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Kurzfassung

In dieser Dissertation werden neue Niherungsverfahren fiir die Auslegung von
Absorptions- und Extraktionskolonnen vorgestellt. Fiir die vereinfachte Auslegung wird
ein energieeffizienter Betriebspunkt angestrebt, wofiir sogenannte Pinch-Punkte heran-
gezogen werden, die in Gegenstrom-Apparaten stets bei verschwindender thermodyna-
mischer Triebkraft auftreten. Analogien zwischen Pinch-Punkten und sogenannten Fix-
punkten nichtlinearer, dynamischer Systeme werden ausgenutzt, um erstmalig das Pinch-
basierte Modell fiir allgemeine Gegenstromkolonnen mathematisch fundiert herzuleiten.
Hieraus folgt dann konsequent die Anwendung fiir adiabate Absorptionskolonnen und iso-
therme Extraktionskolonnen. Die neuen Modelle weisen dabei einen kleineren Approxi-
mationsfehler auf als etablierte Naherungsverfahren, die nicht auf Pinch-Punkten beruhen.
AuBlerdem erlaubt die hergeleitete mathematische Formulierung sogar die systematische
Verbesserung der Schitzung bis zur Genauigkeit der rigorosen Losung, womit ebenso der
Ubergang von der Pinch-basierten Schiitzung zur rigorosen Losung erstmalig aufgezeigt
wird. Ein wesentlicher Baustein der neuen Methoden ist die automatisierte Auswertung
durch die Entwicklung geeigneter Initialisierungsstrategien. Nicht nur Extraktions- und
Absorptionskolonnen kdnnen so zuverlédssig ausgewertet werden, sondern sogar komplexe
Prozesse bestehend aus mehreren Trennapparaten unter Beriicksichtigung von Wirmeinte-
gration sowie Betriebspunktoptimierung. Das Potential der neuen Methoden wird anhand
eines automatisierten Screenings von mehreren Tausend Losungsmitteln fiir Absorptions-
und Extraktionsprozesse veranschaulicht. Drei Fallstudien werden untersucht: Zwei Fall-
studien behandeln Absorptionsprozesse, zum einen fiir die Abtrennung von Kohlenstoffdi-
oxid und zum anderen fiir die Abtrennung von Dimethyl ether jeweils aus Gasgemischen,
und eine Fallstudie einen Extraktionsprozess fiir die Abtrennung von Aceton, Butanol und
Ethanol aus wissrigem Medium. Identifiziert werden neue, energieeffiziente Losungsmit-
tel und die zugehorigen optimierten Prozesse.

XI
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Abstract

This thesis introduces novel shortcut methods for the conceptual design of absorption and
extraction columns. The simplified design relies on the existence of so-called pinch points
which indicate vanishing thermodynamic driving force in general counter-current devices,
and therefore allow for direct conclusions on energy-efficient operation at minimum en-
ergy or solvent demand. Analogies between pinch points and fixed points of non-linear
dynamical systems are exploited to derive for general counter-current columns the first
mathematically-sound description of a pinch-based model. The application to adiabatic
absorption and isothermal extraction columns follows consequently. The novel pinch-
based model shows a smaller deviation than established shortcut methods which do not
rely on pinch points. In contrast to all existing shortcut methods, the mathematically sound
formulation of the model even allows the systematic reduction of the approximation error
to the accuracy of a rigorous model. The mathematically sound formulation also allows to
systematically derive the rigorous solution from the pinch-based estimate. Key feature of
the novel shortcut methods is the automated evaluation which is accomplished by tailored
initialization procedures. Not only absorption and extraction columns can be evaluated in
a fully automated manner, but even complex processes which combine multiple devices
and involve heat-integration as well as optimization of the operating point. The potential
of the novel methods is illustrated by screening thousands of solvents for absorption and
extraction processes. Three case studies are investigated: Two absorption processes for the
separation of carbon-dioxide and dimethyl ether from gaseous mixtures, as well as one ex-
traction process for the separation of acetone, butanol, and ethanol from aqueous solution.
Novel, energy-efficient solvents and their optimal process configurations are identified.

XII
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Chapter 1

Introduction

Energy efficiency is stimulating engineering research more and more. Today the obvi-
ous economic concern is amplified by the omnipresent effects of global warming. While
the temperature increase has tripled in the last half of the past century (Hansen, 2006),
predictions of the [PCC (Intergovernmental Panel on Climate Change) forecast a temper-
ature rise between one and seven degree within this century (IPCC, 2007). The scientific
evidence presented by the IPCC indicates overwhelmingly the responsibility of human
industrialization which calls for immediate measures. Thus, if current prosperity is to be
maintained, in order to reduce the overall energy consumption and resulting greenhouse
gas emissions, energy efficiency is acknowledged as the most effective and economic lever
to sustainably lower the effects of global warming (IPCC, 2007).

Worldwide, Germany has the seventh largest total primary energy consumption (data re-
trieved for 2014 from U.S. Energy Information Administration (2017)). While the largest
consumers China and the United-States already require forty percent of the total world-
wide primary energy demand, Germany is responsible for a share of up to three percent
(cf. Figure1l.1). The latest study of the German Federal Statistical Office shows that
the largest part of the German energy consumption is caused by its industry. The German
chemical industries thereby account for the highest share of thirty-one percent of the indus-
trial energy consumption (Statistisches Bundesamt, 30.10.2015). Obviously, the chemical
industries have an urging demand for energy-efficiency innovations, and any improvement
will directly have a significant impact on the overall German or even worldwide energy
consumption.

In chemical engineering, there are two well acknowledged concepts to improve the en-
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Figure 1.1.: Total primary energy consumption worldwide. Image and data retrieved from
U.S. Energy Information Administration (2017). Size of circles represent the
in energy consumption for each country.

ergy efficiency of a production process: Process analysis and process synthesis. In process
analysis, existing processes are analyzed to find energetic bottlenecks and opportunities
for improvement. In process synthesis, new processes are designed based on novel inno-
vations in the fields of chemistry or engineering or based on renewable resources. Both
concepts are complex. While the analysis problem can build on a given process structure
and available data, often not every performance indicator can be measured directly and
usually a large amount of data needs to be evaluated.. The synthesis of a new process is in
general even more complex than process analysis because the best process structure to es-
tablish a dedicated purpose is unknown a priori. Thus, not only more than one alternative
process option needs to be considered, but each of these alternatives needs to be analyzed
to identify the best process option.

From a Process Systems Engineering (PSE) perspective, process analysis and process
synthesis are related, because the analysis of existing processes is the inverse problem to
the process synthesis of a novel process (cf. Klatt & Marquardt (2009)). Figure 1.2 illus-
trates the design approach for process analysis, which starts based on the actual chemical
plant, and the inverse design approach for process synthesis, which starts from the sepa-
ration task represented by desired products or available educts. A powerful tool to tackle
both challenges, process analysis and process synthesis, is computer-aided design, which
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Figure 1.2.: Design approach for process analysis and process synthesis. Computer-aided
process design contributes to the challenges of both approaches.

demands for tools or methods to predict appropriate performance targets and to allow
for a preferably automated and computer-aided evaluation of the large amount of data or
process alternatives.

As a consequence of the significance of chemical industries for Germany’s overall en-
ergy consumption, the German government actively supports application and research on
methods for process analysis and process synthesis. Examples are legal instruments which
enforce the chemical industries to install Energy Management Systems (EnMSs) to mon-
itor their energy consumption (ISO 50001, Bundesministerium fiir Umwelt, Naturschutz
und Reaktorsicherheit (2012)), as well as research projects to overcome persistent chal-
lenges. Two projects motivated the research outlined in this work. The project Energy Ef-
ficiency Management funded by the Federal Ministry of Education and Research (BMBF)
focused on new methodologies for process analysis, while the project Tailor-Made Fu-
els from Biomass (TMFB) funded by the German Research Foundation (DFG) as part of
the German excellence initiative focused on process synthesis. The ambitions of these
projects and their contribution to the fields of process analysis and synthesis are briefly
summarized in the following.

The research project Energy Efficiency Management reviewed existing EnMSs (Bunse
et al., 2011; Dorr et al., 2013; Drumm et al., 2013; Kicherer et al., 2007; Saling et al.,
2002) and outlined improvements (Drumm, 2014). EnMSs allow to monitor the efficiency
of a process by analyzing its energy consumption. Energy loss, e.g., between dynamic and
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static operation, is observed and can enable immediate actions to minimize costs, increase
competitiveness, and reduce waste or greenhouse gas emissions. While the actual energy
demand of a process can be determined by on-line measurements, comparison between
processes of different types is difficult, because a consistent reference is not established.
Such a reference could be represented by operation at minimum energy demand. If the ac-
tual energy consumption is compared to the minimum energy demand of a process, direct
conclusions on the energy efficiency are possible. Establishing minimum energy demand
as a reference allows to compare processes of different types regarding their energy ef-
ficiency. However, while the actual operation at minimum energy demand is infeasible,
minimum energy is difficult to measure in the analyzed process. Instead, computation by
model-based computer-aided design tools is necessary.

