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A systematic procedure proposed here selects optimal solvent blends for nonreactive,
multicomponent absorption processes accounting for plant-wide point source environ-
mental interactions. This approach, based on the optimal design technique for pure
solvents developed in our earlier work, involves the identification of all agent-based
operations (such as gas absorption and liquid extraction) within the process of interest,
the determination of a list of candidate solvent blends satisfying separation task opera-
tional and environmental constraints, and the selection of an optimal solvent blend
candidate based on global plant-wide process and environmental constraints. The pro-
cedure features new property and operational feasibility constraints, a refined task-based
problem formulation, and a new solution strategy. Two examples are presented to
demonstrate the approach, and trade-offs between cost and environmental impact ob-

jectives are discussed.

Introduction

The systematic design of molecules with desired properties
is a key objective in the process industries. Computer-aided
molecular design (CAMD) (Gani et al., 1991) techniques are
increasingly being used to identify promising candidates from
among the enormous range of potential alternatives. Such
techniques are intended to develop molecules directly accord-
ing to property and performance specifications, most com-
monly by employing a reverse engineering approach of
systematically combining sets of structural groups.

In recent years, significant advances have been made in the
use of methods to predict physico-chemical and environmen-
tal properties for efficient molecular design (Fredenslund et
al., 1975; Joback and Stephanopoulos, 1989; Mavrovouniotis,
1990; Gao et al., 1992; Constantinou et al., 1994). These
methods have been employed in the computer-aided design
of polymers (Venkatasubramanian et al., 1994; Vaidyanathan
and El-Halwagi, 1996), extractants (Gani and Brignole, 1983;
Macchietto et al., 1990; Naser and Fournier, 1991), solvents
(Brignole et al., 1986; Pretel et al., 1990; Klein et al., 1992;
Gani and Fredenslund, 1993; Odele and Macchietto, 1993;
Pistikopoulos and Stefanis, 1998), solvents in reactive systems

Correspondence concerning this article should be addressed to E. N. Pistikopoulos.

AIChE Journal

(Modi et al., 1996), and refrigerants (Duvedi and Achenie,
1996b; Churi and Achenie, 1996).

The solution algorithms employed include enumeration
techniques (Derringer and Markham, 1985; Stephanopoulos
and Townsend, 1986; Joback, 1989; Joback and Stephano-
poulos, 1989, 1995), knowledge-based approaches (Brignole
et al.,, 1986; Klein et al.,, 1992; Gani et al.,, 1991, 1993;
Modi et al., 1996), graph reconstruction methods (Gordeeva
et al.,, 1990; Kier et al., 1993), multistage strategies (Naser
and Fournier, 1991; Gani and Fredenslund, 1993), genetic
algorithms (Venkatasubramanian et al., 1994), artificial in-
telligence (Bollis et al., 1991), local MINLP optimization
(Macchietto et al., 1990; Odele and Macchietto, 1993; Vaid-
yanathan and El-Halwagi, 1996; Duvedi and Achenie, 1996b;
Pistikopoulos and Stefanis, 1998), mixed integer linear
optimization for linear structure-property relations (Con-
stantinou et al., 1996), and exact reformulations for specific
nonlinear structure-property relations (Maranas, 1996) later
extended to quantify the effect of uncertainty on optimal
molecular design (Maranas, 1997).

Environmental objectives have been included both implic-
itly (Constantinou et al.,, 1994) and explicitly (Duvedi and
Achenie, 1996b; Pistikopoulos and Stefanis, 1998).
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Despite the plethora of material design techniques, few
have been applied to the problem of optimal material blend
design. However, as processing and environmental demands
become ever more stringent, the identification of appropriate
single molecules becomes ever more difficult. Material blend
design provides access to a wider range and combination of
properties than single materials can offer. Furthermore, ma-
terial blends can be precisely tuned to meet the increasingly
demanding specifications.

Vaidyanathan and El-Halwagi (1996) recently applied
CAMD to polymer blend design. Joback (1989), Macchietto
et al. (1990), Klein et al. (1992), Gani and Fredenslund (1993)
and Dunn et al. (1997) considered solvent blend design, while
Duvedi and Achenie (1996a) considered refrigerant mixture
design. Joback proposed an interactive (nonautomated) ap-
proach to group-based solvent blend design, while Macchi-
etto et al. put forward a UNIFAC-based technique for sol-
vent blend design but applied it only with predetermined
molecules. The remaining authors extracted their compounds
from a database of complete compounds. Solvent blend de-
sign represents a key process engineering activity since sol-
vents are used pervasively in the chemical industries to effect
separations, store raw materials, quench reactions, purify
products, clean process equipment, provide media for crystal-
lization, and so on. In this article, we present an algorithmic,
group-based, computer-aided molecular design approach for
the optimal design of solvent blends for nonreactive, multi-
component absorption.

Two key issues in solvent design are solvent compatibility
with downstream operations and plant-wide environmental
considerations. Only on a global process basis can the selec-
tion of solvents lead to consistent, cost optimal, and environ-
mentally benign results. In order to take account of these
issues in a systematic way, Pistikopoulos and Stefanis (1998)
extended their Methodology for Environmental Impact Mini-
mization (MEIM) (Pistikopoulos et al., 1994) and applied it
to optimal solvent design for single solvents.

Since solvents must satisfy cost, processing, environmental,
safety and health related specifications, solvent selection is a
very complex problem. MEIM provides the framework to
tackle problems of this type, and is a design methodology for
the assessment and minimization of the environmental im-
pact of process systems. It relies on principles of life cycle
analysis, which are embedded within a formal process opti-
mization framework. In this way, environmental objectives are
considered along with economics at the design stage, so as to
determine cost-effective solutions to waste minimization
problems.

In this work we show how the solvent design procedure
within MEIM can be extended for the systematic identifica-
tion and selection of blends of environmentally benign sol-
vents for nonreactive, multicomponent absorption. The pro-
posed developments include new property and operational
feasibility constraints, a refined task based problem formula-
tion, and a new solution procedure.

Motivating Example

Consider an industrial flowsheet for reduction of acryloni-
trile (ACN) and dimethyl-formamide (DMF) emissions from
an acrylic fiber manufacturing process (Pistikopoulos and
Stefanis, 1998). As illustrated in Figure 1, gaseous effluents
from the acrylic fiber plant are treated in two consecutive
separation steps. Vapors rich in ACN and DMF coming from
the main plant are mixed with those coming from the head of
the packed column C-1701 and fed to a second packed col-
umn which uses very large quantities of demineralized water
as a solvent.

The contaminated water is fed to an existing water treat-
ment system. Although selective towards DMF, water ex-
hibits poor selectivity for ACN, so that the ACN levels in the
treated gas leaving column C-1702 are unacceptably high.
However, the cost of piping this gas to the closest flare is
prohibitive, so that the vapors are released directly to the
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Figure 1. Gas treatment.
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Table 1. Environmental Damage and Cost of Existing
Gas Treatment System

ACN Emissions (ppm) 60
Process CTAM (ton air/h) 1,170
Treatment Cost (M$/yr) 4.1

environment. ACN is subject to a strict urban concentration
limit and emissions incur a high environmental penalty cost
(4 ppm and $60/ppb y, respectively). Thus, the existing
process exhibits very poor economic and environmental per-
formance, as presented in Table 1.

Several retrofitting attempts on the design and operation
of the main process retaining water as solvent have been un-
successful, due to the poor selectivity of water towards ACN.
Clearly then, the process is a candidate for solvent substitu-
tion by which we should be able both to increase separation
selectivity and reduce solvent flow. Replacement of the sol-
vent water with an organic compound necessitates a solvent
regeneration column with an associated capital cost. How-
ever, an alternative is to introduce into the water an addi-
tional solvent which is compatible with the existing water
treatment and disposal system. This approach incurs only the
cost of the continual consumption of this solvent.

This example gives rise to the following issues regarding
the importance of solvent selection and its effect on the envi-
ronment and plant economics:

e In multicomponent absorption, a single solvent compo-
nent may not exhibit the appropriate properties which are
necessary to satisfy the processing and environmental con-
straints; a solvent blend may be more appropriate and more
economical.

e The choice of the solvent affects the environmental and
economic performance of the separation task; a systematic
procedure for solvent selection is required to improve the
process operational and environmental performance on a task
level.

e Solvent alternatives ought to be tested in terms of their
process and global environmental and economic perform-
ances; a process wide verification is necessary to account for
difficulties associated with solvent regeneration while global
plant-wide verification is necessary to account for additional
waste inputs to the process such as the pollution associated
with meeting plant energy requirements.

We address these issues by extending the solvent design
procedure of Pistikopoulos and Stefanis (1998) to allow the
design of solvent blends for nonreactive, multicomponent
absorption. This procedure represents an application of
the Methodology for Environmental Impact Minimization
(MEIM) (Pistikopoulos et al., 1994) which is summarized
below.

MEIM: Brief Overview

The methodology for environmental impact minimization
is a systematic tool for the estimation and minimization of
the range of adverse effects of processing systems on the en-
vironment. This tool includes the following steps: the defini-
tion of the process system boundary, the environmental im-
pact assessment of the emissions of the system and the syn-
thesis of environmentally benign processes.
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The methodology is flexible with respect to the choice of
system boundary, which may be local or global so as to cap-
ture not only the conventional process emissions but also
those associated with the manufacture of inputs (raw materi-
als, capital, and energy) and the use of outputs.

The environmental impact assessment involves the compi-
lation of an emissions inventory for the process of interest—
the vector of gaseous, liquid and solid waste disposed to the
environment from within the defined system boundary—and
the transformation of this inventory into an impact vector.
The emissions inventory, typically of high dimensionality, re-
lies only on the mass of pollutant discharged and gives no
indication of the form or extent of the actual damage that the
emissions inflict on the environment. In order to reduce the
high dimensionality of this vector and measure the environ-
mental burden of the releases, the inventory is transformed
into an impact vector by aggregating the emissions into im-
pact metrics according to the form of the environmental bur-
den caused (Pistikopoulos et al., 1994). Both routine and
nonroutine releases may be treated in this way (Stefanis and
Pistikopoulos, 1997).

As illustrated in Table 2, the initial waste vector is trans-
formed into a condensed environmental impact vector that
consists of metrics to measure pollution related to energy,
global warming, air pollution, water pollution, and so on. In
general, routine and nonroutine environmental damage can
be classified as short or long term. Short-term environmental
assessment is the measurement of damage at the point source
of release (to air, water or soil). Long-term environmental
assessment includes both measurement of the modification of
the environment (such as through global warming and so on)
and determination of pollutant fate, accounting for pollutant
reactions and interactions in order to estimate the ultimate
environmental impact of a set of emissions (Pistikopoulos and
Stefanis, 1998). In this work we consider the short-term im-
pact for a continuous, routine release scenario.

Table 2. Transformation of Emissions Inventory to
Environmental Impact

Initial Vector Condensed Vector

Energy contents of feedstocks
and byproducts

Processing energy

Transport energy

Primary energy

Css Indirect global warming
C,s Photochemical oxidation
Other volatile organic compounds

CO,, CH,
CFCs, N,O

HCFCs, CCl,, CH;CCl,
SO, Acid rain

NH,, CO
NO, Toxic air pollutants
HCI, SO,

Acids

Heavy metals

Dissolved, suspended solids
BOD

Solid wastes

Global warming (direct)

Toxic water pollutants

Solid wastes
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The last step, which constitutes the heart of the methodol-
ogy, is the incorporation of the environmental impact criteria
into an overall process synthesis and optimization strategy.
The process synthesis problem then conceptually involves de-
termining the best design and plant operation featuring mini-
mum environmental impact at minimum annualized cost on a
plant wide basis. Formal multiobjective and/or parametric
optimization techniques (see, for example, Acevedo and Pis-
tikopoulos, 1996) can be applied to certain classes of this
problem to obtain the Pareto space of (parametric) optimal
solutions with respect to cost and the various components of
environmental impact.

