probability of death. Given
a set of catastrophic incidents CI, the average distance, 𝐷𝐷𝑎𝑣𝑒𝑟 , is defined by the sum of all
incident distances, 𝐷𝐷𝑖 , times their probability of occurrence, 𝑃𝑖 . Equation 9 shows the
calculation of DD, where CI refers to all catastrophic incidents for all units.
𝐶𝐼

𝐷𝐷𝑎𝑣𝑒𝑟 = � 𝑃𝑖 𝐷𝐷𝑖

5. Implementation of the Methodology

𝑖

(9)

Three components are needed for the implementation of the safety-cost optimization
methodology (see Figure 1). Such items are described in this section.
5.1 Safety Calculation Subroutine
A subroutine calculates the average value of DD using a consequence analysis. From
Equation 9 the incident distances are calculated for every design. In order to calculate
individual distances (𝐷𝐷𝑖 ) the model of the incident must be applied. Since DDs are
distances where the percentage of death is 50%, the damage is fixed to 50% (𝑃 = 0.50) in
Equation 8, which provides the value of the characteristic variable (V), which can be
thermal radiation or overpressure (see Table 1). Then, this value is substituted into the
corresponding characterization model of the incident (Equation 5, 6, or 7) and solved
simultaneously with the corresponding source model (Equation 1 or 2). In the case of flash

fire, equations 1 and 3 give the effects due to an instantaneous release and equations 2 and
4 to a continuous release. Once individual distances have been calculated, DD𝑎𝑣𝑒𝑟 is
obtained from Equation 9.
5.2 ASPEN Plus Simulation Subroutine
Figure 3 shows the flowsheet for an extractive distillation system. In ASPEN Plus, the
recycled stream has a purity specification design to ensure that purity and flowrate of the
entrainer stream are the same as the recycle stream. In addition there is a purity
specification for the top product of the extractive column. In both specifications, the reflux
ratio is the design variable. The input information needed by the subroutine are values for
the eight optimization variables. Then the values are assigned within ASPEN Plus, and the
results are sent to a subroutine in MATLAB, which reports the equipment design and
energy requirement to the optimization algorithm.

5.3 TAC Subroutine
The total annual cost includes the capital cost of equipment (columns, reboilers, condenser
and storage tank), assuming 2 ft spacing between trays for the columns plus an additional
20% for the top and bottom sections.20 The heat transfer coefficients are 0.852 and
0.568 kW/K-m2 for the reboilers and condenser respectively. The capital cost payback
period is assumed at 3 years.20 The steam cost is $4.7/KJ. Table 2 summarizes the TAC
components.

Table 2. Values for total annual cost calculations
Vessel (diameter and length in meters)
Capital cost = 17,640 (D)1.066 (L)0.802
Condensers (area in m2)
Capital cost = 7296 (area)0.65
Reboilers (area in m2):
Capital cost = 7296(area)0.65
𝑻𝑨𝑪 =

𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡
+ 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡
𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑

6. Optimization Algorithm
The model is a multi-objective optimization problem that establishes trade-offs as paretooptimal solutions to optimize both safety and economic constraints. The optimization
variables include the pressure, the number of stages and the feed stages for each column,
and the entrainer flowrate and entrainer feed stage for the extractive column. The rigorous
model that describes the physical phenomena is highly nonlinear, and in this case it is
solved through the use of the ASPEN Process simulator. Derivative free optimization
(DFO) techniques provide a suitable choice for the optimization of these types of
problems.21 DFO methods have been applied for the optimal design of complex distillation
systems, as in Garcia-Herreros et al.22 who used a simulated annealing algorithm for the
optimization of extractive distillation, and Gutiérrez-Antonio and Briones-Ramírez23 who
used a multi-objective genetic algorithm for the design of thermally coupled distillation
columns. In this work, the search for an optimal solution is carried out via the DFO method
of genetic algorithms.
The multi-objective optimization problem can be formulated as,
min(𝑇𝐴𝐶, 𝐷𝐷𝑎𝑣𝑒𝑟 )
𝑠. 𝑡.
𝐹𝑠𝑒 −𝑁𝑇𝑒 ≤ −1
𝑆𝑆𝑒 − 𝐹𝑠𝑒 ≤ −1
𝐹𝑠𝑟 −𝑁𝑇𝑟 ≤ −1
𝑀𝐸𝑆𝐻 𝑚𝑜𝑑𝑒𝑙: 𝑓(𝒙) = 0
𝐷𝐷𝑎𝑣𝑒𝑟 𝑚𝑜𝑑𝑒𝑙: 𝑔(𝒙) = 0
𝑇𝐴𝐶 𝑚𝑜𝑑𝑒𝑙: ℎ(𝒙) = 0
𝒙𝑳 ≤ 𝒙 ≤ 𝒙𝑼