The research project TMFB has the ambition to establish environmental viable fuel
alternatives to compete with existing fossil-based fuel candidates (Marquardt et al., 2010).
Despite all environmental advantages, a process for the new fuel candidate has to be at
least equally or even more efficient than processes for existing fuel candidates in order
to prevail. While existing processes have benefited from improvements for decades, e.g.,
through EnMS initiatives, the new processes directly have to exploit all potentials to be
competitive, including sophisticated methods of heat integration, intensification of the
process, and the selection of optimal solvents. Furthermore, for the design of a new,
bio-based fuel, only soft constraints are available regarding possible educts or desired
products, which have to meet certain environmentally friendly properties. This gives rise
to a large number of alternative products, educts, and processes. Therefore, success of the
TMFB research project is closely related to the development of an efficient strategy to cope
with the large number of alternatives. Again, comparison of processes of different types
by a consistent reference is required, which can suggest minimum energy demand for this
purpose. However, for this classical problem of process synthesis, where many alternatives
need to be compared, the challenge is not only about consistency of the reference, but also
about efficiency of its computation, which needs to be simple to allow for a preferably
automated and computer-aided evaluation.

Minimum energy demand, which is obviously an interesting performance target for
both process analysis and synthesis, is related to vanishing thermodynamic driving force.
The thermodynamic driving force, and this is one key point which carries throughout this
thesis, vanishes in characteristic locations, which are referred to as pinch points. These
pinch points can allow for direct conclusions on an operation at minimum energy demand.
Instead of solving complex process models, the mere observation of the existence of pinch
points can be sufficient for a full evaluation. As a consequence of this simplification,
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1.1. Conceptual process design

pinch-based methods are not only an interesting reference, but their simple nature meets in
particular the challenges of process analysis and synthesis where the automated evaluation
of large amounts of process data or number of alternatives is demanded. However, despite
these advantages, the current lack of appropriate pinch-based methods for most process
devices still prevents their broad application.

The focus of this thesis is research on pinch-based methods and their application to
popular industrial processes such as rectification, extraction, and absorption processes.
Existing methods to overcome the challenges of process analysis and synthesis are covered
by the research field of conceptual process design. Conceptual process design methods can
range from simple heuristic rules for the identification of preliminary ideas up to complex
optimization-based calculations using rigorous models. In order to illustrate relevance and
value of pinch-based methods to the field of conceptual process design, existing methods
are briefly reviewed in Section 1.1. The simple but thermodynamically valid nature of
pinch-based methods can be a valuable link between first ideas generated by heuristic
rules and detailed calculations. Such a framework, which acknowledges the potential of
pinch-based methods, is discussed in Section 1.2. Shortcomings of existing pinch-based
methods are touched. As a result of these shortcomings, scope of this thesis is defined in
Section 1.3. Structure and outline follow in Section 1.4.

1.1 Conceptual process design

Process analysis and synthesis play an important role for the energy efficient design of
chemical processes. The process analysis has to cope with large amount of data or highly
integrated processes where complicated interactions need to be identified. In process syn-
thesis the challenges of process analysis are amplified by the large number of alternatives
which need to be compared. The large amount of data, the complicated interactions, as
well as the large number of alternatives are just some of many strong arguments which
urgently demand for systematic guidelines or frameworks to accomplish a successful con-
ceptual process design.

Research on frameworks supporting a systematic and an expedient work-flow play an
important role in conceptual process design. One comprehensive framework, which has
inspired best practice in Process Systems Engineering, is represented by the hierarchical
framework of Douglas (1985, 1988, 1995). Different levels of detail are introduced as il-
lustrated in Figure 1.3. The design starts with fundamental decisions on dedicated educts,
products, and type of operation (level 0), followed by the generation of a simple flowsheet
structure (level 1 - level 4), towards a detailed, cost-optimal flowsheet covering sophis-
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ticated methods of heat integration (level 5). Between the low and the high level, each
additional level shows more and more details, and thus increases incrementally the com-
plexity of the design problem. Similarly, the framework can be applied to process analysis
by starting at a high level and following the inverse work-flow to identify, for example,
energetic bottlenecks or process interactions.

The original framework of Douglas is very general and intended for the application to
chemical processes of different types. Both experience and knowledge on state-of-the art
methods strongly influence the outcome of the final design. There is, in fact, no guaran-
tee that the final design is optimal. In order to constantly update existing guidelines with
the state-of-the art methods, and in order to improve the outcome of the design, selected
works address different challenges and innovations in the field of conceptual process de-

Level 0: l Batch l l Conti l l ]
input information
type of problem

Level 1:
number of simple processes
number of reactions

Level 2:
input/output structure

Level 3:
flowsheet structure
reflux structure

Level 4:
separation devices

Level 5:
heat-integration

Figure 1.3.: Hierarchical framework of Douglas (1985, 1988, 1995). Different levels of
detail are introduced: On a low level, process tasks are summarized and focus
lies on their interactions. On a high level, the process is described in all its
complexity to determine the performance. Adapted from Douglas (1988).
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sign. Examples are the simultaneous optimization-based design of reaction and separation
processes (Recker, Skiborowski, Redepenning & Marquardt, 2015), the synthesis of heat
exchanger networks (Furman & Sahinidis, 2004; Morar & Agachi, 2010), the intensifica-
tion of hybrid separation processes (Babi et al., 2016; Lutze et al., 2010; van Gerven &
Stankiewicz, 2009), the efficient optimization of large and complex processes (Dowling
& Biegler, 2015), the design of bio-refineries (Fatih Demirbas, 2009; Sanders et al., 2012;
Yuan et al., 2013), or general recommendations for an energy-efficient design (Barnicki
& Siirola, 2004; Grossmann & Guillén-Gosélbez, 2010; Siirola, 1996; Westerberg, 2004;
Yuan & Chen, 2012). Pinch-based methods and their integration into conceptual process
design is also addressed by the work of (Marquardt et al., 2008) which is discussed in
detail in Section 1.2.

All conceptual design frameworks share in some way the idea of incremental refine-
ment spanning from different levels of detail. Their goal is to identify, step-by-step, the
best process alternative. Broadly speaking, three important steps can be isolated: The first
step has to identify feasible and promising alternatives. Then, in the second step, an appro-
priate mathematical model needs to be derived to allow for a computer-aided evaluation.
Finally, in the last step, different alternatives represented by, for example, different oper-
ating conditions or different process structures, need to be compared by modern optimiza-
tion techniques. Each of these three steps, the identification of alternatives, the modeling
of the process by rigorous models, and finally the performance assessment by optimiza-
tion techniques requires dedicated methods which are briefly discussed in the following
subsections.

1.1.1 Identification of alternatives

In the early phase of conceptual process design, identification of alternatives has a large
impact on the outcome of the final design. Fundamental decisions on the general type of
process, i.e., batch or continuous, or on the necessary unit operations and their interactions,
are made in this phase (cf. Figure 1.3, level 0). Therefore, identification of alternatives is
one of the most important and can as well be on of the the most creative tasks in conceptual
process design demanding both experience and expert knowledge. As creativity is, of
course, difficult to teach or train and a company can be naive if it solely relies on their
own experts and their established knowledge, there are attempts to manifest experience
and expert knowledge by guidelines and heuristic rules.

Prominent heuristic rules used for decision making are based on thermodynamic mix-
ture properties which directly provide insights into a mixture and thus information on the
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applicability of unit operations (Jaksland et al., 1995). Examples are the existence of mis-
cibility gaps which is mandatory for liquid-liquid separations, boiling temperatures which
indicate applicability of distillative separations, or presence of azeotropes which can in
turn complicate distillative separations. These rules are summarized in decision diagrams
and thereby contribute to an expedient design workflow (Barnicki & Fair, 1990, 1992).

Existing heuristic rules are available for all fields of chemical engineering. A compre-
hensive summary can be found in the book of Harmsen (2013). Dedicated rules address
the selection of unit operations (Barnicki & Fair, 1990, 1992), the design of separation
sequences (Nadgir & Liu, 1983; Rong, 2014), methods of heat integration (Dowidat et al.,
2016; Umeda et al., 1979)), selection of solvents (Brunet & Liu, 1993), or case-based
decision making (Pajula et al., 2001). The rapid improvements of computer technology
fostered the development of intelligent systems (Stephanopoulos & Han, 1996), which is
currently revitalized using artificial intelligence (AI) techniques (Mohd Ali et al., 2015).