A large proportion of chemical plant emissions originate
from the separation block, so that the selection of separation
agents may have a profound effect on the environmental per-
formance of a process. Although these agents could concep-
tually be considered as distinct design alternatives, in many
cases there exists a very wide variety of candidates.

To address these issues, MEIM was extended to include
principles of computer-aided molecular design (Pistikopoulos
and Stefanis, 1998), in which a set of structural groups are
systematically combined to form molecules with desired envi-
ronmental and processing properties. In particular, the third
step of the methodology was decomposed into a step-wise
procedure which facilitates the selection of environmentally
benign solvents while at the same time improving the separa-
tion efficiency and helping to meet plant-wide environmental
and operational targets. In this article, we further extend this
approach to the design of solvent blends.

Optimal Solvent Blend Design for Minimum
Environmental Impact

In order to account for ecological considerations in solvent
blend design, the following problem is addressed here:

Given
a processing manufacturing scheme with specified reaction

routes, separation/purification alternatives and a set of con-
stituent organic groups

the objective is

to identify the best blend of feasible agent molecules with
optimal separation performance while simultaneously mini-
mizing the adverse effects of the process on the environment
at reduced cost.

The following three step procedure is applied (Pistikopou-
los and Stefanis, 1998), involving:

e the identification of agent-based operations within the
process of interest (such as gas absorption, liquid extraction)
and specification of performance constraints for each separa-
tion task,

e at the separation task level, the determination of a list of
candidate solvent blends satisfying processing and environ-
mental constraints and,

e at the process level, the selection of an optimal solvent
blend (from the list) based on global plant-wide process and
environmental constraints.

Such a step-wise procedure, detailed in the subsequent
sections, is particularly suitable since it reduces the combina-
torial complexity and avoids unnecessary computations.
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Solvent Blend ldentification Formulation:
Separation Task Level

Overview

The nonreactive, multicomponent absorption solvent blend
identification problem can be defined as follows. Given, (i) a
multicomponent stream of fixed flow rate and composition,
(ii) an absorption task with known operating conditions, (iii)
a set of structural groups (such as -CH,, —CHO ...) and
their associated group contribution parameters, (iv) the type
of agent molecule required (acyclic, monocyclic, or bicyclic),
and (v) a minimum composition approach, for each pair of
process/agent streams, so as to ensure feasible mass transfer,
then the objective is to design a blend of feasible agent
molecules featuring optimal separation performance and
minimum environmental impact. In the analysis, we assume
constant inlet/outlet stream mass flow rates, isobaric opera-
tion at a known pressure P, 100% pure and regenerable
solvents, no reaction occurring in the separation tasks, negli-
gible enthalpies of solution and homogeneous mixtures. We
also accept the inherent inaccuracies of the many property
prediction techniques and the thermodynamic models we em-
ploy since, while the influence of parameter uncertainty on
property prediction is an important issue, it is beyond the
scope of the current work.

Our formulation is based on that reported by Pistikopoulos
and Stefanis (1998), however, we include some additional
property equations and operational feasibility constraints.
Furthermore, we introduce a reformulation of the UNIFAC
equations and a new solution procedure.

The model consists of five sets of equations: a set of struc-
tural and chemical feasibility constraints for the solvent
molecules, pure component physical and environmental
property prediction equations, nonideal multicomponent va-
por-liquid equilibrium equations (reformulated UNIFAC
equations), mixture property based operational feasibility
constraints, and our process model. The sets employed in the
model are shown in Table 3. All equations are detailed be-
low, followed by a description of our solution technique.

Structural and chemical feasibility constraints

According to Odele and Macchietto (1993), if a collection
of groups is to form a structurally feasible molecule, two con-
straints must be obeyed. The octet rule ensures that solvent
s, made up of groups j, has zero valency (that is, there are no
remaining free attachments between the groups)

Y (2=y)ng=2m, VseS (¢))
i

where ng; is the number of times group j occurs in solvent s,

v; is the valency (the number of free attachments) of group j

Table 3. Task Based Model Sets

| Set of all molecules i
i Alias for i

S(cl) Solvent molecules

NS (cl) Nonsolvent molecules

J Set of all structural groups j
nj, mj Aliases for j
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and m=1, 0 or —1 for acyclic, monocyclic, and bicyclic com-
pounds, respectively. Equation 2 ensures that no two adja-
cent groups are linked by more than one bond (Odele and
Macchietto, 1993) and, furthermore, that only one molecule
is formed from any set of groups

z‘,nsjznsj(uj—l)u, VseSs, jel 2

]

Note that these rules do not imply unique molecular connec-
tivity; for group sets of four or more, there may be several
possible connectivities. In this case each connectivity should
be considered as a separate candidate in the verification ex-
ercise.

An additional set of constraints is necessary to ensure
chemical feasibility in the generated molecules and to limit
the extent of the optimization search space. A set of such
constraints were derived for the group sets selected in our
example problems by studying Archer (1996) who provides a
list of 289 industrial solvents. The constraints which were de-
veloped, according to the listed solvents, preclude certain
combinations of groups, limit the occurrences of certain
groups with certain others and provide upper and lower
bounds on the number of functional and secondary groups
which may appear within the generated solvent molecules.

Constraints developed in this way are empirical and are
not based on chemical properties. However, they are both
reasonable and appropriate for our example problems. Simi-
lar sets of rules for other applications may be readily devel-
oped by consulting lists and tables of molecular physical and
thermodynamic properties which are widely available in the
open literature. More general rules encompassing a wider
range of groups are available, for example, in Constantinou
et al. (1996), although the origin of these rules has never been
published.

In order to write our chemical feasibility constraints, we
introduce the binary (zero/one) variable INT;, where t is
the number of times group j occurs in solvent s. t runs from
zero to ty,ax and so provides an additional upper limit on
the occurrences of all groups in each solvent. INT,;, takes the
value unity if group j occurs t' times in solvent s, and zero
for all other values of t#t". INTy;, is related to ng; in the
following way

ng= 2 t-INT, VseS, je) 3
t

Y INT; =1, VsesS, jel @)
t

The chemical feasibility constraints are written in terms of
both ng; and INT;, as shown below. These equations are
provided for illustration only, and a full list of the chemical
feasibility constraints derived from Archer is provided in Ap-
pendix A.

e The maximum and minimum numbers of groups are lim-
ited as follows

2.n;<9, Vse$S
i

Vse S

2ng=1,

]
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e The maximum number of functional groups is limited to
four

Ns, cH,coo t Ns cHy,coo + Ns chyo T Ns cH,0

+ Ng coch, T Ns,coch, T Ns,cHo T Ns.on <4, VSES

e The hydroxyl group may appear up to three times

Ngon <3, VseS

e Groups CH,COO, CH,;O and CH,O never appear to-
gether

2 (INT, ch,c00,t HINTg chyo. +INT cyo.) <1, VSES
t

The need for INT;, is clear if we consider this last equation.
If we were to substitute ng; for INTg;, we would not only
preclude the occurrence of any of the three groups with the
other two, we would also limit the occurrence of each group
to at most once in any solvent. INTy;, is also used to develop
integer cuts as part of our solution procedure (see the sub-
section on solution procedure).

Note that we do not impose any constraints to prevent the
same solvent appearing more than once in any solution. Thus,
although the number of solvents to be selected is fixed by the
dimension of the set S, some of the generated molecules may
be the same. In this way, we do not force the generation of
blends. The algorithm is flexible to select any number of dif-
ferent solvents subject to the maximum imposed by set S and
if a single solvent solution satisfies all constraints, it is not
excluded.

Note also that in addition to structural and chemical feasi-
bility constraints, efficient group preselection rules (such as
those proposed by Jaksland and Gani, 1996) can reduce the
computational size of the problem and prevent selection of
suboptimal molecules.

Pure component physical and environmental property
equations

A key element of task-based solvent blend identification is
the determination of the important pure component and mix-
ture properties for the task and the formulation of appropri-
ate property constraints. Many properties may be employed
in the design of absorption solvents. In this section we discuss
the pure component properties that we have selected for our
model and list the property prediction methods we use. Mix-
ture properties and the associated operational feasibility con-
straints are dealt with in the subsequent sections.

The solvent molecules are not known in advance, and we
construct them from groups. Group contribution techniques
provide direct access to many of the pure component proper-
ties we need using molecular structure information only.
However, many pure component properties depend not only
on structure but also on at least one other factor (such as
temperature). Such properties may be predicted using corre-
lations. Thus, we employ a mixture of group contribution
techniques and equation oriented property prediction ap-
proaches.
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Since the nonsolvent molecules are known in advance, we
are sometimes able to estimate their properties through much
simpler routes, or even enter them as parameters in some
cases. This minimizes the computational complexity of prop-
erty prediction.

Vapor Pressure. Pure component vapor pressure is central
in determining the vapor-liquid partitioning of our compo-
nents. For the solvent molecules, we use the Cox-Antoine re-
lationship, from Reid et al. (1987), which gives reduced vapor
pressure P.t%; as a function of the boiling point, critical tem-
perature and pressure of solvent s with accuracy < +10%.

Iog f Ve ( Sb : ( Scr )|Og f o VS € S (5)
,red 1
S, re -I-Scr -I—Sb T CS S

where
C,=—18+0.19T>, VseSs (6)

For the solvents, low vapor pressure is desirable, since this
implies low solvent loss. Therefore, we include an upper
bound for the solvent vapor pressures in our model
PJap < pYaPUP - Yse S @)
For the nonsolvent molecules, we employ the appropriate
form of the Antoine equation, again from Reid et al. (1987).
The solvent normal boiling points and critical parameters are
predicted using the following methods.
Normal Boiling Point. The group contribution method of

Joback (1984) is employed to estimate solvent boiling points
TS (K)

TP =198+ ) n;8°, VseS €)
j

where Sjb is the contribution of group j from tables. To facil-
itate separation in solvent regeneration and to avoid the for-
mation of azeotropes, the boiling points of the solvents should
be significantly higher, or lower, than those of the nonsolvent
molecules that we wish to absorb. Furthermore, low solvent
boiling points imply high solvent loss, whereas high solvent
boiling points imply high energy demand in regeneration.
Therefore, we bound the solvent boiling points as follows

TP <TP<TS, VseS 9)
where

TP >Th™ t e, or TP <T2™"—¢, VseS (10)
where e is an adjustable minimum approach temperature
parameter. The normal boiling points of the nonsolvent
molecules are entered as parameters.

Critical Properties. We use the critical parameters in pre-
dicting not only solvent vapor pressures, but also the liquid
molar volumes, heats of vaporization, and heat capacities for
all materials. Nonsolvent critical parameters are entered as
parameters. Based on Joback (1984) and Horvath (1992), the
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critical temperature T°" (K), pressure P°" (bar), and volume
V¢ (cm®/mol) for solvent s are estimated using the following
group contribution expressions

b
s

2
:0.584+O.9652n5j8f—(ZnstjT), Vses (11)
i i

Tor
S
cr l
P = 5, VseS (12)
(0.133+o.0032 natem _ Znsjajp)
j
sj6’s VSES (13)

VT =175+ ) ng 8"
j

where &, §°, 6, are the group contributions for group j
and n2°™ js the number of atoms in the molecule s.

Compressed Liquid Molar Volume. To maintain a homoge-
neous mixture and prevent phase separation, the densities of
the solvents should not be widely different. We estimate the
solvent densities through the compressed volumes.

According to Reid et al. (1987), Hankinson and Thomas
(1979) present the following correlation for saturated liquid
density V;% (cm3/mol)

sat
Vi

v =Vi?R(l— wSRKVi‘?R), vViel (14)

1
V% =1+ a(1— T 4+ b(1—T7) 7 4+ ¢(1 - T)
+d(1-T7*)"” Viel,025<T*4 <095 (15)

o (e e g(Te) + n(Tred)’)
Vilr = )

(Ti*¢ ~1.0001) vie!