(10)

Where 𝒙 is the set of design variables, 𝐹𝑠𝑒 , 𝑁𝑇𝑒 , and 𝑆𝑆𝑒 , are the feed stage for the
azeotropic mixture, the total number of trays, and the solvent feed stage for the extractive
column; 𝐹𝑠𝑟 , and 𝑁𝑇𝑟 are the feed stage and total number of trays of the recovery column.
The MESH model is provided by the ASPEN Plus simulation subroutine, 𝐷𝐷𝑎𝑣𝑒𝑟 𝑚𝑜𝑑𝑒𝑙 is
the DD subroutine and 𝑇𝐴𝐶 𝑚𝑜𝑑𝑒𝑙 is the TAC subroutine.

We use the ε-epsilon method for the solution of the multi-objective optimization problem.
A set of Pareto curves that reflect the compromise between economics and safety is thus
generated. The procedure starts with two minimization problems. In the first one,
minimization of the TAC objective without DD constraints is obtained. In the second one,
the DD minimization is carried out without constraints on TAC to produce another
solution. This procedure identifies the range in which one of the variables, in this case the
distance likely to cause dead, can be used as a constraint as part of a series of problems
minimizing the other objective, in this case the total annual cost. The first solution then
identified the maximum value for 𝐷𝐷𝑎𝑣𝑒𝑟 , or 𝜀 𝑚𝑎𝑥 , while the second solution provided the

minimum value, or 𝜀 𝑚𝑖𝑛 . Therefore, the range of distance for death for the analysis is
identified (𝜀 𝑚𝑖𝑛 ≤ 𝐷𝐷𝑎𝑣𝑒𝑟 ≤ 𝜀 𝑚𝑎𝑥 ), and a set of optimizations is carried out with a
problem of the form,
Min TAC
s.t.

Plus other constraints in Equation (10)
Where

is varied between their minimum and maximum values.

7. Case study
The selected case study consists in the design of a purification process of bio-ethanol. For
the sake of this analysis, we assume that the feed mixture to the extractive distillation
system has been pre-concentrated after the fermentation step to an ethanol content of 80
mole percent. A flowrate of 100 Kmol/h is assumed, and the desired molar purity for
ethanol is 0.96847. We used the methodology described above to find alternative entrainers
for this process.
The ProCAMD tool included in ICAS software was first used to find potential solvents that
met a set of desired properties. The solvent boiling temperature had to be greater than the
water boiling point (Tb>100°C). Flash point constraint was fixed as greater than 353K
(TFP>353 K) and the LC50 value as lower than 2 mg/lt, which is related to the octanol/water
partition coefficient (logKow <3). A specification to prevent the formation of new
azeotropes with ethanol or water was set.
A total of 282 solvents that meet the specified safety properties were identified by
ProCAMD toolbox within ICAS. Figure 4 gives a representation of the position of such
solvents in a flash point versus octanol/water partition coefficient diagram. The safer
solvents are the ones with lower partition coefficients and higher flash points (i.e. solvents
close to the upper left hand corner of Figure 4).

Figure 4. Position of different molecules for safe solvents obtained from ICAS.