Software applications are available to support decision making by heuristic rules, e.g.,
heuristics to support process design decisions, PROSYN®! (Kravanja & Grossmann,
1990, 1993), heuristics on the design of bio-processes, Jacaranda? (Steffens et al., 1999,
2000), or integration of property prediction and process design, ICAS? (Eden et al., 2002;
Gani, 2004; Gani et al., 1997, 2005; Kongpanna et al., 2016).

One major limitation of guidelines and heuristic rules is that they can only provide a
qualitative evaluation. Rules can contradict each other and under certain circumstances,
exceptions may apply. For example, usually the low relative volatility of a component indi-
cates an energy-intensive rectification, whereas in cases where a high product purity is de-
sired, rectification could still be the best separation alternative. In fact, the full complexity
of a separation device such as rectification cannot be captured by one single heuristic rule
alone. As pointed out, competing or contradicting rules demand for multi-objective de-
sign, which ultimately demands careful balancing of these rules (Papadopoulos & Linke,
2006).

Hardly any design is developed without some expert knowledge, heuristic rule, or guide-
line to constrain the almost infinite number of alternative process options, configurations,
or operating points. While superficiality by heuristic rules is appreciated in an early phase
of the design where many alternatives are compared, there is always the risk that un-
conventional alternatives are discarded. In consequence, the quality of the final design
strongly depends on truthfulness, precision, and careful application and combination of

'PROSYN®: www.process-design-center/prosyn.html
2Jacaranda: www.ucl.ac.uk/ ucecesf/jacaranda.html
3Integrated Computer Aided System: www.capec.kt.dtu.dk/Software/ICAS-and-its-Tools
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heuristic rules, but accurate calculation of a performance target can only be accomplished
using rigorous process models in a following step.

1.1.2 Rigorous models

The alternatives derived in early phases of conceptual process design need to be evaluated
and compared based on calculations with accurate models. So-called rigorous models
provide a detailed picture of a chemical process or device by an accurate modeling of
the most important physical, chemical, and thermodynamic phenomena involved. So far,
rigorous models are available for all types of unit operations, and, as recently pointed out
in a review by Cremaschi (2015), over the past years these models have become one of the
most important tools in conceptual process design.

A rigorous model usually describes all controlling phenomena by mass, equilibrium,
summation, and enthalpy (MESH) equations (Kister, 2008). One complex task of the
modeling process is the accurate thermodynamically-sound representation of phase equi-
libria. Usually, separations such as rectification, absorption, and extraction are influenced
by transport limitations. Therefore, these separations ideally need to be described as mass-
transfer rate-based operations, using what has become known as nonequilibrium or rate-
based models (Mohanty, 2000; Taylor et al., 2003). Mass transfer phenomena can be
described by different levels of complexity, starting with simple efficiencies up to the two-
film diffusion model with Maxwell-Stefan correlations (Krishna & Wesselingh, 1997).
Not only does this complex modeling usually require dedicated experiments, in addition
detailed knowledge of the geometry of the final device is needed. Often, this effort cannot
be afforded and is also not required in the early phase of conceptual process design. In-
stead, all diffusion-controlled phenomena are ignored which simplifies the modeling of the
equilibrium and allows to delay the choice of the geometry of the device. Thermodynamic
equilibrium is assumed for each separation stage by using so-called equilibrium-based
models. Different types of equilibrium-based models are available, which as well allow
for different complexity ranging from simple polynomials auch as the Porter equation up
to complex molecularly-sound structure correlations such as PC-SAFT (see, e.g., Pfennig
(2004); Poling et al. (2001)).

For the solution of rigorous models, all MESH equations are combined into a math-
ematical problem. The complexity of such a mathematical problem is indicated by the
total number and non-linearity of the set of MESH equations. For example, the simple
rectification column with N stages which can be used to separate a mixture with C compo-
nents usually requires N x (2% C +4) equations (Kister, 2008). Although the total number
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of equations could be different depending on how the MESH equations are written, it is
obvious that the number of stages and even more the number of components have a large
impact on the complexity of such a problem. Therefore, separation devices with many
stages for mixtures with many components quickly lead to complex mathematical prob-
lems with large sets of non-linear equations. Usually, these problems are then solved by
local numerical algorithms which benefit from an accurate initial solution (Amaran et al.,
2014). The systematic derivation of a sufficiently accurate initial solution is obviously im-
portant in order to successfully solve such a problem in a reasonably short period of time.
However, only little work is available on the systematic initialization by appropriate solu-
tion procedures (Kim et al., 2010; Kossack et al., 2006). Therefore, the fully automated
solution of such rigorous models is still not established.

Rigorous models are implemented in commercial process simulators such as
AspenPlus®! or gPROMS®2, CHEMCAD?, or ChemSep*, which allow to solve flow-
sheets with multiple separation and reaction units. Large chemical companies often have
their own process simulator, e.g., VIPLAN at Covestro or CHEMASIM at BASF. The
simulation engines can be applied directly to solve large flowsheets with many devices
involving mixtures with many components and complex thermodynamics.

1.1.3 Optimization techniques

Competing alternatives are generally represented by different operating conditions as well
as different flowsheet structures. The alternatives could be evaluated sequentially by enu-
meration, which is, for instance, established for the evaluation of zeotropic mixtures by
rectification (Agrawal, 1996; Harwardt et al., 2008; Plesu et al., 2015). Often, however,
enumeration is not possible when iterative calculations are required or the number of com-
binations gets too high. Then, the problem can be mathematically formulated as a mixed
integer non-linear programming (MINLP) problem (Grossmann & Ruiz, 2012; Trespala-
cios & Grossmannj 2014), where continuous variables can represent different operating
conditions and integer variables refer to active or inactive flowsheet interconnections.
Optimization-based approaches are applied to solve these problems, which draws the at-
tention to problem formulation techniques (Grossmann, 2002; Trespalacios & Grossmann,
2014) as well as to available numerical optimization algorithms (Amaran et al., 2014).

Alternative flowsheet structures described by active or inactive interconnections are re-

! AspenPlus®: www.aspentech.com/products/engineering/aspen-plus
2gPROMS®: www.psenterprise.com/products/gproms

3CHEMCAD: www.chemstations.com

#ChemSep: www.chemsep.org
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ferred to as superstructure (Barnicki & Siirola, 2004). Some prominent superstructure
formulations are state-task networks, state-equipment networks, resource-task networks,
generalized modular networks, unit-operation-port-stock networks, or group-contribution
based networks (Cremaschi, 2015; Fahmi et al., 2014). Examples for superstructure for-
mulations can be found throughout conceptual process design, e.g., for the optimal design
of heat exchanger networks (Kleme§ & Kravanja, 2013; Kong et al., 2016), for the opti-
mal configuration of rectification columns (e.g., (Caballero, 2015; Kossack et al., 2006;
Kramer et al., 2009)), for the identification of optimal process alternatives subject to heat
integration (Caballero & Grossmann, 2014; Yang et al., 2012), for the identification of
promising reaction pathways (Ulonska et al., 2016; Voll & Marquardt, 2012), for the
identification of optimal heat exchanger networks (Chen et al., 2015), or for superstruc-
ture optimization of alternative process intensification techniques of a hybrid absorption-
rectification process (Lee et al., 2016).

Algorithms are distinguished as to whether they provide a local or global search for an
optimal solution. Local optimal solutions usually benefit from short calculation time but
require good initial guesses to avoid accidentally finding non-optimal solutions (Floudas,
1999, 2000, Floudas et al., 2005; Kallrath, 2000, 2005; Viswanathan & Grossmann, 1990).
Instead, globally optimal solutions can be guaranteed, e.g., by BARON! (Tawarmalani &
Sahinidis, 2005) or ANTIGONEZ2, (Misener & Floudas, 2014)), but large-scale non-linear
problems demand tight bounds on the variables and usually involve high computational
effort (Floudas et al., 2005). Solution with any of these approaches bears the risks that al-
ternatives are excluded. With local algorithms, solutions may be excluded if the algorithm
fails, which could not only be caused by actual infeasibility of the problem but also by
inaccurate initial guesses. Global algorithms exclude alternatives, if too tight bounds are
provided by the user whereas too wide bounds would result in too long calculation times.
Alternatively, the combination of both types of algorithms with meta-heuristics in evolu-
tionary or genetic algorithms has the potential to overcome some of these shortcomings
(Grossmann & Biegler, 2004), however, bounds are still required and there is no guarantee
that the globally optimal solution is identified. The limitations of all approaches fostered
the development of novel multi-scale optimization techniques including approaches such
as surrogate models (Henao & Maravelias, 2011) and derivative-free optimization (Ca-
ballero & Grossmann, 2008).