0.25<Trd<1 (16)

The values of the constants for Eqs. 15 and 16 are given in
Table 4. V;* is a component characteristic volume which may
be estimated as follows

cr

i
Viﬂ< = Picr

(a+boggi +cwdpg), Yiel  (17)

Values of the constants in Eq. 17 are given for several classi-
fications of compounds in Reid et al. (1987).

Alternatively, V;* may be replaced by the critical volume
with a resulting error in V;** of up to 4%. wgg« is the acen-
tric factor which forces the Soave equation to give a best fit
of existing vapor pressure data. This may be replaced by the
true acentric factor if necessary, again with an associated er-
ror of up to 4% in V%,

Thompson et al. (1982) extended this approach to the pre-
diction of compressed liquid molar volumes (Reid et al., 1987)

Table 4. Constants for Saturated Liquid Density Equations

a —152816 b 143907 ¢
e —0.296123 f 0.386914 ¢

—0.81446 d
—0.0427258 h

0.190454
—0.0480645
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Table 5. Constants for Compressed Liquid Density
Equations

a —9070217 b 62.45326 d
g 020047 h 114188 |

—135.1102 f 4.79594
0.0861488 k 0.0344483

sat B+P P
Vi=Vi 1-cln m , VYiel (18)
1
where
B _ SNV ory23
F——l—ka(l—Ti) + (1_Ti)
1

+d(1-T) +e(1-T)", Vviel (19)

e= e(f+g“’SRK+h(“)SRK)2)’ Viel (20)

C=j+ ko, Viel (21)
The constants for Egs. 18-21 are given in Table 5. We bound
the solvent densities as follows, where mw, is the solvent
molecular weight, in g/mol

mw;
°< <pP VseSs (22)

S

P

Enthalpy. In order to write energy balances within our
process model, we must estimate the enthalpies of our proc-
ess streams and the enthalpy changes associated with vapor-
ization and condensation. We first calculate pure component
liquid and vapor enthalpies relative to 273.15 K from

Hla(T) = fC"da viel (23)

HYe(T) = / c"q dT + AHi"a”(Tib)+fTZCgf‘de,
Viel (24)

The enthalpy of the mixture for each stream is then approxi-
mated by

Hiq = 2 HMX{
i
vap Z H; vapx !

Heat Capacity. We estimate the ideal gas molar heat ca-
pacities C3% (J/mol-K) and liquid molar heat capacities C"q
(J/mol - K) 'of all materials using the following polynomlal
equations

(Z”u 3793) (ZnijA{)+0.21)T
i
+(Zn”AjC_s'glxmq)Tz’L(Z“ijA"d+2.06><10*7)T3,
j j
viel (25)
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Clia _ coas 1
PPl —1.45+045(1-T?) " +0.25X o,
R

0.33

X [17.11+25.2(1— Tred) e 4 1.742(1- TirEd)il] :

Viel (26)

where T4 ; is the reduced temperature of each compound i
and the coefficients AL, A}, Al and A}, are group contribu-
tion parameters from Joback and Stephanopoulos (1989). ;
denotes the acentric factor of molecule i, which may be esti-
mated from the vapor pressure of molecule i at a reduced
temperature of 0.7 (Horvath, 1992)

—log, Pefi(T®*=0.7)~1.0, Viel (27)
Ideal gas molar heat capacities for the known nonsolvent
molecules are available directly as temperature-dependent
polynomials (Reid et al., 1987). However, there is virtually no
computational advantage in using these as opposed to the
above group contribution methods.

Heat of Vaporization. The Chen equation (Horvath, 1992)
provides a good estimate of solvent heats of vaporization
AH/'%8. This relationship yields only 1.82% average devia-
tion for many organic compounds. It employs the critical pa-
rameters and normal boiling point

b

TP[7.11log PT — 782+79Tcr
AH;'%5 = 75 , Viel (28)
107_W

Latent heat of vaporization decreases steadily with temper-
ature and reaches zero at the critical point. The Watson rela-
tion (from Reid et al., 1987) provides a correlation between
AH;* and T,

oper

red
i1

1-T18

AHivap(Tz)=AHi“p<T1)( ) viel (29

where a common choice for n is 0.38. High heat of vaporiza-
tion implies high energy demand in regeneration, so we im-
pose an upper bound as follows

AHS(T) <AHMS(T), Vses (D)

Nonsolvent heats of vaporization at 298 K are entered as pa-
rameters, but are modified for temperature according to Eq.
29.

Lethal Concentration. In order to measure the short-term
environmental impact of any materials released, we estimate
the toxicity of each compound i using the group contribution
technique of Gao et al. (1992). We use these toxicities as ef-
fective standard limit values (SLVs) for the emissions

—log (LC50;) = Zn,J a;, Viel (31)
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where LC50; is the lethal concentration of component i
(mol/L) causing 50% mortality in fathead minnow, and «; is
the contribution of group j.

Solubility Parameters.  Solubility parameters provide a good
indication of the compatibility of a solvent with a given sol-
ute. According to Hildebrand and Scott (1950), for the solu-
tion process to occur, the solubility parameter of the solvent
must be nearly equal to that of the solute. Conversely, when
there is a disparity between the two values, poor solubility is
predicted.

According to Hansen (1967), the total solubility parameter
8! of material i may be decomposed into three contributions:
the dispersive solubility parameter §°, the polar solubility
parameter 8,7, and the hydrogen bonding solubility parame-
ter 8", as follows

(8)=(8°)"+(87) + (a")’

These individual parameters may be used to identify a more
accurate solvent/solute match (Klein et al., 1992). They are
related to the activity coefficient of material i in the follow-
ing way (Lo et al., 1983)

Iy =1V —inV 4 [1- 2| 4+ Y [(s0_50Y
nyi—ni—n—i- _7+ﬁ(i_ )

+ A (a7 =57) + (a1 =5")]}

where V; is the molar volume of component i; V is the mole
fraction average molar volume; §°, §F, and & are the dis-
persive, polar forces and hydrogen bonding solubility param-
eters of component i, respectively; A, is a scaling factor and
5P, 57 and &M are the molar fraction averaged molar vol-
ume averages of the dispersive, polar forces and hydrogen
bonding solubility parameters, respectively. For example

Z X;V; 6,°

50—
invi
i

Here, we see quite clearly that similar solubility parameters
contribute to lower activity coefficients, and, thus, indicate
compatibility between solute and solvent.

Group contribution estimation techniques are available for
each solubility parameter (Small, 1953). However, according
to Joback (1989), they are neither linear nor linearizable.
Thus, using solubility parameter data from Barton (1983) for
77 compounds, Joback developed his own linear group con-
tribution estimation techniques. He argues that for most lig-
uid systems, the differences between the dispersive solubility
parameters are much smaller than the differences between
the polar and hydrogen bonding solubility parameters, so that
dispersive solubility parameters are frequently ignored. Thus,
he developed estimation techniques for §° and 8 only.

Since Joback did not employ a UNIFAC group set, we have
developed the following new linear group contribution esti-
mation techniques, based on UNIFAC groups, using data for
193 compounds taken from Archer (1996). Although the range
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of dispersive forces solubility parameter values shown in
Archer is indeed much smaller than the ranges shown for
both polar forces and hydrogen bonding solubility parame-
ters (12.3 < §° <206, 0 < 8" <26.2 and 0 < §H < 29.3), it is
not insignificant. Thus, we include all three solubility param-
eters

8P =).n; ;A ;0 +16.8316, Viel (32)
j

8" =N jA; ;» +3.4000, Viel (33)
i

SH=Yn; A ;n+9.8571, Viel (34
j

We have derived contributions for 33 UNIFAC groups. Full
details of these models, the group contributions, and the esti-
mation errors are given in Appendix B.

We estimate the solubility parameters of all of our materi-
als in this way. However, since the nonsolvent molecules are
known in advance, we pre-calculate their parameters and use
them to formulate bounds on the solvent solubility parame-
ters, to ensure solvent/solute compatibility

SSI,DIO = 55D = Ssl?up' VSES (35)
810 <87 <8, VsesS (36)
8o <8< 8, Vses (37)

Pure component property based mixture property
constraints

Pure component properties may be used to develop mix-
ture property constraints if (or, if we assume that) there are
no mixing effects. Under these conditions, the properties of a
solvent mixture may be estimated as linear combinations of
the properties of the pure solvents. For example, the disper-
sive solubility parameter of a solvent blend may be estimated
as follows

B = L2 Xgn 2
S

If the mixture property is bounded, such relationships pro-
vide mixture property based composition restrictions for a
solvent blend. For many properties, for example, bubble
point, this linearization represents a significant computa-
tional simplification.

In this work, linear mixing rules were used for computa-
tional simplicity. The impact of this depends on the materials
which make up the solvent blend. If the materials are similar,
so that deviations from ideal behavior are small across the
composition range, linear mixing rules may be considered
sufficiently accurate. However, when large deviations do oc-
cur, the use of such rules may compromise the optimal solu-
tions. In such cases the verification exercise may be employed
to check the mixture properties and adjust the blend compo-
sitions. Alternatively, full mixing rules may be used in place
of their less accurate linear counterparts in the task based
formulation, increasing the computational complexity.
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Multicomponent vapor-liquid equilibrium equations

Fugacity and activity coefficients account for nonideality in
multicomponent vapor-liquid equilibrium. The UNIWAALS
method as reported in Gani et al. (1989) may be used as an
equation of state to represent vapor (liquid) nonidealities and,
hence, predict the fugacity coefficient ¢; for each component
i as a function of composition, critical pressure, and tempera-
ture. However, in the examples presented, the fugacity coeffi-
cients are all approximated by unity due to the relatively low
operating pressures (that is, we assume ideal gas behavior).

We employ the UNIFAC equations to predict activity coef-
ficients. However, we do not use them in their original form;
we reformulate them, leading to some significant simplifica-
tions. The original UNIFAC equations and the procedure of
reformulation are detailed in the notation section and Ap-
pendix. Here we present the reformulated equations in their
programming form. We have defined some new variables
(C1;, R1, and so on) which simply represent groupings of the
original UNIFAC terms.

Overall Activity Coefficient Equation. The activity coeffi-
cient y; of component i, is made up of a combinatorial part
v¢ and a residual part vy,

Iny,=Iny*+Iny/, Viel (38)

Combinatorial Part Equations. The combinatorial term
takes into account entropy effects and depends on the size
and shape of the molecule. It is essentially a complicated
function of Q; and R;—the Van der Waals area and volume
of component i, respectively

Inyf=InR; _In(ZXiIiRii) —5Q;In R; —5Q; In(ZXiIiQii)
+5Q;In Qi+5QiIn(ZXi'iR”)—SQi+1+ C1,, Viel

(39

where
I:zi
o1, = (5T %10 1] TR, | e @O

Q; and R; are calculated simply by summing the appropriate
Van der Waals group area and volume contributions g; and
r;, respectively, obtained from Reid et al. (1987)

Ri=)nf Viel (41)
i

Qi=2ni,ijl Viel (42)
i

Residual Part Equations. The residual term is mainly gov-
erned by the energetic interactions between different groups
of molecules. It is itself a combination of two parts: a mixture
term and a pure component term

Iny/=R1,—R2,, Viel (43)
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The mixture term R1; represents the summation of the group
residual activity coefficients of all groups j from molecule i
in the mixture with all other molecules present

R1;=Q;— Zni,jqj In R3; + Q In( ZXiIiQii)
j i

R4, |
ij .
- —1 ], Vviel (44
;( R3; ) et
where

R3;= ZQijnii,mjxililﬁn\quITFf viel (45)
mj ii

R4i,j:Zni,quijJZnii,jxilitl’r}q/jlij, Viel, Vjel
mj ii

(46)

The pure component term R2; represents the summation of
the group residual activity coefficients of all groups j from
molecule i as if in a reference solution containing only
molecules of type i. This second term is necessary so that v;
becomes unity as X/ -1

R2;=Q;InQ; - Zni,jqj'ln(ZQmjni,mjlﬁn\{jlij , Viel
i mj

(47)

The interaction parameter for vapor/liquid equilibrium cal-

culations ;5 is given by

s = SO, aimics @)
ay;m; represents the interaction parameter for group nj with

group mj for vapor/liquid equilibrium calculations, reported
in Reid et al. (1987). For dilute aqueous solutions of organic
compounds, the interaction parameters reported by Chen et
al. (1993) may be substituted for those provided by Reid. Any
missing parameters are assigned the value of zero, as in Reid.
Note that ay-r; # ans5;, so that e # g -5,

To complete the UNIFAC reformulation, we must intro-
duce the following condition

Z Xl=1 (49)

This is necessary since we have eliminated several conditions
from the original UNIFAC model (see Appendices C and D).