ProCAMD found 282 compounds with the desired properties. Out of those, 15 compounds
are included in the database of ICAS; the remaining solvents are therefore new molecules
that could potentially be developed with appropriate safety properties. The list of solvents
identified as candidates for entrainers along with their relevant properties are available in
Table S1 of the Supporting Information. From the set of 15 candidates given by ICAS, the
two top solvents with respect to their safety properties (dipropylene glycol and diethylene
glycol) were selected for further analysis. Dipropylene glycol was selected because it was
the safest solvent with respect to flammable hazard (𝑇𝐹𝑃 = 421.65𝐾), and diethylene
glycol because it was the safest from toxicity considerations (logKow =-1.07). Additionally,
two solvents commonly used as entrainers for this separation (ethylene glycol and dimethyl
formamide) were also considered.
The four selected solvents were subjected to the optimization procedure that included safety
and economic considerations. The parameters for the GA algorithm were taken from the
work by Gutérrez-Antonio et al.,24 in which those values were used with good results for
the design of other complex distillation systems. For the consequence analysis, we took the
catastrophic incidents and their probability of occurrence as reported in CCPS.13 From this
step, the Pareto curves reported in Figure 5 were obtained. The design details for each of
the points in the Pareto curves (i.e. for each value of 𝜀 used for the multi-objective
problem) is available in Table S2 of the Supporting Information. From those results, it can
be observed that the process using ethylene glycol needs a smaller extractive column, and
the process using dipropylene glycol, the safest solvent from flammability hazard

considerations, requires the largest single equipment, which is the first column of the
separation sequence. Also, the solvent flowrates for diethylene glycol and dipropylene
glycol, the safest solvents, are higher, with a molar solvent/feed ratio of 1.2 to 1.6, which is
equivalent to 4 to 7 times the amount of solvent needed with respect to the ethylene glycol
and dimethyl formamide, the commonly used entrainers. Thus, the safest solvents from the
pre-selection step drive designs with higher inventory within the separation system, which
affects another one of the principles for process safety. In addition, the use of diethylene
glycol and dipropylene glycol require a higher pressure for the separation. All these factors
affect the analysis of consequences and are translated into a higher 𝐷𝐷𝑎𝑣𝑒𝑟 . These safe
solvents are not as effective for carrying out the separation, which affects the amount and
operating conditions required for the extractive distillation process. Hence, the individual
safety properties of the solvents must be complemented with a risk analysis for the process
in order to provide a more complete safety assessment. The resulting Pareto fronts reflect
such observations. One can observe in Figure 5 that in terms of the consequence analysis
the safest solvent for the extractive distillation process is dimethylformamide. However, it
is important to point out that the intoxication incident for this solvent was not considered
due to the lack of constants for a probit model. This is relevant for this case since
dimethylformamide has been related with cancer in workers who have been exposed to the
solvent.25 Therefore, the safety for the process using this solvent would need to be revised
with the inclusion of a toxicity probit model that needs to be developed for this molecule.
On the economic side, diethylene glycol provides the design with the lowest TAC. It can be
observed that the safer solvents from the pre-selection step yield slightly lower safety
results for the process, based on the consequence analysis, although they provide an
economic incentive for its consideration. It is interesting to observe that there is a flat
region of the Pareto curve for dipropylene glycol, indicating that different designs provide
the same economic output but with different inherently safety properties. The same is
observed for designs with diethylene glycol as entrainer, although the TCA for similar
safety metrics reach higher values.
From the Pareto fronts, one could also identify areas where the replacement of a
commonly-used entrainer by an inherently safer solvent provides favorable cost-benefit
incentives. For example, in the highlighted square in Figure 5, referred to as opportunity
area, in economic terms the use of dipropylene glycol instead of ethylene glycol provides
an incentive with savings of 200,000 $/yr for similar values of the distance likely to cause
death.

Figure 5. Pareto fronts obtained for the candidate solvents.