In conclusion, optimization techniques have the potential to identify the best design.
However, the accuracy of an initial solution and the size of the problem have a strong

"branch-and-reduce optimization navigator
2algorithms for continous/integer global optimization of nonlinear equations
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impact on both calculation time and reliability of the final solution. Therefore, careful
pre-selection of promising alternatives, identification of an accurate initial solution, and
determination of proper bounds is a crucial part of conceptual process design.

1.2 The pinch-based design approach

When reviewing the methods available for conceptual process design, there is no single
method which can solve all problems associated with this task alone. A combination of
methods for the generation of first ideas by heuristic rules and the final optimization with
rigorous models is necessary. Methods for the generation of first ideas usually achieve
low accuracy, but are easy to use. Rigorous models, on the other hand, can achieve good
accuracy, but are difficult to solve. As the discrepancy regarding complexity and accuracy
between heuristic rules and rigorous models is large, in order to bridge this gap in concep-
tual design, the application of shortcut methods, which are simple but provide reasonable
accuracy, is promising.

A framework which acknowledges the potential of shortcut methods for an efficient
ranking and pre-selection of alternatives envisaged by Marquardt et al. (2008) is depicted
in Figure 1.4. The framework starts at the left with a given process task. In the first
step, possible alternatives are generated by literature review, heuristics, or rules of thumb.
The generated alternatives are then evaluated with the help of shortcut calculations in the
second step. As the shortcuts already allow to determine a performance target, many
alternatives can typically be discarded after the shortcut step. The results of the most
promising alternatives are then exported to the optimization with rigorous models which
finally determines the cost-optimal process.

Shortcut methods are central for this framework. Classical and well-known shortcut
methods, such as the methods of Underwood (1949) or Kremser (1930), combine sim-
plicity with a moderate level of detail which can otherwise only be provided by a rig-
orous model. The substantial drawback of these classical shortcut methods is, however,
the uncertain quality of their approximation and thus resulting lack of confidence in their
performance assessment. Alternatively, shortcut methods can be improved by introduc-
ing the pinch point. The pinch, which represents vanishing thermodynamic driving force,
occurs in any counter-current device in case an infinite time for the heat and mass trans-
port can be assumed, for instance represented by infinitely large heat-exchanger area or
infinitely extended separation column sections. Vanishing thermodynamic driving force
finally allows direct conclusions on the minimum energy demand representing a favorable
operating point for many processes. As a consequence, the concept of pinch-based meth-
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Figure 1.4.: Conceptual process design framework using shortcut methods. Figure
adapted from Marquardt et al. (2008).

ods is well-known in conceptual process design, for example for the design of rectification
columns (McCabe & Thiele, 1925) or heat exchanger networks (Linnhoff & Hindmarsh,
1983).

The concept of pinch-based methods in comparison to classical shortcut methods with-
out a pinch and rigorous models is schematically illustrated for a general counter-current
column section in Figure 1.5. According to classical shortcut methods, the separation be-
havior within one column section is approximated by correlations (Kremser, 1930), while
only one set of MESH equations is used to balance the first and the last stage of each
section. In a rigorous model, on the other hand, each stage is covered by the set of MESH
equations (Kister, 2008). As a compromise, the pinch can serve as an additional sampling
point for the shortcut calculation. When using one additional stage, the pinch-based short-
cut approximation can be expected to improve the estimation which is also reported in
multiple studies (Bausa, 2001; Briiggemann & Marquardt, 2011b; Harwardt, 2013). On
the other hand, the pinch-based model is still simple compared to the rigorous model, be-
cause only two sets of MESH equations are required, one set to balance the pinch and one
set to balance the first and the last stage. Therefore, regarding simplicity and accuracy,
the compromise offered by pinch-based shortcut methods complements perfectly with the
tasks of conceptual process design in Figure 1.4 where accurate but simple methods are
needed to evaluate a large number of alternatives and make strategic design decisions.

An overview on the most sophisticated pinch-based shortcut methods for rectification,
extraction, and absorption, is given in Table 1.1. For rectification columns, the most ad-
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Figure 1.5.: Pinch-based shortcut compared to classical shortcut without a pinch and rig-
orous model for a counter-current column. The pinch serves as additional
sampling point which improves the calculation. A good compromise regard-
ing simplicity and accuracy can be expected.

vanced method is the rectification body method (RBM, Bausa et al. (1998)). There are
other alternative pinch-based methods available for rectification columns and a brief re-
view can be found in Chapter4.1.3. However, only the RBM combines both a simple
approximation concept with a systematic solution strategy. The RBM has also been ex-
tended to rectification coupled with decantation (Bausa & Marquardt, 2000), rectification
with sidestreams (von Watzdorf et al., 1999), complex rectification columns (von Watz-
dorf et al., 1999), rectification coupled with reaction (Lee et al., 2003), extractive rectifica-
tion columns (Briiggemann & Marquardt, 2004), and batch distillation columns (Espinosa
et al., 2005).

The RBM and similar methods for rectification columns only require the complete spec-
ification of all feed and product streams, and then allow to estimate the minimum energy
demand for arbitrary mixtures. No limitation regarding number of components or thermo-
dynamic property modeling is necessary. In contrast, pinch-based methods for extraction
or absorption columns are not only hard to find, but assume simplifications of the thermo-
dynamic behavior and are effectively limited to ternary mixtures. A detailed discussion on
existing shortcut methods for absorption columns is provided in Chapter 2 and for extrac-
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Table 1.1.: Representative pinch-based shortcut methods for the design of rectification,
extraction, and absorption columns.

unit operation literature limitation

rectification Bausa et al. (1998) « full specification of outlet composi-
tions required

heuristic detection of tangential
pinch points

extraction Minotti et al. (1998), * ternary mixtures
Hunter & Nash (1935) ¢ isothermal

absorption Kister (2008) e ternary mixtures

* no condensation of gas carrier and
solvent condensation

tion columns in Chapter 3. In short, for extraction columns there is the graphical method
of Hunter & Nash (1935) which assumes an isothermal separation and an algebraic in-
terpretation has been presented by Minotti et al. (1998). While the assumption of an
isothermal separation is mostly valid for liquid-liquid extraction, in gas-liquid separations
such as absorption often a strong temperature gradient is observed. In order to consider
a temperature gradient along the column section but still allow for a graphical interpreta-
tion, condensation of the carrier gas and evaporation of the solvent can be ignored (Kister,
2008), which is, however, often inaccurate.

The limitations of pinch-based methods for devices other than rectification columns
can be surprising at first sight. After all, the column sections for rectification, absorption,
and extraction columns are described by a similar set of MESH equations which should
therefore allow for a similar approximation. The reasons, however, which explain why the
promising concept of the RBM has not been transferred to other devices such as extrac-
tion and absorption can be found in persistent limitations of the RBM. When reviewing
the RBM closely, two shortcomings can be isolated which have both still not been re-
solved: The detection of tangential pinch points, and the necessary definition of outlet
compositions prior to the calculation.

Tangential pinch points are a frequent phenomena caused by non-ideal thermodynamics

15

1P 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

1. Introduction

which can occur in both rectification as well as extraction and absorption separations. Al-
though there exists an algebraic approach to model tangential pinch points by bifurcation
analysis (Levy & Doherty, 1986), the RBM employs heuristic rules to avoid the compli-
cated modeling procedure. In the original contribution, Bausa et al. (1998) suggested an
angle criterion which was improved later in the thesis of Briiggemann (2005) by a so-
called pinch reachability check. A model-based integration of the tangential pinch into
the RBM, for example by bifurcation analysis, has not yet been considered.

Outlet compositions need to be fully specified for the application of the RBM in or-
der to determine minimum energy demand. In contrast, when using a rigorous model, all
outlet compositions are calculated. A degrees of freedom analysis of the rigorous model
of a rectification column (cf. Doherty (2008)) and the RBM reveals that for a mixture
with C components the RBM requires C — 2 specifications in addition to the specifications
required by a rigorous model. Thus, the separation task approximated by the RBM in-
herently demands overspecification when mixtures with more than two components are
investigated. As a consequence, the user has to choose outlet compositions which have
to agree with both the assumption of an infinite number of stages and with the approxi-
mated minimum energy demand. If, however, the user chooses outlet compositions which
disagree with any of these assumptions, then large deviations in the predicted minimum
energy demand may result as illustrated in the thesis of Skiborowski (2015).