Mixture property operational feasibility constraints

Two important issues for multicomponent absorption sys-
tems are azeotropy and liquid phase stability (that is, misci-
bility). For a feasible solvent regeneration operation, we must
avoid the existence of azeotropes, not only between the sol-
vents and the nonsolvents, but also between the solvents
themselves. Clearly, we also require complete mutual solubil-
ity for our solvent blend and for the mixture formed when
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the nonsolvent molecules are introduced. Phase splitting may
be detrimental to both absorption and regeneration opera-
tions and causes additional problems, such as pumping diffi-
culties.

Determination of Binary Azeotropic Points. For a binary
system, consisting of components i and ii, the following equi-
librium relationships apply

_ i PYePX;
i (bipoper

_ ¥ii Pii ° Xii
" ¢;; POPE"

If an azeotrope exists, the following conditions apply at the
azeotrope

Y_az = x_aZ
1 1
Yt = X
so that

Yiaz _ YiiaZ

-1
XiaZ Xi?z

Thus, substituting from the equilibrium expressions above and
assuming ideal gas behavior so that the fugacity coefficients
may be ignored, at the azeotrope we have

,yiazPivap — ,yI?ZPI\I/ap

where the products yP "2 represent the effective vapor pres-
sures exerted by the components in the mixture. This condi-
tion simply states that if an azeotrope exists, then at some
point on the composition scale, the effective vapor pressures
of the two components will be equal. For our purposes, it is
not necessary to identify the exact composition of any
azeotrope. It is sufficient to determine whether an azeotrope
exists, so that we can avoid such mixtures. We achieve this by
considering the effective vapor pressures at the extremes of
the composition scale.

When the mixture comprises of component i with compo-
nent ii at infinite dilution, the effective vapor pressures of
components i and ii are P;* and v ;P/® respectively,
where ;7 ; represents the activity coefficient of component ii
at infinite dilution in component i. Conversely, when the
mixture consists of component ii, with component i at infi-
nite dilution, the effective vapor pressures are given by
yi i PiY® and P;{®, respectively. If

PP > Yio?,i P.® and 'Via,cii p,VaP < Pp,/eP,

or

Pivap < ,yl°l<’ PY? and 'yﬁii Pivap > Pi\ilap,

then the effective vapor pressures must cross at some point
on the composition scale. At this point, we have an azeotrope.
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In binary mixtures, the effective vapor pressures of the two
components vary monotonically with composition. Therefore,
we can say that the first condition above indicates a mini-
mum boiling point azeotrope, and the second a maximum
boiling point azeotrope.

The two conditions may be combined into a single con-
straint to preclude the existence of binary azeotropes
between our solvents and nonsolvents, and between the sol-
vents themselves

(P3P — 37 [PYP)(PY® — = PY®) <0 Vi#ii, i€l

| (50)

This test is used as a preliminary screening measure. Clearly,
we cannot guarantee to avoid multicomponent azeotropes in
this way. However, multicomponent azeotropes may be cap-
tured at the verification level using global optimization tech-
nigues (Harding et al., 1997).

In order to perform the azeotropy test, we estimate activity
coefficients at infinite dilution using the following method.

Activity Coefficients at Infinite Dilution. We employ the
UNIFAC equations to estimate activity coefficients at infinite
dilution. For liquid/liquid equilibrium calculations, the tabu-
lated UNIFAC interaction parameters are different from
those used for vapor/liquid equilibrium calculations (Godfrey
and Slater, 1994). LLE parameters, fitted by Magnussen
(1981) are used in the equations below. Where LLE parame-
ters are missing from Magnussen, VLE parameters (from
Reid et al.,, 1987) are used instead, as suggested by Mag-
nussen. Parameters which are missing altogether are assigned
the value of zero, as in Reid.

For material i at infinite dilution in material ii, we can
make the simplification

Xh=1

Thus, the UNIFAC equations reduce to the following.

Overall Activity Coefficient Equation.

InyZi=InyST+Inys, Vi, diel (51)
Combinatorial Part Equations.

Iny&=InR; —In R;; —=5Q; In R; —5Q; In Q;;
Vi#ii, iiel

(52)

+5Q;InQ; +5Q;In R;; —=5Q; +1+ C1; ;,

where

c1iv“=(5Q“—1)(§), Vi#ii, iiel  (53)

i
and as before

Ri=X.n, 1 Viel (54)
j

Q=Xn ;0 Viel (55)
j
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Residual Part Equations.
Inylii=R1, ;i —R2;, Vi#ii, iiel (56)

where

R4. .
RL; i =Q— XN ;q;InR3;+Q;InQ; — 2 (_RS')*"'J),
i i i, j

Vi+ii, iiel (57)

R3ii,j=2qmjnii,mj¢nlﬁl,'jEx viiel, jel (58)
mj
R4 5 = 2 M iGN, Y, Vi#ii, i€ l, Vjel
mj
(59)

and

R2;=Q;InQ; - Zni,jqjIn(zqmjni,mj‘/jnl;jl,_jE)’ Viel
i mj

(60)
The interaction parameter 4,5 is given by
JELE = e, Y mj € ) (61)

Note that agl 5, # anih, so that i 5'he # ¢t
Determination of Partial Miscibility. If a binary system,

consisting of components i and ii, is to exhibit complete mis-

cibility (phase stability), the following inequality must be sat-

isfied across the entire composition range

d2AG
d(x!)*

>0

T,P

where AG is the molar Gibbs energy change of mixing for
the system. Smith et al. (1996) show that this inequality leads
to the entirely equivalent phase stability condition

dinvy; 1
| > %
! ;.7 X

which may be written in terms of the composition of either
component. Although this condition applies in binary systems
only, it may be introduced into the solvent design procedure
in a similar way as the azeotropy condition to exclude sol-
vents which form unstable mixtures either with the nonsol-
vent components or among themselves. However, since the
condition must be satisfied everywhere, it cannot be reduced
in the same way as the azeotropy condition or applied as a
local test of phase stability. Thus, it should be applied across
the composition range for each pair of materials as part of
the verification exercise.

Phase stability for the entire multicomponent mixture may
be investigated using global optimization approaches, such as
that of McDonald and Floudas (1995), which determines the
number of liquid phases through the minimization of the
Gibbs Free Energy function.

Process model equations

At the task level, we consider only the process unit in which
the solvent performs its separation task, in this case, the ab-
sorber. Our process model is based on the modular represen-
tation of Papalexandri and Pistikopoulos (1996), extended by
Rahim Ismail et al. (1997), which provides an aggregated de-
scription of the separation task. The model also includes
molecular performance constraints and environmental im-
pact metrics, which we use to formulate our design objec-
tives.

Mass/Heat Transfer Modular Representation. According to
Papalexandri and Pistikopoulos (1996), a mass-/heat-transfer
module as depicted in Figure 2, comprising of a combined
mass-/heat-transfer unit and a pure heat-transfer unit, may
be used to represent a separation task in an aggregated fash-
ion. For an absorption process, only the combined mass-/
heat-transfer unit with no bypass streams is required. This
unit is described by a set of equations which govern the ex-
change of mass and/or heat between the adjacent streams, as
follows.

Driving Force Constraints. Driving force constraints be-
tween adjacent streams are written for each component.

Bypass streams

Bypass streams

N/ NN

Bypass streams

N/

Inlet flow O —(—— Outlet flow
O— ~— O— ~—0
Heat Exchange Mass/Heat
Exchange

Key
— O Splitter
[0 Mixer

Figure 2. Mass+/heat-transfer module.
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These describe the phase equilibrium limitation for mass
transfer between solute rich and lean phases and are formu-
lated as follows (Rahim Ismail et al., 1997).

When the composition of component i is above equilib-
rium in the liquid, we write the following driving force con-
straints

G1=0
G.,=0
where
gl = Kilin xilin — xiuuul (62)
(32 = Kiloul Xiloul — Xiuin (63)

For the reverse case, when the composition of component i
is above equilibrium in the vapor

G.1<0
G, <0

In the general case, when the mass-transfer direction is to be
determined, we have

G6,6,>0, Viel (64)
G6,G8;=0, Viel (65)

where
Gy =FlnX/in — FlautX o, Vie | (66)

K/!n and Kot are defined as follows in order to capture non-
idealities in the vapor liquid equilibrium

lin p.Vap
Yi in P. )
Kilinzd)'u—l'a, Viel (67)
i ' Prot
| vap
Vi out P. )
Kilaulz(;)u—PI, Viel (68)
i " Prot

Phase Defining Constraints. To define the liquid streams,
an equation of the following form is introduced (Rahim Is-
mail et al., 1997)

YK X;<1 (69)
i
where
'y. P.Vap
i - (70)
d’i Ptot
and for vapor streams
X
) ?' <1 (71)
I
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Component Mass Balances.
fer block for each component i

Around the mass/heat trans-

F in Xiuln + Flln Xilin — Fuoutxiuout

— Floulxiloul = 0’ VI el (72)

where FVin, Fvout gre the molar flow rates of the vapor stream
at the inlet and outlet of the module respectively, F'n, F'ou
are the molar flow rates of the liquid stream at the module
inlet and outlet, and, similarly, X?n, X'n Xvout and X 'out
denote the inlet and outlet compositions of vapor and liquid
streams. Additionally, for all streams around the mass/heat
exchange block the summation of molar fractions must be
equal to one. For example at the vapor inlet

Z XPin =1

Note we have already written this equation for the liquid as
part of the reformulated UNIFAC model (see Eq. 49).

Energy Balance. The energy balance around the module
takes the following form

Fivm ﬁum + Film ﬁlin — Fiuout ﬁ”out — Filoul ﬁlfOUt =0 (73)

where, for example, Hn is the average enthalpy of the vapor
inlet stream calculated by

Hvin = Y H.Vin X in (74)

where H;”n is the enthalpy of component i at temperature
T Vin,

Environmental Impact Metrics. Detailed environmental
impact assessment criteria cannot be readily incorporated
with molecular design principles at this stage. However, the
availability of group contribution techniques for the predic-
tion of environmental properties such as lethal concentra-
tion, LC50, and Ozone Depletion Potential allows the devel-
opment of a reduced environmental impact vector, expressed
in terms of molecular structure information, of the form

El = [CTAM CTWM SMD SODI]},

Metrics such as CTAM and CTWM can be quantified as a
function of lethal concentration LC50 (mol/L) by ingestion
or inhalation

()
I

LC50,

CTAM(CTWM) = )"

(75)

Note that the idea of aggregating environmental damage pro-
vides a sensible way of determining environmentally benign
molecules while simultaneously minimizing solvent and mate-
rial losses. Hence, there is no need to formulate additional
objectives such as solvent capacity and loss.
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Molecular Performance Constraints. Based on the mass-/
heat-transfer modular representation, targets are imposed on
the loss of solvent materials and the capacity of the solvent
blend to absorb the solute and so ensure feasible operating
performance of the task

XJout < Target Loss (76)
Xt :

~— > Target Capacity (77)
Xt

We now wish to solve this entire model (Egs. 1-77) in a
multiobjective mixed integer optimization setting with envi-
ronmental impact metrics (such as critical air mass, CTAM
and critical water mass, CTWM) as the set of objective func-
tions. The optimization variables are x, the set of continuous
process variables (such as flow rates, temperatures, and mass
fractions), and nij, the set of integer variables indicating the
number of groups that constitute each molecule in the blend.
Selected blends must meet performance standards imposed
by constraints on material losses to the environment and
solute absorption capabilities. In Pistikopoulos and Stefanis
(1998), a similar problem was formulated for the design of

single solvents but no solution procedure was put forward.
To cope with the added complexity of solvent blend design,
we have developed a new solution procedure which is de-
scribed in the sequel.