Some additional detail on the individual results for the economic and safety parameters is
given in Figure 6. The results for the individual optimization of TAC and DDaver, which
correspond to the extreme points of the Pareto curve, are first shown. When TAC was
minimized, diethylene glycol and dipropylene glycol gave the most economical designs,
with dimethyl-formamide giving the most costly option. When DDaver was optimized,
dimethyl formamide and ethylene glycol provided the safest designs (although, as discussed
above, dimethyl formamide should be analyzed further due to evidence of cancer risk),
while diethylene glycol gave the design with the largest distance of affectation. The solvent
properties, valid for any point in the Pareto curve, are also shown. Dipropylene glycol
provides the lowest partition coefficient, with diethylene glycol being the most toxic
option, although it gives the highest flash temperature.

Figure 6. Total annual cost and values of safety parameters for the four solvents.

The results from this application show that the pre-selection step of inherently safer
solvents must be complemented with the design of the process that includes a consequence
analysis in order to assess the overall safety performance. In this way, properties such as
relative volatilities provided by the solvents, which were not considered during the preselection process, are taken into account since they affect reflux ratios and equipment
dimensions, and such effect is included as part of the design and economics of the resulting
distillation sequence.
The safety/economic analysis that was used in the search for entrainers for the bioethanol
purification process via extractive distillation identified the use of dipropylene glycol as a
solvent worth of consideration, since it could provide a design with favorable economics
and a good compromise with its safety characteristics.
8. Conclusions
An approach for the screening for solvents based on safety properties and a consequence
analysis as part of the design of the process has been presented. The safety principles here

considered are aimed at developing an inherently safer design of the process. The proposed
approach has been applied to the design of extractive distillation systems. A pre-selection
step, aided by the CAMD module of the ICAS software, was used in order to identify
components with desired safety properties. A set of potential solvents that accomplished
safety heuristics was then selected and embedded into the formulation of a multi-objective
optimization problem, whose solutions provided the best compromise between safety and
economics, measured through distance likely to cause death and total annual cost. The
results showed that, for the case study here considered, the safer solvents from the preselection step were less effective to carry out the separation than two solvents of common
use, such that higher amounts were required, which affects safety principles based on
minimum inventory. However, the Pareto curves indicated that dipropylene glycol, a
component identified as an inherently safer solvent from the pre-selection step, can be an
entrainer worth of consideration for the purification of bioethanol. The design based on
dipropylene glycol can provide favorable economics with similar process safety metrics
with respect to ethylene glycol, a commonly-used entrainer for this process. The approach
presented here represents an effort to include safety as part of the design of industrial
processes, and in particular can be extended to other separation systems that are based on
the use of solvents.
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Nomenclature
𝐴 Hole cross-sectional area (m2)

𝑎, 𝑏, 𝑐𝑖 UVCE constants for overpressure peak calculations

< 𝐶𝑐 > Average concentration due to a continuous spill (Kg/m3)

< 𝐶𝑖 > Average concentration due to an instantaneous spill (Kg/m3)
𝐶𝐷 Discharge coefficient

𝐶𝑇 Fuel mole fraction in a stoichiometric fuel-air mixture

𝐷𝑚𝑎𝑥 Maximum diameter of fireball (m)

𝐷𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡 Diameter of recipient (m)

𝐷𝑡𝑎𝑛𝑘 Diameter of storage tank (m)

𝐷𝐷𝑎𝑣𝑒𝑟 Average distance likely to cause death (m/yr)

𝐷𝐷𝑖 Distance likely to cause death of the catastrophic incident 𝑖 (m)
𝑑𝑗 Diameter of the jet, physical diameter of the nozzle (m)
𝐸 Radiative emissive flux (KJ/m2s)

𝐸𝑟 Radiative emissive flux received by a worker (KJ/m2s)
F Feed flowrate (kg/s)

𝐹21 View factor

𝐹𝑃 Point source view factor (m-2)

𝐹𝑠𝑒 Feed stage in the extractive column
𝐹𝑠𝑟 Feed stage in the recovery column

𝑓𝑙𝑖𝑞𝑢𝑖𝑑 Liquid fraction inside recipient
𝑓𝑣𝑎𝑝𝑜𝑟 Vapor fraction inside recipient
𝑔𝑐 Gravitational constant

𝐻𝐵𝐿𝐸𝑉𝐸 Height of the fireball (m)