For the estimation of feasible outlet compositions, the RBM can be combined with so-
called feasibility tests. The most prominent tests include the method of Rooks et al. (1998),
an interpretation of the oo /cc-analysis as suggested by Ryll et al. (2012), and the method for
the calculation of the pitchfork distillation boundary (PDB) by Briiggemann & Marquardt
(2011a). All these methods assume an infinite number of stages which agrees with the
assumption of a pinch-based shortcut such as the RBM. On the other hand, a different
energy demand is assumed which, however, only has an influence if the composition of
the outlets are in fact controlled by the employed energy demand. For all zeotropic and
most azeotropic separations, the outlets are not controlled by the employed energy demand
and these feasibility tests therefore provide identical and accurate results. Only in case
of azeotropic mixtures with separation boundaries, the outlet compositions are in fact
controlled by the employed energy demand (Widagdo & Seider, 1996). The method of
Rooks et al. (1998) and the oo /co-analysis assume an infinitely large energy demand, and
the PDB a low energy demand defined by the presence of a pitchfork bifurcation. In
conclusion, when outlet compositions are controlled by the employed energy demand,
none of the existing feasiblity tests accurately predicts feasible outlet compositions and
their estimations can in consequence lead to the large deviations in the predicted minimum
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energy demand by the RBM (cf. Skiborowski (2015)).

These two shortcomings are also relevant for the pinch-based design of absorption and
extraction columns. Tangential pinch points are frequently occurring phenomena in ex-
traction and absorption systems, and identical with the impact of the energy demand on
outlet compositions for rectification, for extraction and absorption the solvent flow rate
always has an impact on outlet compositions. The heuristic rules or work-arounds devel-
oped over the past decades for the design of rectification columns have apparently been
impossible to apply for the design of absorption and extraction columns, because accord-
ing to the summary of pinch-based methods in Table 1.1 existing pinch-based methods for
extraction and absorption are limited to ternary mixtures and simplified thermodynamic
modeling. Hence, there is a need to first establish a consistent pinch-based model for gen-
eral counter-current column sections. A mathematically-sound model has to inherently
cover tangential pinch points, determine outlet compositions, and finally has to apply to
all types of counter-current separations.

1.3 Scope of this thesis

Pinch-based shortcut methods are well-known tools for the conceptual process design.
While in the last decades most research efforts on pinch-based methods have focused on
the design of rectification columns, some limitations remained unsolved such as the detec-
tion of tangential pinch points and the the calculation of outlet compositions without any
heuristic rule or work around. In consequence, the extension of pinch-based methods to
different fields of application stagnated, and shortcut methods for the design of absorption
or extraction columns are limited to ternary mixtures and simplified thermodynamic mod-
eling. All of these limitations can be related to the lack of a consistent pinch-based model
for general counter-current separation columns.

Ambition of this thesis is to derive a consistent pinch-based model for general counter-
current columns. Such a model has the potential to overcome existing shortcomings. Fur-
thermore, the novel model has the potential to provide valuable insight to assess and reduce
the inaccuracy inherently caused by the applied simplification. Such a concept, which is
not accomplished for any type of shortcut method, could close the gap in conceptual pro-
cess design between shortcut estimation and rigorous calculation. The model is investi-
gated for case studies from adiabatic absorption and isothermal extraction. For theses case
studies, the shortcut method can serve as a screening tool, which, according to the chal-
lenges associated with the application of shortcut methods in conceptual process design,
demands for automated evaluation. To this end, this work investigates solution procedures
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which provide a solution to the pinch-based models in a fully automated manner.

Nowadays, process alternatives are often evaluated by using heuristic rules because
these rules allow for an automated evaluation. While the envisaged solution procedures
for pinch-based methods could directly allow for an automated screening of single sep-
aration devices, their combination with existing pinch-based methods for rectification
columns and heat-integration leads to a screening of complex separation processes, which
is highlighted in this thesis. In conclusion, this thesis envisions a pinch-based screening
for absorption and extraction processes which can only be accomplished by a consistent
pinch-based model and its reliable automation.

1.4 Outline and structure

Chapter 2 begins with a comparison of classical shortcut methods and rigorous models
for the conceptual design of absorption columns. As a consequence of the identified
shortcomings, a novel pinch-based model is derived for general adiabatic counter-current
columns. The model covers rigorous thermodynamics. No simplifications regarding phase
equilibrium, heat effects, or the number of components are required. Tangential pinch
points and the states of all outlet streams are simultaneously covered when calculating an
operation at minimum solvent demand. Classical shortcut predictions without accounting
for a pinch are significantly outperformed by the novel shortcut model, which — in addition
— can be gradually refined to any desired accuracy. Integration into a stepwise procedure
results in reliable solutions. The performance of the procedure in terms of speed and pre-
diction quality is highlighted by screening several thousands of solvent candidates for two
case studies with up to seven components.

The novel pinch-based model for adiabatic absorption carries over to isothermal ex-
traction columns. In Chapter 3, existing shortcut methods and their limitations for the
conceptual design of extraction columns are reviewed, before the modifications of the
novel pinch-based model are discussed. While existing pinch-based models for extraction
columns are limited to ternary mixtures, the novel model has no constrains regarding the
number of components, it is more accurate than shortcut methods without a pinch, and it
even allows the gradual reduction of deviation caused by the prediction error to any degree
of desired accuracy. The stepwise solution procedure takes into account the constrains of
isothermal liquid-liquid separations. The pinch-based screening of several thousands of
solvent candidates for two case-studies validates the performance of the novel method.

While existing methods for the screening of solvents for absorption and extraction rely
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on thermodynamic properties such as the activity coefficients at infinite dilution, the novel
pinch-based shortcut methods allow for a screening based on the performance of the actual
separation device. In Chapter4, existing pinch-based methods for rectification columns
and heat integration are combined with the novel pinch-based methods for absorption and
extraction. The pinch-based methods perfectly complement, and thus allow for a com-
prehensive flowsheet evaluation based on minimum energy demand. Three case studies
are investigated: Two absorption processes, one for the absorption of carbon-dioxide and
the other for the absorption of dimethyl ether, and one extraction process for the recovery
of aceton, butanol, and ethanol from aqueous solution. Several thousands of solvents are
screened, and novel solvents are selected based on optimized process performance.

Chapter 5 introduces the software architecture developed during this work. The new
prototypes for the pinch-based design of absorption and extraction columns are integrated
into an existing software framework for the thermodynamic analysis and the pinch-based
design of rectification columns. The methods can be conveniently accessed from MAT-
LAB or C! to allow for further application. Recommendations for further research are
given in Chapter 6. Conclusions are finally presented in the last Chapter 7.

1.5 Previous publication of results

The results discussed in this thesis originate from the research performed by the author at
Aachener Verfahrenstechnik — Process Systems Engineering, RWTH Aachen University.
The following results related to this thesis have been published previously by the author
and his colleagues:

* Parts of the pinch-based shortcut method for adiabatic absorption columns dis-
cussed in Chapter2 have been published by Redepenning & Marquardt (2016) in
the American Institute of Chemical Engineers Journal.

Parts of the pinch-based shortcut method for isothermal extraction columns dis-
cussed in Chapter 3 have been published by Redepenning, Recker & Marquardt
(2016) in the American Institute of Chemical Engineers Journal. The journal con-
tribution generalizes previous work published by Redepenning, Skiborowski &
Marquardt (2013) as a conference proceedings in the book series Computer Aided
Chemical Engineering.

The results discussed in Chapter 4 build on a software framework for the estimation
of thermodynamic property parameters which is part of a joint cooperation with
the Chair of Technical Thermodynamics, RWTH Aachen University. Parts of the
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method have been described by Scheffczyk, Redepenning, Jens, Winter, Leonhard,
Marquardt & Bardow (2016b) in the Chemical Engineering Research and Design.

* On the integration of nonequilibrium modeling and pinch-based shortcut methods
in Chater 6.3 an extended abstract published by Redepenning, Penner & Marquardt
(2014) is available in Chemie Ingenieur Technik.
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Chapter 2

Pinch-based shortcut method for the
design of adiabatic absorption columns

Absorption processes are a mature technology routinely employed in the chemical indus-
tries for the separation of gaseous mixtures. Usually, absorption processes combine two
separation columns. In the first column, a solvent absorbs one or more solutes selectively
from a gaseous feed mixture, while in the second column solutes are separated from the
solvent, which is recycled to the absorption column (Kister, 2008).