Solution procedure

Overview. In order to solve the task-based solvent blend
selection model we adopt a step-wise decomposition based
algorithm which follows the general principles of the general-
ized benders decomposition (Geoffrion, 1974). We decom-
pose the NLP (nonlinear programming) primal problem into
seven steps which we solve in series in order to simplify and
initialize the final primal NLP, as well as possible. Our solu-
tion procedure is shown in Figure 3.

In addition to the assumptions listed at the beginning of
the section on solvent blend identification, we have assumed
isothermal operation in the absorber process model. This al-
lows us to extract a large number of temperature-dependent
property prediction equations from the final NLP.

The energy balance is used to calculate the value that the
temperature at the top of the absorber would take, assuming
only that the bottom temperature is fixed at the existing op-

Guess Nij

oy Py

and Screening
Property Tests

Property Prediction and )

\J

Any Element of

Coefficient Model

[ Infinite Dilution Activit:vﬁ

Binary Azeotropy Test

Return New

]
]
: Primal Infeasible
E Nij Values

Activity Coefficient
Initialization Model

Generate
Integer

: ﬂ, Reduced Master Problem
! Nij Re-initialization
Nij Values Mass Transfer Feasibility |—ro
Model )
Mass and Energy Balance | L
Initialization Model e
1 Any Element of
v | Primal Infeasible
[Impact Initialization Model :
1
( Full Impact Model )—l—»

1
1
1
1
1
1
]
]
]
]
]
]
,
Return New : [ Activity Coefficient and
i
4

Update Upper Bound § Generate Integer Cuts

( MILP Full Master Problem}—

Update Lower Bound *
- T > Master Problem
LStoppmg Criterion Met! ) Integer Infeasible
No ¢ Yes
STOP —n———
Report (Best) Solution

Figure 3. Task-based blend selection solution procedure.
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erating temperature. The temperature change throughout the
column allows us to judge the validity of the isothermal as-
sumption. Clearly, we can explore solvent performance under
different conditions by changing the operating temperature.
The energy balance is solved within the decomposed primal
NLP model.

Integer Initialization. The first step in the solution proce-
dure is to provide an initial guess for the integer array n;;,
that is, to guess the identities of the solvents. Throughout the
primal, the values n;; do not change, so this guess is stored as
a parameter array to be called as required.

Property Prediction Models and Tests. The first step of the
decomposed primal problem involves property prediction and
preliminary screening of the solvent molecules. We evaluate
all the pure component properties according to the prevailing
process conditions and test them against their bounds using
all the Egs. 5-37.

Since the operating temperature and pressure of the ab-
sorber are fixed, the values of all the pure component physi-
cal and environmental properties are also fixed throughout
the primal NLP. Thus, these values may be stored as parame-
ters to be called as required for the subsequent calculations,
and we may remove Eqgs. 5-37 from our final NLP, simplify-
ing it significantly.

Furthermore, for systems involving only two solvents, we
may use the pure component properties at this stage to de-
termine the range of compositions which satisfy the pure
component property-based mixture property constraints (dis-
cussed earlier). This is achieved using a linear optimization
procedure which develops composition bounds for the sol-
vent blend to be carried forward into the subsequent steps of
the primal NLP. For systems involving more than two sol-
vents, this is not possible, so the pure component property-
based mixture property constraints are then included in the
mass and energy balance initialization model and all subse-
quent NLP steps.

The second step of the primal involves the evaluation of
the activity coefficients at infinite dilution using Egs. 51-61
and the azeotropy test which is performed using Eq. 50. The
infinite dilution activity coefficients are only needed to per-
form this test, so that these equations do not feature in the
final NLP.

If there is property constraint violation, the azeotropy test
is failed, or there is infeasibility in either of these NLP steps,
the algorithm moves directly to a reduced mixed-integer lin-
ear programming (MILP) master problem which reinitializes
the set of integers (that is, solvent molecules), and integer
cuts are generated to exclude the offending combination of
solvents (see below).

Activity Coefficient Models. The third and fourth primal
steps are intended to find a feasible initial point for our re-
formulated UNIFAC equations (see the subsection on multi-
component vapor-liquid equilibrium equations), which is con-
sistent with the process model. We begin by solving only the
activity coefficient equations (Egs. 38—49) with a dummy ob-
jective as follows

minimize u (78)
OB‘Jactivity =u (79)
OB‘]activity >0 (80)
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This step is designed to provide a feasible initial point for the
reformulated UNIFAC equations. The next step is to inte-
grate these equations with the process model. We note that
the mass-transfer driving force constraints (Egs. 64—66) pro-
vide the link between the UNIFAC and process models
through the vapor/liquid equilibrium constants Klin and Ko
(which depend on the activity coefficients predicted by UNI-
FAC—see Egs. 67 and 68). Recognizing this, we formulate
our model including only the mass-transfer driving force con-
straints and the reformulated UNIFAC equations. We ex-
ploit the fact that the driving force constraints are inequali-
ties and introduce the slack variables INF1; and INF2;

6,G;+ INF1,>0, Viel (81)
G,G;+ INF2,>0, Viel (82)

where, as before
93= Flinxilin_ Floulxiloul, V'e |

The slacks represent infeasibilities in the driving force equa-
tions, our objective is to minimize the sum of these infeasibil-
ities

minimize Z(INFli+ INF2,) (83)

In this way, we develop a feasible initial point for the UNI-
FAC equations which is consistent with the process equa-
tions, using a reduced process model. Again, if there is infea-
sibility in either of these NLP steps, the algorithm moves di-
rectly to the reduced master, and integer cuts are automati-
cally written to exclude the offending combination of solvents
(see below).

Mass and Energy Balance Initialization Model. The fifth
step of the primal involves only the mass and energy balance
equations from the process model (Eqgs. 64-74). We solve
these equations using a dummy objective as before and the
initial point developed above. As previously discussed, the
energy balance is employed here to judge the validity of the
isothermal assumption. For systems of more than two sol-
vents, the pure component-based mixture property con-
straints are introduced here to bound the compositions of the
solvent blend. As before, if there is infeasibility at this stage,
the algorithm moves directly to the reduced master.

Impact Initialization and Full Impact Model. The impact
initialization model draws together all the elements of the
full impact NLP primal problem (the activity coefficient
equations, the mass and energy balances, the impact metric
equations, and the pure component-based mixture property
constraints for systems of more than two solvents) except the
objective. For initialization purposes, the model is solved us-
ing the initial points from above with a dummy objective.

The following objective is then introduced and the full im-
pact NLP primal problem is solved for minimum impact

minimize CTAM(CTWM) (84)

Values from the initialization model serve for initializa-
tion, however, here, all the continuous variables (except the
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pre-determined property values) are free to take any values
consistent with their bounds and the constraints. If there is
infeasibility at this stage, the algorithm moves directly to the
reduced master.

MILP Master Problems. We have two MILP (mixed-in-
teger linear programming) master problems: a conventional
one and a reduced master which reinitializes the set of sol-
vent molecules in case of property test failure or infeasibility
in any element of the decomposed primal problem.

The conventional master problem is made up of the pure
integer structural and chemical feasibility constraints (Egs. 1
and 2, and A1-A26) and an objective function which is con-
structed from all constraints in the full impact model which
involve the array n;;. This objective is written as follows (see
Appendix E)

minimize p (85)
where

CTAM(CTWM)

+ Z/\?(Ri_ Zni,jrj)+ Z/\F(Qi_ Zni,jqj)
i j i j
+ ZAf[Rli —Q;+ 2. n; ;q;In R3,
i j

R4; |

-Q |n(%‘,xi'iQ“)+ ij (—”

RS,
+Z)\?(R3j_ZQijnii,ijilill’n\wljlij)
i mj i
+ZAJ¢(51,.—Zn”'jxi'i)
i i
+ZZ/\if,j(szi,j_qujni,mjwn\{lelE)
[ mj
+ZZ)‘ig,j(R4i,j_Zni,qumiqiS]'Jll’rXiITiE)
i mj
+Z)\E‘(RZi—Qiani—Zni,jqjlnSZi‘j)s,u, (86)
i i

S1; and S2; ; are additional variables defined in order to lin-
earize the master objective (see Appendix E), and each A
represents a Lagrange multiplier taken from the solution of
the full impact model. All continuous variables in Eq. 86 are
fixed at the levels determined in the solution of the full im-
pact model.

The reduced master is necessary since we have replaced
the relaxed primal problem usually present in the GBD algo-
rithm with a set of property tests and initialization models. If
there is property test failure or any element of the primal is
infeasible, the set of Lagrange multipliers necessary to run
the full master will be incomplete, so we run a reduced mas-
ter in its place. The reduced master involves only the struc-
tural and chemical feasibility constraints and a simplified
objective which does not involve Lagrange multipliers. Rec-
ognizing that simple solvent molecules are more attractive
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than complex ones, the objective is designed to select the
simplest remaining pair of solvents which satisfy all pure inte-
ger constraints

minimize ) ). n (87)
s

Before either master problem is run, integer cuts must be
formulated to prevent previous solutions from recurring. The
integer cuts are written in terms of the binary array INT; to
exclude previous combinations of solvents and not the indi-
vidual solvents themselves. In this way, we allow rejected sol-
vent molecules to reappear in different blends. The INT;
values needed to formulate the cuts are determined using Eqgs.
3 and 4 as a pre-processing step before either master.

Convergence. We employ a conventional stopping (con-
vergence) criterion. The upper bound is only updated if the
full impact model reaches an optimal solution, and the lower
bound is only updated if the full master reaches an optimal
solution. Convergence is checked after every such iteration.
If convergence has not been achieved (or the reduced master
was employed), the series of NLPs is re-solved, using the new
integer values from the master and the procedure is repeated
until a solution is found. Should the master become integer
infeasible, the algorithm stops and reports the current best
solution.

In practice, this algorithm exhibits acceptable convergence
behavior. Systematic initialization is achieved by the succes-
sive steps of the decomposed primal problem, and the re-
duced master serves to restart the procedure should any
element of the decomposed primal be infeasible.

In order to generate a set of solvent blend candidates, the
entire problem must be solved repeatedly, adding integer
molecular cuts to eliminate previous optimal solutions.

Solvent Verification: Process Level

Having generated a set of potential agent molecule blends,
a verification step is required to: (i) test the validity of the
generated blends and screen out candidates which are subop-
timal or even infeasible due to equilibrium nonconvexities or
inaccurate property prediction; (ii) determine if the blends
are able to prevent pollution on a process wide level; (iii)
accurately estimate the operating cost of the process, as in
many cases, blends with excellent environmental perform-
ance might be prohibitively expensive. Given details of the
manufacturing technology and the global emissions inventory
of a facility operating at a fixed production rate, the full
plant-wide solvent blend selection problem may be expressed
as follows [P]

min [Economic Criterion, Environmental Impact] (88)
s.t.