𝐻𝑇𝑁𝑇 Heat of combustion of TNT (KJ/Kg)

𝐻𝑐𝑜𝑚𝑏 Energy of combustion of the fuel (KJ/kg)

𝐻𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡 Height of recipient (m)

𝐻𝑡𝑎𝑛𝑘 Height of storage tank (m)
ℎ𝐿 Liquid head (m)

𝑘 Specific heats relation

𝑘1 , 𝑘2 Probit constants

𝐿𝑓𝑙𝑎𝑚𝑒 Length of the visible turbulent flame measured from break
point (m)
𝑀 molecular weight (Kg/Kmol)

𝑚̇ Mass released due to continuous release (Kg/s)

𝑚̇𝑐ℎ𝑜𝑘𝑒𝑑 Gas discharge rate, choked flow (Kg/s)
𝑚̇𝑙𝑖𝑞𝑢𝑖𝑑 Liquid mass discharge (Kg/s)

𝑚̇𝑣𝑎𝑝𝑜𝑟 Vapor released discharge (kg/s)

𝑚𝑐𝑜𝑛𝑑 Mass released from condenser (Kg)
𝑚𝑟𝑒𝑏 Mass released from reboiler (Kg)

𝑚𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡 Mass released from recipient (Kg)

𝑁𝑇𝑒 Total number of trays of extractive column (-)
𝑁𝑇𝑟 Total number of trays of recovery column (-)
𝑃 Probability (%)

𝑃1 Upstream absolute pressure (bar)
𝑃𝑔 Upstream gauge pressure (KPa)

𝑃𝑖 Probability of catastrophic incident 𝑖 (yr-1)

𝑃𝑤 Water partial pressure (N/m2)

𝑝𝑜 Peak side-on overpressure (Pa)

Q∗ 𝑐𝑜𝑙𝑢𝑚𝑛 Released mass from distillation column (Kg)
Q∗ 𝑡𝑎𝑛𝑘 Released mass from storage tank (kg)

𝑅 Radiative fraction of the heat of combustion

𝑅𝐻 Relative humidity (%)

𝑅𝑔 Ideal gas constant (J/Kmol/°K)

𝑆 Total number of stages

𝑆𝑆𝑒 Solvent feed stage in the extractive column

𝑇𝐴𝐶 Total annual cost ($/yr)
𝑇𝑎 Air temperature (K)

𝑡 Time of interest in instantaneous release (s)

𝑡𝐵𝐿𝐸𝑉𝐸 Duration of fireball (s)
𝑡𝐵𝐿𝐸𝑉𝐸 Duration of fireball (s)
𝑢 Wind velocity (m/s)

𝑉 Causative variable (thermal radiation, overpressure)

𝑉𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡 Volume of the recipient (m3)
𝑉𝑡𝑎𝑛𝑘 Volume of the tank (m3)

𝑊 Equivalent mass of TNT (Kg)

𝑋𝑠 Path length distance (m)
𝑥 Downwind distance (m)

𝒙 Vector of optimization variables

𝑌 Probit variable

𝑦 Cross-wind direction (m)

𝑍 Scaled range TNT equivalency model (m/Kg1/3)
𝑧 Distance above the ground (m)

Greek symbols
𝜂 Thermodynamic efficiency of the stage

𝜂𝑒 Empirical explosion efficiency

𝜌𝑙𝑖𝑞𝑢𝑖𝑑 Liquid density (kg/m3)
𝜌𝑣𝑎𝑝𝑜𝑟 Vapor density (kg/m3)

𝜎𝑥 Dispersion coefficient in x direction (m)

𝜎𝑦 Dispersion coefficient in y direction (m)
𝜎𝑧 Dispersion coefficient in z direction (m)

𝜏𝑎 Atmospheric transmissivity fraction
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Figure 1. Approach used for the inherently safer design of extractive distillation systems.

Figure 2. Major steps for a consequence analysis application.

Figure 3. Process flowsheet for the extractive distillation system.

Figure 4. Position of different molecules for safe solvents obtained from ICAS.

Figure 5. Pareto fronts obtained for the candidate solvents.