The design of an absorption process involves the identification of optimal operating
conditions such as pressure, temperature, number of separation stages, and optimal sol-
vent. In general, the performance of both the absorption and desorption column must be
taken into account during the conceptual design of an absorption process. Superstructure
optimization, where a mixed-integer non-linear programming (MINLP) problem covers
all alternatives and operating points, has the potential to determine the optimal design
directly (Dowling & Biegler, 2015; Trespalacios & Grossmann, 2014). However, large
superstructures are still challenging to solve efficiently and reliably with today’s optimi-
zation algorithms (Amaran et al., 2014).

Alternatively, in the early phase of conceptual process design, when many alternative
processes (Marquardt et al., 2008), solvents (Burger et al., 2015), and operating points
(Peschel et al., 2012) need to be compared, often representative performance indicators
are attractive for a comparison. Since the vaporization of the solvent in the solvent recov-
ery column mostly determines the energy demand of the process, operation at minimum
solvent demand represents a favorable operating point.
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For the calculation of minimum solvent demand, two techniques are employed in en-
gineering practice: A rigorous model is solved with a sufficiently large number of stages
modeled by mass, equilibrium, summation, and enthalpy (MESH) equations (Kohler et al.,
1995). This approach can be computationally demanding when many stages are necessary
and mixtures with many components are investigated. Alternatively, shortcut calculations
are applied, but the approximating nature of any shortcut method causes inaccuracies.

In the next section, a comparison of existing techniques for the calculation of mini-
mum solvent demand motivates the need for a novel shortcut model, which is derived
subsequently. The novel shortcut model is then discussed for several distinctive modes of
operation. A step-by-step solution procedure establishes quick and reliable determination
of a model solution. Applicability is demonstrated by a fully automated screening of thou-
sands of solvent for industrial examples with up to seven components. Conclusions are
finally given in the last section.

2.1 Comparison of rigorous and established shortcut model

Shortcut methods for the calculation of minimum solvent demand have been available for
a long time. One of the first and still relevant method was proposed by Kremser (1930).
As the accuracy of shortcut methods can be poor, rigorous models are often preferred.
Rigorous models are, however, not the best choice in the early phase of conceptual design
when quick and robust calculations are desirable (Marquardt et al., 2008).

To review existing techniques, the separation of ethylene-oxide (EO) from argon (AR)
with water (W) used as a solvent serves as an illustrating case study. Usually, the in-
terfacial mass transfer is kinetically controlled. Such transport limitations are, however,
strongly influenced by diffusion phenomena, which can only be described by complex
rate-based models fitted to dedicated experimental data. This effort can often not be jus-
tified in the early phase of conceptual process design. Alternatively, equilibrium-based
models are employed in this work. The distribution coefficient is modeled by Henry’s
law for argon and Antoine’s extended equation for ethylene-oxide and water. Non-ideality
of the binary mixture of ethylene-oxide and water is covered by activity coefficients de-
scribed by the NRTL model (cf. Appendix B for a summary of model equations). Reac-
tions such as the hydration of ethylene-oxide to ethylene glycol are ignored. The mixture
and type of split are chosen such that all operating points required for the discussion can
be applied.
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2.1.1 Rigorous model

A schematic of an isobaric and adiabatic absorption column is illustrated in Figure 2.1.
In the counter-current arrangement, the gaseous feed (V1) and the lean solvent (Lp)
enter the column on opposite ends. The liquid (L) and gaseous (V) streams, which are
described by flow rates (L or V), compositions (x or y), and temperatures (7') for each
stage (n) flow in opposite directions. In a rigorous model (cf. Kister (2008)), the set of
MESH equations for all separation stages (N) and components (C) can be written as an
implicit stage-to-stage recurrence:

0= Loxo,; + Var1Yn+1.i — Viy1,i — LaXn,i,

@.1)

i=1,..,C, n=1,...,N,

0=y — Knixni, i=1,..,C, n=1,...,N, (2.2)
C

0=1-Y xui, n=1,..,N, (2.3)
i=1
C

0=1-Y yui, n=1,...N, 2.4)
i=1
L A% \ L

0= Lohg +Vn+1hn+l —Vih{ —Lyh;, 25)

n=1,..,N.

The distribution coefficients (K,) and the enthalpies of the liquid and gaseous phases
(h%, hV) are functions of compositions, pressure, and temperature,

Kn.i = f(xn-,}’n7p7 TI‘!)7

(2.6)

i=1,...C, n=1,..,N,
WY = f(xq,p, Th), n=0,...,N, Q.7
h;Y:f(anvan)a n:177N+1 (28)

which are given by appropriate thermodynamic models. In principle, any thermodynamic
model can be employed when appropriate data are available.

Finally, the required solvent to feed ratio can be calculated, if one additional specifica-
tion, e.g., the desired purity of one solute in the product gas, o, is specified

Y,j =0, jedl,...ch 2.9
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Figure 2.1.: Schematic of an adiabatic counter-current absorption column. Rigorous cal-
culation is based on a finite number of separation stages N, while minimum
solvent demand involves an infinite number of stages (N = o).

Table 2.1.: Specifications for the illustrating case study. Adiabatic and isobaric absorption
at 10MPa is assumed. The desired purity of ethylene-oxide in cleaned gas is
set to 1 mol-%.

concentration YN+1 X0 temperature
argon 0.5 0 To 373K

ethylene-oxide 0.5 0 Iny1 373K
water 0

Table 2.1 provides a set of specifications for the illustrating case study. Pressure, com-
positions and temperatures of both the feed and the solvent streams are given. The desired
purity of ethylene-oxide in the cleaned gas is set to y; go = 1 mol-%, and N = 20 separa-
tion stages are found to be sufficient to properly approximate minimum solvent demand
with the RADFRAC separation module of AspenPlus®.

Figure 2.2 shows the vapor compositions of the stage-to-stage recurrence in a ternary
diagram (left) and along the column (right). Between separation stages 9 and 19 the com-
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Figure 2.2.: Stage-to-stage recurrence with vapor compositions (y) in ternary diagram

(top) and along the column (bottom). The existence of a pinch indicates min-
imum solvent demand.
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positions are almost constant. This zone, where thermodynamic driving force is low, in-
dicates a pinch. The existence of a pinch is a well-known indicator for minimum solvent
operation (Kohler et al., 1995).

Minimum solvent operation requires an infinite number of separation stages (Kohler
et al., 1995). Only a sufficiently large number of separation stages allow to predict mini-
mum solvent operation with sufficient accuracy. The rigorous model is therefore not only
incapable of the rigorous prediction of minimum solvent operation, but also comes along
with other well-known difficulties: If a mixture with many components or complex ther-
modynamic behavior is considered, and if only inaccurate initial guesses are available, the
solution of the rigorous model can be difficult. Moreover, for the calculation of minimum
solvent demand, many stages must be considered which increases the number of equations
and hence the computational effort. Alternatively, shortcut calculations can be considered
to overcome these drawbacks.

2.1.2 Established shortcut models

Shortcut models in general intend to simplify the set of MESH equations by some approx-
imation. To this end, Kremser (1930) introduced recovery factors (¢4 ;, ¢s ;) to approxi-
mately relate the states of the first and the last stage by the overall mass balances,

0= Loxo,i(1—ds,;) + VN1 1IN+1,i0a
=Viy1,i — LNxNy, (2.10)
i=1,.,C—1.

The principle assumption for this type of shortcut model is that the recovery factors can
be described by so-called absorption and stripping factors (4;, S;),

Ai—1 .
¢A7i:m7 l:17...,C717 (211)
Si—1
$si= T i=1,..,C—1, (2.12)
S =1
26
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which are defined as

Ai=A,i= =1,...,C—1 2.13
i n,i Kn,iVn7 1 seeny 5 ( )
~ 1
S,'ZS,L,':A s i=1,..,C—1 (2.14)
n,i

Ai>1

P i=1,...C—1, 2.15)
1-4;, A<,
§;>1

os=1 O Sizh i=1,..C—1. 2.16)
1-8;, Si<l1,

For non-negligible heat-effects, Edmister (1957) modified the absorption and stripping
factors by introducing averages between the first and the last stage:

A~,‘ = \/AN",‘(A]J — 1) +0.25-0.5,
i=1,...C—1,

(2.17)

S — \/SNJ(S,J —1)+0.25-05,
i=1,.,C—1.

(2.18)

Alternative averaging functions were proposed recently by Bahadori & Vuthaluru (2010).
The equation of Kremser (1930) has received attention for the evaluation of complex
column configurations (Kamath et al., 2010) and the assessment of hybrid absorption-
desorption processes (Notz et al., 2011).