Material and Energy Balances
Feasibility Constraints
Design Equations and Process Specs
Alternative Solvents and Topologies
Input-Output Relationships for all Associated Processes
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Figure 4. Plant-wide solvent blend design with optimal
reuse, recycling, and recovery.

The aim is to minimize global environmental impact (or
cost) by simultaneously accounting for solvent re-use, recy-
cling, and recovery (see Figure 4). The full model comprises:
detailed design equations and sizing constraints, material and
energy balances, logical constraints (for unit and material al-
ternatives), explicit economic criteria (cost of solvents, proc-
ess capital and operating costs), and (global) environmental
impact assessment metrics. Together, these elements form a
large multiobjective mixed integer, nonlinear optimization
problem. For simplicity, in the examples that follow, we per-
form a short cut verification exercise, as described below.

Examples
Example 1: gas treatment system of an acrylic fiber plant

In the second section, we determined that the objective in
our motivating example should be to reduce both the envi-
ronmental impact and operating cost of the gas treatment
system through solvent substitution in column C-1702. We
identified two options: (i) to completely replace the solvent
water with a new solvent or solvent blend; or (ii) to introduce
additional solvent materials into the solvent water. In either
case, the new solvent material(s) should be selective towards
both ACN and DMF and satisfy all property, process, and
environmental constraints.

The feed conditions of the contaminated gas fed to column
C-1702, and the solvent specifications to be obeyed are listed
in Table 6. The following set of candidate structural groups

Table 6. Feed Stream and Solvent Specifications for

C-1702
Solvent Specs Feed Conditions
No. of solvents < 2 P =1.2atm
2 < No. of groups <9 T =20°C
Solvent loss < 0.1 ACN=8Kkg/h
Solvent capacity > 0.1 DMF =32 kg/h

440 K < T2 mix < 480 K
154 <85, <184
5< §F, <20

6<6H <12

'mix

Air = 78,100 kg/h

were employed: CH,;, CH,, CH, C, OH, H,0, COCH,,
COCH,, CHO, CH;COO0, CH,CO0, CH;0, and CH,0.
The number of solvent components is limited to a maxi-
mum of two, which is sufficient to illustrate our approach.
We imposed tight restrictions on the bubble point and solu-
bility parameters of our solvent blend. We bounded the sol-
vent blend bubble point above the maximum boiling point of
the nonsolvent molecules to facilitate regeneration with an
upper bound in place in order to limit regeneration energy
requirements. The solubility parameter bounds are in place
to ensure a good solvent/nonsolvent match. In addition, we
have the following end-of-pipe limits for the gas effluent

Concentration of DMF < 20 ppm
Concentration of ACN < 4 ppm

Clearly, we could have imposed many more pure component
and mixture property constraints, but these are sufficient for
this illustrative example.

Focusing on point source pollution, the task based solvent
design problem results in the set of solvent blends presented
in Table 7. This shows the five best solutions taken from the
first ten, compared with the most promising task level solu-
tion put forward by Pistikopoulos and Stefanis (1998)—de-
canol with a CTAM of 12.4 tn air/h. The environmental im-
pact is expressed in terms of critical air mass (CTAM), since
the majority of the process waste is emitted directly to air.
Unique molecular connectivities exist for all but one of the
groups sets generated—that of the lower composition com-
ponent of solution C. This group set exhibits two possible
connectivities, so that the molecule must be either ethyl pro-
pionate or methyl butyrate. For brevity, we assume the
molecule to be ethyl propionate for the purposes of verifica-
tion.

Although the algorithm is flexible to select single solvents,
all of the solutions are blends. Due to the introduction of
tight property constraints, none of the molecules featured
here satisfy all of the imposed constraints on their own, nor
do any of the single solvents put forward previously by Pis-
tikopoulos and Stefanis (1998). Clearly and as expected, the
blends achieve a wider range and combination of properties

Table 7. Solvent Blend Identification Results for

Example 1
CTAM
Solvent Blend (mol. %) (kg air/h)
A 89.4% Ethylene glycol methyl ether acetate 19.97
10.6% lsopropyl acetate
B 89.2% Ethylene glycol methyl ether acetate 9.52
10.8% N-Propyl acetate
C 89.2% Ethylene glycol methyl ether acetate 9.52
10.8% Ethyl propionate/methyl butyrate
D 87.9% lIsopropyl acetate 124.68

12.1% Di-methyl succinate

E 88.2% N-Propyl acetate 41.72
11.8% Di-methyl succinate

Decanol (Pistikopoulos and Stefanis, 1998) 12,400
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than the individual molecules and are therefore better able
to meet the tight property constraints.

The idea of introducing additional materials into the sol-
vent water was immediately rejected since water fails the
azeotropy test with ACN. As shown in Figure 5, the effective
vapor pressures of water and ACN cross at a composition of
approximately 20 mol. % water, yielding an azeotrope at this
point.

Thus, all of the solutions involve completely new materials.
For each solution, the predicted temperature change in the
absorber was less than 2.34 K, validating the isothermal as-
sumption (see the subsection on solution procedure).

The blend compositions and flow rates are determined by
the environmental impact objective according to a trade-off
between absorption capacity and solvent loss. However, since
the end-of-pipe limits for ACN and DMF emissions are so
restrictive, the solvent loss is almost totally responsible for
the impact at the task level. Thus, the blend compositions
and flow rates are selected so as to minimize the environ-
mental impact of solvent loss.

The mole fraction of each solvent in the absorber vapor
outlet stream is related to the pure component solvent inlet
mole fraction through the equilibrium relationship

Xslin yslin p.ap

XSUout < .
g Py
from Egs. 62 and 67 for G, >0. The impact of the loss of
each solvent in the vapor outlet is then

Xslin yslin PsvapF Vout

IMPACT, <
g Py SLV,

Piot. P2, and SLV; are fixed, and we assume ¢.ot is unity.
Since the solvents are similar, in our example v/ varies little
with composition and since the solvent loss is small compared
to the total gas flow, Feut varies little. Thus, effectively, the
impact of the loss of each solvent is proportional to the sol-
vent mole fraction at the liquid inlet X!n multiplied by a
constant which reflects volatility (through P.??) and toxicity
(through SLV,).

In our examples, we have only two solvents at a time and
the more volatile solvent components were also always the
more toxic. Therefore, minimizing the environmental impact
of solvent loss corresponded in all cases to minimizing the
liquid inlet mole fraction of the more environmentally dam-
aging solvent material, subject to the blend composition
bounds which arise from the pure component property-based
mixture property constraints. For example, in solution D (Ta-
ble 7) isopropyl acetate has a higher toxicity than dimethyl
succinate so the proportion of isopropyl acetate is minimized.
However, according to the blend composition bounds,
dimethyl succinate has such a high boiling point that only
12.1 mol. % of it is allowed. Thus, the fraction of isopropyl
acetate remains high, accounting for the relatively high
impact. All the blend compositions are determined by im-
pact/property trade-offs of this kind.

The solvent flows are determined by the interplay between
the environmental impact and the ACN and DMF emission
limits. In order to minimize solvent loss, the solvent flows are
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Figure 5. Effective vapor pressures for the wate/ACN
binary mixture.

minimized to such an extent that absorption is just sufficient
to meet the emission limits.

The results compare very favorably with both the base case
(CTAM 1170 tn air/h) and decanol. The reason for the im-
provement is the selection of solvents with significantly higher
LC50s (that is, lower toxicities). Our solvent molecules have
much lower toxicities than those previously put forward, and
so exhibit a much improved environmental performance, even
though the solvent losses are comparable. Furthermore, all
solvent flows are significantly lower than the base case flow,
option D has the highest flow with approximately 45,000 kg/h,
compared with 200,000 kg/h in the base case.

The blend composition splits are similar for all the blends.
This occurs because the same solvent molecules occur in dif-
ferent blends (since the integer cuts written after each solu-
tion exclude combinations of solvents and not the individual
solvents themselves), and because several of the solvent
molecules are very similar (n-propyl acetate, isopropyl ace-
tate, and ethyl propionate/methyl butyrate are structural iso-
mers).

Any change in the blend compositions or flow rates will
lead to increased impact, but may also lead to violation of the
property constraints or the end-of-pipe emission limits for
ACN and DMF. Therefore, it is very important to look at the
sensitivities of the solutions. The sensitivities of solution A
with respect to changes in solvent blend composition at fixed
(minimum) flow rate, and with respect to changes in solvent
blend flow rate at fixed composition, are shown in Figures 6
and 7, respectively.

As explained above, each solution lies at a composition
bound so that certain small changes in the solvent composi-
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Figure 6. Impact sensitivity to composition: Solution A:
Example 1.

tion may lead to property constraint violation. Since the com-
position of the solvent blend also affects the equilibrium at
the bottom of the column (through the activity coefficients)
and the solvent loss, changes in composition also affect the
impact and may lead to violation of the ACN and DMF emis-
sion limits (see Figure 6).

Any reduction in solvent flow immediately leads to viola-
tion of the ACN or DMF emission limits, and a correspond-
ing large increase in impact. Although an increase in the
solvent flow also leads to increased impact, this increase arises
from greater solvent loss and is much less severe (Figure 7).

Thus, a realistic operating regime may involve backing-off
from the solvent composition and flow rate limits to provide
operational flexibility. This may be achieved by increasing the
solvent flow rate and altering the blend composition.

Whereas the solvent flow effectively has no upper limit,
the blend composition is bounded by the property con-
straints. Solutions D and E have very tight composition
bounds and so are the least flexible options (such as for op-
tion D, 0.1187 < X1, < 0.1205). Solutions A through C have
a much greater degree of flexibility (such as solution C with
0.1084 < X/ | <0.6902 is the most tightly restricted of these
three). This may be an important criterion in the selection of
promising solutions.

Taking all of the above into account, solutions B and C are
the most promising at the task level.

At the verification level, we consider the overall gas treat-
ment system including regeneration as shown in Figure 8. We
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Figure 7. Impact sensitivity to flow: Solution A: Exam-
ple 1.

consider only this one topology, and we investigate the per-
formance of each solvent blend alternative in turn with a
minimum cost objective. In this way, we reduce the verifica-
tion model to a manageable NLP problem. Sizing models and
cost correlations were obtained from Douglas (1988), with
additional cost information taken from Suppliers (1998) and
environmental impact data from Pistikopoulos and Stefanis
(1998) and Gao et al. (1992). Since the solvent blends did not
exhibit large deviations from nonideal behavior in the task
level calculations, no further mixture property tests were car-
ried out as part of the verification exercise.

Treated Waste
Gas

Condenser
: To Waste Water
Treatment
Heat
Exchanger
Absorber Regeneration
Column
Reboiler
Rich
Solvent
Regenerated
Contaminated Solvent
Waste Gas
Solvent
Make-Up

Figure 8. Acrylic fiber plant gas treatment scheme.
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Figure 9. Process CTAM for various solvents: Example
1.

The waste stream from the regeneration column is sent to
waste water treatment with no extra environmental penalty.
The process environmental and economic results are shown
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Figure 10. Annual treatment cost for various solvents:
Example 1.
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Figure 11. Acetaldehyde production process.

against the base case and decanol in Figures 9 and 10, re-
spectively. In order to make meaningful comparisons, all
costings have been calculated using up-to-date cost informa-
tion taken from Chemical Marketing Reporter (1998).

All blend options exhibit significantly improved environ-
mental and economic performance compared with the base
case. In environmental impact terms, all blends also outper-
form decanol. However, in cost terms, decanol remains a
competitive alternative. The costs are dominated by the cost
of replacement solvent to make up for solvent loss. Options
D and E perform worse than decanol, since these blends con-
tain high proportions of volatile components, and, therefore,
suffer greater solvent loss. However, options A, B, and C suf-
fer much less solvent loss, and so outperform decanol.

Option B represents the most promising alternative at the
process level with the lowest impact and the lowest costs of
all due to modest solvent loss and regeneration energy re-
quirements. However, since the performance of options A, B,
and C is similar, all three options should be considered fur-
ther.

Example 2: acetaldehyde recovery

This example concerns the acetaldehyde production proc-
ess shown in Figure 11. Our objective is to recover acetalde-
hyde (CH,;CHO) from the reactor effluent so that unreacted
oxygen and ethylene may be recycled. The same set of candi-
date structural groups is used as before.

The feed conditions of the gas to the scrubber and the
solvent design specifications are presented in Table 8. Again,

Table 8. Scrubber Feed Stream and Solvent
Specifications, Acetaldehyde Example

Solvent Specs Feed Conditions

No. of solvents < 2 P =2atm
2 < No. of groups <9 T=37C
Solvent loss < 0.05 146.5 kmol/h

Solvent capacity > 0.1
Tomix > 310 K
145< 88 <175
7<8F, <12

9< oM <14

mix

23 mol. % ethylene
68 mol. % acetaldehyde
9 mol. % oxygen
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Table 9. Solvent Blend Identification Results for

Example 2
CTAM
Solvent Blend (mol. %) (kg air/h)
A 45.5% Methyl acetate 8.87
54.5% Ethylene glycol methyl ether
B 16.7% Methyl propyl ketone 31.66
83.3% Ethylene glycol methyl ether
C 32.9% Methyl ethyl ketone 123.92
67.1% Propanol
Methanol (Pistikopoulos and Stefanis, 1998) 82
Butanal 3197.83

the number of solvents is limited to two, and we have im-
posed tight restrictions on the solvent solubility parameters
in order to ensure a good solvent/nonsolvent match. In this
case, the solvent should be selective towards acetaldehyde
only, and the solubility parameter bounds are set accordingly.
Since the scrubber effluent is recycled to the reactor, the sol-
vent loss specification is tightened.

Focusing on point source pollution, the task-based solvent
design problem results in the set of solvent blends shown in
Table 9. This shows the three best solutions taken from the
first fifteen, all of which were blends. Unique molecular con-
nectivities exist for all the group sets generated.

Also shown in Table 9 is the most promising solution put
forward by Pistikopoulos and Stefanis (1998)—methanol with
a CTAM of 82 kg/h and butanal. Butanal was the only single
molecule found to obey all solvent property specifications.
However, it violates the solvent loss constraint and has a high
toxicity, and so exhibits a correspondingly poor environmen-
tal performance. Methanol also violates the solvent loss con-
straint, but is much less toxic. The critical air mass is again
used to express the environmental impact since the majority
of the task (and global) process wastes are emitted directly to
air.

For each blend shown, the predicted temperature change
in the scrubber was less than 15 K, validating the isothermal
assumption (see the subsection on solution procedure).

The solvent blend compositions are determined by
impact/property trade-offs as before. However, there is no
limit on the acetaldehyde mole fraction in the waste gas in
this case. Thus, the solvent blend flow rates are determined
directly by the impact objective according to the trade-off be-
tween absorption capacity and solvent loss. Since acetalde-
hyde is very much more toxic than any of the solvents fea-
tured in the blends, the quantity of acetaldehyde in the
scrubber exit gas is very small. Thus, as before, the task level
impact is dominated by solvent loss, and the solvent flows are
set accordingly. All three blend solutions exhibit sufficient
flexibility in both solvent flow and composition. Solution A is
the most tightly bounded in terms of composition, with a 15
mol. % range.

Options A and B compare very favorably with methanol
due to a combination of low solvent loss and toxicity. Option
C compares less well. Although it suffers less solvent loss than
methanol, both methyl ethyl ketone and propanol are more
toxic than methanol, so that the overall impact is greater.
Thus, options A and B represent the most promising alterna-
tives at the task level. Butanal is rejected at this stage.
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Figure 12. Global process CTAM for various solvents:
Example 2.

At the verification level, we consider the global acetalde-
hyde production process shown in Figure 11. As before, we
consider only one process topology and each solvent blend is
investigated in turn with a minimum cost objective. The global
process environmental and economic results are shown
against methanol in Figures 12 and 13, respectively. As be-

Operating Cost
(M$/yr)

4

14

12

10

A B  C Methano!

Figure 13. Global process operating cost for various
solvents: Example 2.
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fore, no further mixture property calculations were per-
formed.

Since very little ethylene or oxygen is absorbed in each case,
the raw material demands associated with each solvent op-
tion are very similar. Thus, the input wastes associated with
raw material production are very similar for each alternative.
However, the wastes associated with energy generation vary
according to the difficulty of the regeneration separation and
are quite different in each case. Since these wastes are very
much larger than the task level impacts, the energy wastes
dominate the global process impact figures.

Methanol has the lowest boiling point and highest volatility
of all the solvent alternatives, and, therefore, the most diffi-
cult regeneration separation. Thus, the regeneration column,
reflux flow, and energy demand associated with methanol
are the largest, so that methanol suffers the highest global
process impact figure.

All blend options outperform methanol in terms of impact.
Option A exhibits the easiest regeneration separation with
the lowest energy demand, and so represents the most
promising solution in terms of global process impact. Options
B and C have progressively more difficult separations, and so
give progressively poorer global impact results.

The cost of replacement solvent to make up for solvent
loss dominates the operating cost results. Although methanol
suffers the largest solvent loss and the worst global impact, it
is the cheapest solvent and so remains a competitive alterna-
tive in cost terms. However, since methanol violates the sol-
vent loss constraint, a vapor recovery system would be re-
quired to remove methanol from the recycle stream, which
would increase the operating cost and make methanol a less
competitive alternative.

In any case, blend options A and B outperform methanol
in cost terms with option A returning the most attractive re-
sults, due to a combination of low solvent loss and low sol-
vent cost.

Thus, option A represents the most promising alternative
at the global process level, with the lowest global impact and
operating cost. However, options B and C are not far behind,
so that all three alternatives are worthy of further investiga-
tion.

Conclusions

A systematic procedure to select optimal solvent blend al-
ternatives for nonreactive, multicomponent gas absorption
processes has been presented in this article. The approach is
based on the solvent design technique proposed by Pis-
tikopoulos and Stefanis (1998). The three step framework in-
volves the identification of agent-based process operations,
determining a list of solvent candidates based on explicit en-
vironmental constraints and verification of their performance
on a plant-wide basis through the application of the princi-
ples of MEIM.

Through the introduction of new property and operational
feasibility constraints, a refined task-based problem formula-
tion, and a new solution procedure, we have been able to
develop very promising solvent blend alternatives for both
single and multicomponent absorption tasks involving tight
property constraints. Through two example problems, we have
shown that solvent blends are better able to meet these con-
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straints than single solvents while simultaneously offering
more environmentally and economically promising solutions.

Notation

anj mj= interaction parameter from VLE data
l;= molecular parameter
n; j=number of groups j in molecule i
Q;=Van der Waals area of component i
;= Van der Waals area of group j
r,=Van der Waals volume of group j
R;=Van der Waals volume of component i
Toper = Operating temperature
X!'= exit mole fraction of component i in the liquid mixture
X;j=mole fraction of group j in the mixture
XC;, ;= group mole fraction in the reference solution
z= lattice coordination number, usually taken as 10
;= group Van der Waals area fraction in the mixture
OC; ;= group Van der Waals area fraction in the reference solution
0;,=Van der Waals area fraction of component i in the mixture
¢;=Van der Waals volume fraction of component i in the mix-
ture
¥nj,mj= group interaction parameter
I;= residual activity coefficient of group j in the mixture
Fi?j= residual activity coefficient of group j in a reference solu-
tion containing only molecules of type i
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Appendix A: Chemical Feasibility Constraints

Archer (1996) provides a list of 289 industrial solvents. Of
these, 96 compounds were rejected (see Appendix B), the re-
maining 193 contributed to the development of the following
set of chemical feasibility constraints for solvent molecules
designed using the group set employed in our example prob-
lems (see the Examples section).

The maximum and minimum numbers of groups are lim-
ited as follows

Vses (A1)

2N <9,
i

Yng>=1, VsesSs (A2)
j
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The maximum number of functional groups is limited to
four

Ns, cH,coo T Ns cH,coo T N chyo T Ns cHy0 + Ns coc,

+Ng coch, T Ns.cho + Nson <4, VsES (A3)

The maximum occurrence for each functional group is lim-
ited as follows

Ngch,coo <1, VSES (A4)
Ns.cH,coo <2, VsE€S (A5)
NgcocH, <1, Vs€S (A6)
Nscocn, <1, Vs€S (A7)
Nscho <1, VSES (A8)
Nson <3, VSES (A9)
Necr,0<2, VSES (A10)
Nech,0<2, VSES (A1l1)
Ngacry =0, VSES (A12)
Nspome =0, VseS (A13)
Ngc<1l, VseS (A14)
Ngch <1, VseS (Al5)

Certain combinations of groups never appear together

;( INT; ch,coo,t T INTs ch,coo,t  INTS coch, ¢
+ INT; coch,,t T INTg cho o + INTs,OH,t) <1, VseS
(A16)
;(NTS,COCH3,1 + INT; coch,,t T INTs chio.t
+INT, 00+ INTocpo) <1, VSES (A7)
;( INT civ,coo.t + INT, crjo.0 + INTg cro ) <1,
VseS (A1)

Certain combinations of groups appear together in at most
2s, 3s, or 4s

Ns chycoo T Nschzo T Nscr,0 <3, VSES (AL9)
Ngon + Nscr,o t Nscn,0o<4 VSES (A20)

N cr,0 + N5 cH,0 <2, VseS (A21)

Certain combinations of groups must appear with at least 2
or 3 others
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Z Ng; = (Ns ch,coo T N chyo)
]

> Y (INT, cricoot + INTs chyo), VSES (A22)
t
Znsj_(ns,OH + N ch,0)
j
> Y (INT on + INT ch0 ), VSES (A23)
t
Znsj_(ns,OH + N ch,0)
]
>2) (INT on 1+ INT ch,0.) =1, VSES (A24)
t
Water must appear alone if at all
Ngn,0<1, VseS (A25)
2N +8INT, 5, <9, VSES (A26)

]

Appendix B: Solubility Parameter Group
Contribution Methods

Archer (1996) provides Hansen solubility parameters for
some 289 solvents. We reject 96 of these compounds due to:
incompatibility with UNIFAC group structures, use of unde-
sirable groups (such as those containing chlorine), insuffi-
cient structural information (for some proprietary solvents)
or over complicated structure. The remaining 193 compounds
may be represented using 33 UNIFAC groups. We have per-
formed both linear and least-squares regressions in order to
identify the contributions of the groups towards each of the
Hansen solubility parameters. The linear regression yielded
the more accurate results, with a lower mean of absolute er-
ror magnitudes in each case.

Linear regression formulation
Our regression formulation is as follows

minimize Y M9 (B1)
i
s.t.