The established shortcut model for absorption columns relies on the correlations of
Kremser (1930) and Edmister (1957). It combines the approximations (2.10), (2.15)-
(2.18), and the MESH equations (2.1), (2.5) forn =N, (2.2)-(24) forn=1and n =N to
relate feed, solvent, and outlet streams. One design specification, i.e., the desired purity
of the solute, is provided by Eq. (2.9) in addition.

Table 2.2 summarizes the results determined with the shortcut correlation and with a
rigorous model for a desired purity yj go = 1 mol-%. The solvent to feed ratio computed
by the shortcut and the rigorous model deviate by 22 %. This deviation is large which can
make the comparison of process alternatives based on the shortcut model incorrect. For
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Table 2.2.: Results for shortcut and rigorous calculations. Specifications are summarized
in Table 2.1. The rigorous model uses twenty stages and the shortcut model is
based on correlations of Kremser (1930) and Edmister (1957).

comp. Y1 XN flow ratio temperature

shortcut
AR 0.703  0.004  Lo/Vn+1 6.87 T 405K
EO 0.010 0.069  Vi/Vnti 067 In 373K
w 0.287 0928 Ln/WNy1 719

rigorous
AR 0.887  0.000  Lo/Vn+1 883 T 374K
EO 0.010 0.053  Vi/Vn41 056 T 381K
w 0.103 0947  Lyo/Ww41 927

screening and pre-selection during the early phase of conceptual design improved shortcut
calculations are consequently required.

When shortcut calculations are based on minimum solvent demand, the quality of the
approximation can be improved by integrating the pinch into the model. At the pinch,
thermodynamic driving forces vanish and the compositions entering and leaving the pinch
stage are constant (cf. Figure 2.1: yp = yp ). Conservation of mass and energy allows to
describe the pinch (P) by the equations

0= VNt1YN+1,i — VPyp,i — LNxN,i + Lpxp,;,
i=1,..,C,
0= Vasihs — Vohy — Lnhk + Lphk, (2.20)

(2.19)

which assume thermodynamic equilibrium of entering and leaving streams at the pinch.

There has been only little work on pinch-based shortcut methods for absorption
columns. In particular, two-dimensional diagrams can be constructed to identify the min-
imum solvent demand for ternary mixtures (Kister, 2008). The approach requires negligi-
ble vaporization of the solvent and condensation of the carrier gas. If heat effects are neg-
ligible and isothermal behavior can be assumed, a shortcut method originally developed
for isothermal extraction columns (Burger et al., 2016; Minotti et al., 1996) carries over
to absorption columns. Besides the simplifying assumptions, both methods are limited to
ternary mixtures. Consequently, their application to industrial processes often involving
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more than three components and mixtures with strong heat effects is not possible.

Hence, there is a need for a pinch-based shortcut method for absorption columns sepa-
rating gaseous mixtures with an arbitrary number of components and with non-ideal ther-
modynamic behavior.

2.2 Pinch-based shortcut model

The pinch is central to the concept of the novel shortcut introduced in this section. In the
following, two algebraically sound approximations, one extending from the first stage to
the pinch and one from the pinch to the last stage, are derived. These approximations,
combined with sets of MESH equations to balance the first stage, the last stage, and the
pinch, provide the basic pinch-based shortcut model. After the derivation of the basic
model, an approach is presented which allows a gradual reduction of the approximation
error to any degree of desired accuracy.

2.2.1 Basic model

The stage-to-stage recurrence in Egs. (2.1)-(2.5) is a non-linear, discrete, and distributed
system, which is generally referred to a a non-linear discrete dynamical system. At the
pinch, n = P, all compositions, temperatures, and flow-rates on two adjacent stages are
identical, e.g., for the composition of the liquid phases xp, | = Xp can be written. Hence,
the pinch is a fixed point of the discrete dynamical system. The implicit function theo-
rem allows to linearize the non-linear equations (2.1)-(2.5) at the pinch (Poellmann et al.,
1994). Then, the first order differential 2L can be calculated as a (Cc-1)x(C-1)

Ix,
matrix. If the difference quotient approximation,

IXnt1| _ Xpr1—Xp @221)
% |p  Xp—xp ’

is pragmatically assumed to hold not only at stages n, n+ 1 close to the pinch P, but at any
stages n, n+ 1, a linear approximate solution for the course of stage compositions can be
derived (cf. Appendix A) as

C—1
Xui=xpi+ Y AT Hej, i=1,..C—1. (2.22)
j=1
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The eigenvectors e; and eigenvalues A; of the matrix 83“* L

are determined at the pinch
for n =P (cf. Appendix A). The weights c¢; could only be determined from Eq.(2.22)
directly, if a composition x; was known on some stage n = k. Then, if the weights are
known, the course of compositions of the liquid phase x,, for all stages » in the column

could be calculated from Eq. (2.22).

Since the pinch constrains progress of stage-to-stage calculations, the linear approxima-
tion is employed in the following to estimate the course of the stage compositions starting
from both sides of the column towards the pinch. Starting at the first stage (k = 1),

c-1
-1
Xp,i = Xp,i+ Z Hjlf €;j
J=1

(2.23)
i=1,...,C—1, n=12 .0
is obtained, and starting at the last stage (k = N),
o
Xn,i = Xp,;i + FZI vj/lj e; (224

i=1,.,C—1, n=NN—1,...N—oo,

is obtained. Because the compositions on stages 1 and N are not known a priori in the
absorption column, values for the weights u; and v; cannot be determined directly from
Eqs (2.23) and (2.24) only. Instead, qualitative information on the weights is derived sub-
sequently.

Feasible separation at minimum solvent flow rate requires a stage-to-stage trajectory
connecting the first stage with the last stage. As the pinch has to occur within the column
section for an infinite number of stages, that pinch is touched by the stage-to-stage trajec-
tory. Thus, for the recurrence (2.23) starting at the first stage, convergence to the pinch
has to be established for an increasing number of stages, i.e.,

lim X, = Xp, (2.25)
n—oo
which, according to Eq. (2.23), requires
!

Jim ;27" =y, j=1,...,C—1. (2.26)

For non-reactive mixtures, all eigenvalues A; for j = 1,...,C — 1 are real, positive, and
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distinct (Doherty, 1985),
0< A <. <Aooq < oo 2.27)

Depending on their values, four situations can be distinguished: The eigenvalues in the set
can be smaller than unity, greater than unity, smaller and greater than unity, or, one eigen-
value equals unity, while the remaining are smaller or greater than unity. Each situation
causes different behaviors of the individual terms in Eq. (2.26):

lim A"~ = (0,...,0)T,

n—veo (2.28)
0< A <..<Acog <1,

lim A7 ! = (eo,...,00)T,

n—ee (2.29)

<A <...<Ac | <o

lim A7~ = (0,...,00)T,
n—yoe ) (2.30)
0< M <. .<1<..<Ac_ <oo,

lim A7~ = (0,...,1,...,00)T,
nvee ) 2.31)
O0<A <..<Aj=1<..<Ac_) <oo

Eigenvalues smaller than unity lead to converging behavior while eigenvalues greater than
unity result in diverging behavior. Hence, eigenvectors referring to convergent behavior
are called stable eigenvectors, and eigenvectors referring to divergent behavior unstable
eigenvectors. When one eigenvalue equals unity, the behavior is inconclusive and the
corresponding eigenvector is called a neutral eigenvector (Sandefur, 1990).

As a consequence, each weight 1 in Eq. (2.26), which refers to a divergent behavior ac-
cording to Egs. (2.28)-(2.31), needs to be zero, which constrains the solution of Eq. (2.23)
to

Cc—1
Xni=Xpi+ Y, ujxj’.’*le_,-,i i=1,..,C—1. (2.32)
j=1

A<l
In particular, for a given composition of the first stage (n = 1) the solution is

Cc-1
xii=xpi+ Y, Mjej i=1,..,C—1. (2.33)

Jj=1
<1
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Only weights p; for each stable and neutral eigenvector (A < 1) need to be considered.

For the second approximation which starts from the last stage, Eq.(2.24), an approx-
imate solution can be derived accordingly. Again, convergence to the pinch is assumed
for an infinite number of stages but in the opposite direction which then is a decreasing
number of stages, i.e.,

lim X, = Xp. (2.34)
n—»—oo
According to the discussion for the first approximation on the behavior due to the eigen-
values, Eq.2.28-2.31, we obtain
Cc-1
XN =it Y, Vieji, i=1,..,C—1. (2.35)
Jj=1,
A>1
For this approximation, only weights v; for each unstable and neutral eigenvector (A > 1)
need to be considered.