ZnijAj,a*+a*=5i*pred' viel (B2)

j
Si* pred _ 3i>k“t + eiabs, VYiel (83)
et — e, Viel (B4)
M=+, Yiel (B5)
€M9>0, & >0, >0, Viel (B6)

The form of the equations is the same for each of the three
solubility parameters. The asterisk represents D, P, or H for
the dispersive forces, polar forces, or hydrogen bonding solu-
bility parameters, respectively.
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Table B1. Solubility Parameter UNIFAC Group Contributions

UNIFAC Group

Parameter ~ CH, CH, CH C CH,=CH  ACH AC ACCH,

5P —0.7684  —0.0053 0.3947 05632  —0.7368 0.2614 0.6430 —0.0386

5P —03531 —04750 —06719 —0.8312 36844  —0.2667 0.6521 —0.6667

aH ~15571 —0.8429 —01286 —1.1000  —0.2000  —1.2643 1.9786 —1.8214
ACCH,  ACCH OH ACOH  CH,CO CH,CO CH,COO CH,COO

R 01509  —0.0061 01105 —07228  —0.2526  —0.0895 0.0605 0.4579

5P —02385 —0.6458 4.1906 5.6833 5.8812 5.3812 2.7281 2.0812

sH —05786 0.0000 7.9857 124357  —0.8286 1.9429 21857 25143
HCOO  CH,0 CH,0 CH-O CH,NH, CHNH, CH,NH CH,N

R 05579 —09816 02132 —06526  —01158  —1.0237 0.1211 0.1632

5P 5.8281 1.3812 1.0125 3.3844 2.7000 1.5375 01312 4.9656

aH 09429 —05143 —05143  —2.1000 25429  —1.3929 0.2000 —2.5000
ACNH,  COOH COO  CH,CN  ACNO, CHO  CH,NO,  CHj3N H,0

5P 1.2614  —15632 04263  —0.7632 31991  —0.0605 0.9053 1.3974  —0.3316

5P 3.0333 49531 18625  11.2531 8.4292 5.4406 9.4062 52125 201

aH 6.6643 57000 —12571 —15143  —57571 37000 —33571  —0.7000 4.9429

Our objective is to identify the set of group contribution
parameters A; 5+, which minimizes the sum of the magni-
tudes of the absolute errors between the literature values of
the solubility parameters (5;") and the predicted values
(Bi* pred).

Since the absolute error €2® may be positive or negative,
we decompose the error into a positive contribution " and
a negative contribution €. Both €' and ¢ are defined as
positive variables so that € appears with a negative sign in
Eq. B4. Thus, if the absolute error is positive, €' is non-zero
and € is zero, while for a negative absolute error, €' is
zero, but ¢ is non-zero. We can then write the magnitude
of the absolute error €™ as the sum of " and ¢ . «™ is a
constant to be determined by the regression.

Group parameters

The group contribution parameters for our 33 UNIFAC
groups towards the dispersive, polar forces and hydrogen
bonding Hansen solubility parameters are given in Table B1.

Prediction equations

Using the above contributions we predict the solubility pa-
rameters using the following equations

8°=)n;A; ;0 +16.8316, Viel
j

87 =Y n;;A; 5» +3.4000, Vie
i

§H=)n;A; ;n +9.8571, Viel
j

Table B2. Solubility Parameter Prediction Errors

Eimag

Parameter €M% >05 >10 >15 >2 >3 >4 >5 >10
8P 05045 34% 15% 7% 4% 2% 05% 0% 0%
Sip 1.2754 57% 39% 22% 18% 14% 7% 6% 1%
st 1.5829 69% 56% 43% 32% 17% 8% 3% 0.5%
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Prediction errors

The mean of the magnitudes of the absolute errors € ™9 in
the predicted solubility parameters for the training set of 193
compounds are given in Table B2. This table also shows the
percentage of compounds from the training set which exhibit
absolute error magnitudes in the predicted solubility parame-
ters which are above certain limits.

The means of absolute error magnitudes indicate accept-
able accuracy for all three prediction techniques. Further-
more, the spread of errors reveals that it is unlikely that we
will suffer an absolute prediction error magnitude of more
than three of four. This too is acceptable.

Appendix C: Standard UNIFAC Equations
Equations
Overall Activity Coefficient Equation

Iny,=Iny*+Iny/ (C1)
Combinatorial Part
|
i &, 7 0, %Xiilii

Inyf=1In X—II +5Qiln a + 1, — ¢ T (CZ)
_ X{R;

"\ =ik )

Z b =1 (04)
X{Q;

Oi - Z XiIiQii (CS)

Z 6;=1 (06)
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|i=§(Ri_Qi)_(Ri_l) (€7
Ri= Zni,jrj (C8)
i

Qi= Zni,jqj (C9)
j

Residual Part

Iny =Y n;(InT;=InLy). (C10)
i
Mixture Residual Group Activity Coefficient
0 ‘/j mj
InT; = q; 1—In(2® Y )_Z __mifm
] ] r mj¥mj,j p Z@)njd/nj,mj
nj
(C11)
4 X
O=|==—"— (C12)
! ZQmjxmj
mj
20,=1 (C13)
i
Z”i,jxil
Xi=|=———— (C14)
! Z Z N mj X{
i mj
L X=1 (C15)
i
Pure Component Residual Group Activity Coefficient
InT° =g, 1—In( ZG)Ci,mjlﬂmj,j)
mj
-y OCumtim (C16)
mj Z@)Ci,njlpnj‘mj
nj
9; XCi
oC, =|=+——-— (C17)
" qujxci,mj
mj
2.0C ;=1 (C18)
i
n. .
XC; = -1 (C19)
M N mj
mj
)y XCi =1 (C20)
j
l:[lnj,mj = eXp( — Ay, mj/Toper) (C2l)
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Appendix D: Reformulation of UNIFAC Equations
Combinatorial part

Substituting for ¢; and 6; in Eq. C2, we obtain the follow-
ing, noting that X/ cancels into ¢, (see Eq. C3) in the first
and third RHS terms and cancels within the second RHS term

R QiZRiiXili
In%C:In ZXiIiRii +5Qi|n RiZ:iniQii
Rizxililii
+1,— —Z”X-'-R-- (D1)

Assigning the value of 10 to z in Eq. C7, we obtain the fol-
lowing expression for I;
l;=4R; =5Q; +1 (D2)

We now substitute for |; in the third and fourth RHS terms
of Eq. D1

RiniliIii RiZXiliRii
li_ m =4R,-5Q;+1-4 W
RiZXiIiQii Rizxili

® Z”xiliRii Z;iliRii (B3)

We note that the fourth RHS term reduces to 4R;, and so
cancels with the first RHS term, and, since ¥; X{! =1, we can
simplify the last RHS term and make a factorization in the
last two terms. Substituting this result back into Eq. D1, again
assigning the value of 10 to z, we obtain the following

QiZRiixili

R Y X{i Qi

Iny¢=In| —=—— | +5Q;In

inliRii

—5Q,+1

+(5§XiliQii_1) ﬁ (D4)

We now expand the logarithms so that Eq. D4 is transformed
into Eg. 39. Now, we no longer need to define ¢, 6; or |;, so
we can eliminate Eqgs. C3—C7. This significantly reduces the
complexity of the combinatorial part equations and in partic-
ular their compositional dependence.

Residual part
Equation C10 may be expanded as follows

Iny{=2nivjlnl“j—Zniyjl“i?j (D5)
i j
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The first RHS term represents the sum of the group residual
activity coefficient contributions for the groups j in the
molecule i in the liquid mixture with all other molecules
present (that is, this is the mixture term). The second RHS
term represents the sum of the group residual activity coeffi-
cient contributions for the groups j in molecule i in a refer-
ence solution containing only molecule i (that is, this is the
pure component term). We now consider these terms sepa-
rately.

Mixture Terms.  Substituting for X; in Eq. C12, we obtain
the following result, noting that the denominators of Eq. C14
cancel

qijni,ij
_ I
Tl Xax

On (D6)

Substituting this expression into Eq. C11, we now expand the
mixture term from Eq. D5, noting that the denominators of
Eq. D6 cancel

2n;InT
i
ZQijnii,mjxili¢mj,j
=Y'n, g — YN q;ln o “
i A i H ZQiiXu
1l
Qmjznii,mjxilil/fj,mj

Zn qz ii
) mj anjznii,njxili¢nj,mj

nj ii

(D7)

We extract the denominator of the third RHS term from the
internal summation over mj into the external summation over
j. This latter operation has the effect of reversing the order
of the indices of ¢ in the numerator of the third term and of
converting ¢, »; and ¢,; ; in the denominator (McDonald
and Floudas, 1995). We perform this operation so that the
numerator and denominator can be evaluated independently
for each value of j. Although there are no cancellation op-
portunities, this simplifies our programming. We also sepa-
rate the logarithm in the second RHS term.

The resulting equation is as follows, although still complex,
we have again reduced the compositional dependence of the
system through the cancellations

Zni,jlnrszi_ Zni,jqj'|n(2qmjznii,mjxilil//mj,j)
] ] mj i

an qum]q Znu ]anmjj
+Qiln i X = m
© (§Q ) ; anjznu anu(»[/nJ]

(D8)

Furthermore, we need no longer define ®; or X; so that Egs.
C12-C15 are eliminated. Note also that the argument inside
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the logarithm of the second RHS term is the same as the
denominator of the fourth RHS term. Therefore, we need
evaluate this term only once for each value of j.

Pure Component Terms.  Substituting for XC; ; in Eq. C17,
we obtain the following result, noting that the denominators
of Eqg. C19 cancel

R (©9)
Q

Substituting this expression into Eq. C16, we now expand
the pure component term from Eq. D5, noting that the de-
nominators of Eq. D9 cancel. As before, we separate the log-
arithm of the second RHS term and we extract the denomi-
nator of the third RHS term from the internal summation
over mj into the external summation over j. As before, the
indices of i are reversed in the numerator and converted
from (nj,mj) to (nj, j) in the denominator. The resulting
equation is as follows

anj Zn, %~ Zni,qu‘ln qujni,mj‘pmj,j
j mj
ani,jzni,qumjl’[]mi:i
mj
+QInQ, - D10
: : Xj: qu‘ni,njl/fnj,j ( )
nj

This time we note there is a cancelling opportunity in
the fourth RHS term. Since the indices mj and nj run
independently, the summations in the numerator and the de-
nominator are equivalent and so cancel out. The term then
reduces to Q;, which cancels with the first term. Thus, the
equation reduces to the following, which represents a signifi-
cant simplification

an iIn[%=QInQ; - Zni,jqj In(zqmjni,mjll’mj,j
j mj
(D11)

Furthermore, we need no longer define ®C; ; or XC;

that Egs. C17-C20 are eliminated.

ij

Note
Since we have discarded Eqgs. C4 and C6, C13 and C15,

C18 and C20 we must introduce the following condition

in'=1

(D12)

Appendix E: Full Master Problem Objective

The objective in our full master problem is constructed
from all constraints in the full impact model which include
both continuous variables and the integer array n;;. Those
which include only continuous variables are redundant since
all continuous variables are fixed in the master problem. Thus,
the master objective includes only certain UNIFAC equa-
tions, namely Egs. 41, 42, and 44-47.
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While Eqgs. 41, 42, and 45 are linear in nij, Eqgs. 44, 46, and
47 are not. Thus, these latter equations must be linearized in
order to construct the master problem. This is achieved by
defining additional terms. Equation 44 illustrates this since
sufficient additional terms have already been defined, ny;
appears in both R3; and R4; ; so that Eq. 44 is indeed non-
linear in n;;. However, both R3; and R4, ; are continuous
variables (as, of course, is Q;), so that in the master these
variables are fixed. Thus, Eq. 44 is linearized for the master.

Following the same logic, we introduce two new variables
which allow us to treat Eqgs. 46 and 47 in the same way. We
define

S1;= Zn”,jxi'i, vjel
i

$2; ;=2 UmiNimi¥m s, Viel, Vjel
mj

so that Egs. 46 and 47 become

R4 ;= Zni,ququjs%‘v”r?{jLJE'

mj

Viel,Vje]l

R2;=Q;InQ;— Xn; ;q;InS2; ;, Viel
i

Since S1; and S2; ; are continuous variables they are fixed in
the master so that Eqs. 46 and 47 are linearized in the mas-
ter. Equations 46 and 47 are replaced by the above four
equations in the primal so that Lagrange multipliers are gen-
erated for each equation. A Lagrange multiplier is needed
for each constraint in order to construct the master objective,
which is shown in the solution procedure subsection.
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