In conclusion, the shortcut model combines the set of MESH equations for the first
stage, the last stage, and the pinch point, Egs. (2.1), (2.5) for n = N, (2.2)-(2.4) for n €
{1,N,P}, (2.19)-(2.20). For an approximation, linear solutions for the path from the first
stage to the pinch, Eq. (2.33), and from the pinch to the last stage, Eq. (2.35), are used.

Eigenvalues classify the pinch: If stable eigenvectors, Eq. (2.28), are present, the pinch
is unstable, if only unstable eigenvectors, Eq. (2.29), are present, the pinch is stable, or, if
only stable and unstable eigenvectors, Eq. (2.30), are present, the pinch is a saddle pinch
(Krause, 1999). The type of pinch also determines the number of weights u; and v;. For
a stable, unstable, or saddle pinch, the total number of weights yt; and v; is C — 1, and the
basic shortcut model can be solved for given specifications according to Table 2.1 for all
flow rates, compositions, temperatures, and weights.

A fourth type of pinch occurs if one eigenvalue equals unity, Eq. (2.31). Then, the model
has a total number of C weights, 1; and v;, and one additional constraint is required. The
stable or unstable pinch merges with a saddle in a saddle-node bifurcation. This type of
pinch is referred to as saddle-node or tangential pinch (Krause, 1999; Levy & Doherty,
1986). It is described by the constraint

Aj=1, jefl,...c—1}. (2.36)

The shortcut model with a saddle-node pinch combines the constraint, Eq. (2.36), with
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the model equations for the stable, unstable, or saddle pinch, Egs. (2.1), (2.5) for n = N,
(2.2)-(2.4) for n € {1,N,P}, (2.9), (2.19)-(2.20), (2.33), and (2.35).

2.2.2 Improved shortcut model

The approximations employed by the basic shortcut model presented in the previous sec-
tion assume linearity by Eq.(2.21) of the non-linear stage-to-stage equations (2.1)-(2.5).
Thus, the approximation in Eq. (2.22) is always accurate close to the pinch. However, if
the rigorous solutions of a stage-to-stage recurrence shows a curved, non-linear, course (cf.
Figure 2.2), inaccuracy grows when the distance between a stage and the pinch increases.

For thermodynamically ideal mixtures (ideal liquid and gaseous phase, constant molar
overflow), Levy et al. (1985) showed that an approximation for the stage-to-stage recur-
rence, Egs. (2.1)-(2.5), is, in fact, a linear set of equations. Then, the linear approximations
in Eqgs. (2.33) and (2.35) are accurate representations of the course of a rigorous non-linear
stage-to-stage recurrence.

For non-ideal mixtures, the assumption of a linear stage-to-stage recurrence is widely
recognized and usually leads to good results (Bausa et al., 1998; Kriamer et al., 2011b;
Levy et al., 1985). There have been attempts to improve the accuracy, but none can be
applied in a fully automated manner to a multi-component mixture separations (Krdmer
et al., 2011b; Urdaneta et al., 2002). In consequence, the applicability of all existing
shortcut approaches is limited due to the uncertain quality of their approximation and thus
the resulting lack of confidence in their performance assessment.

In order to overcome this shortcoming, the novel basic shortcut model concept is used as
a starting point to prepare a method which gradually reduces the approximation error. The
approximation error is caused by the non-ideality of the mixture, which causes curvature
of the stage-to-stage trajectory. Therefore, when using a linear approximation according
to the basic shortcut model, the approximation error is more dominant for an increasing
distance between the stage of interest and the pinch. While the non-ideality of the mixture
cannot be ignored without losing information about the thermodynamic behavior, the dis-
tance of the approximation can be reduced by including additional stages in the shortcut
model.

Consequently, M additional stages are included in the shortcut model by Egs. (2.1),
2.5)forn=1,2,....M,(2.2)-(2.4) forn =2,3,...,1 4+ M, if the recurrence starts at the first
stage, or, starting at the last stage, O additional stages are included such that Eqs. (2.1)-
(2.5) are used forn =N —1,...,N — O. The approximations, Egs. (2.33) and (2.35), then
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2. Pinch-based shortcut method for the design of adiabatic absorption columns

only extend between the pinch and the stage closest to the pinch,n =1+M orn =N -0,

c-1
Xi4Mi=Xpit Y, Mj€ji, i=1,..,C-1, (2.37)

Jj=1
A;<1

c-1
XN—0,i =Xpi+ Y, Vjeji- i=1,...C—1. (2.38)
j=1
ljzl
Each additional stage (i.e., increasing M and O) gradually improves the accuracy, be-
cause the dominance of the approximation, and thus the approximation error introduced
by Eq. (2.21), is reduced.

2.3 Analysis of the shortcut model

The shortcut model is in the following illustrated for the separation of argon, ethylene-
oxide, and water, which was introduced previously (cf. Table2.1). In the following, so-
lutions of the shortcut model are studied for three different purities ¢, each resulting in
a model with a stable, saddle-node, or saddle pinch point. To improve readability of the
discussed phenomena, an enlarged detail of the ternary diagram of Figure 2.2 is used.

2.3.1 Stable pinch

The sample separation has a stable pinch point when a purity of ethylene-oxide of about
y1,60 = 46mol-% is specified. The results for this split are summarized in Table 2.3.
The model determines outlet flow ratios Vi /Vn41 and Ln/Vny 1, outlet compositions yg
and xn, and outlet temperatures 77 and 7Ty, as well as a minimum solvent to feed ratio
Ly/Vnt1. Figure2.3 visualizes the results in an enlarged detail of the ternary diagram.
The three stages employed by the shortcut model are marked as circles. Open circles mark
the composition of the first and last stage, y; and y, and the filled circle the composition
of the pinch yp. When the separation experiences a stable pinch, the pinch is located at the
last stage, yp = yn. Stable eigenvectors are depicted as arrows pointing towards the pinch
point. This pinch has only stable eigenvectors which characterize a stable pinch.

One feature of this type of pinch, as shown in the following, is that the result of the
shortcut model is an accurate representation of an operation at minimum solvent demand.
On the one hand, the approximation extending from the first stage to the pinch allows to
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AR
0.575 X 0.425

0.45 -
w 0125

* 0.55
EO

= stage-to-stage recurrence < stable eigenvector
o first and last stage
®  pinch point

Figure 2.3.: Stable pinch point situation with results for the shortcut and rigorous model.

calculate all C — 1 weights u; explicitly from the C — 1 equations (2.33). Thus, since the
information by the weights has no further relevance for the outlet compositions, flow rates,
or for the minimum solvent demand, the equations could be omitted. On the other hand,
without any unstable eigenvector, the second approximation extending from the pinch to
the last stage, Eq. (2.35), reads as

XN,i = XP,i, = 1,...,C71. (2.39)

Hence, the composition of the last stage is located at the pinch which is calculated ac-
curately. In consequence, when one approximation could be omitted and the other is
accurate, the calculated result of the shortcut model is an accurate representation of the
minimum solvent operation.
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2. Pinch-based shortcut method for the design of adiabatic absorption columns

Table 2.3.: Results of the shortcut and rigorous model when a stable pinch controls the
separation. For a stable pinch, no approximation is required. Therefore, results
by the shortcut agree with results by a rigorous model when a sufficient number
of stages is assumed.

comp. yi XN flow ratio temperature

shortcut and rigorous

AR 0.495 0.000 Lo/Vny1  0.17 T 354K
EO 0460 0214  Vi/Vnii .00 Tny1 342K
w 0.045 0.786 Ln/Ww41 0.17

For a comparison, the stage-to-stage trajectory calculated by a rigorous model with
twenty stages is depicted with crosses connected by a dotted line. Starting at the first
stage, the pinch is approached while separation progress gradually vanishes. For a suffi-
cient number of stages, no deviation between the rigorous and the shortcut model can be
observed.

2.3.2 Saddle-node pinch

The sample separation experiences a saddle-node pinch for an ethylene-oxide concentra-
tion of y; go = 35mol-% in the product gas. A saddle-node pinch occurs if a stable pinch
merges with a saddle pinch. In consequence, a behavior referring to both the saddle and
stable pinch can be observed in the ternary diagram in Figure 2.4. The region where the
stage-to-stage recurrence experiences stable behaviour is indicated as a shaded area, and
the region with saddle behavior is left blank. The regions are separated by the direction
of the remaining stable eigenvectors, which is referred to as separatrix (Krause, 1999).
In the region with stable behavior, the rigorous stage-to-stage recurrence converges to the
direction of the neutral eigenvector, which is indicated as a black dashed line. In contrast,
in the region with saddle behavior, a stage-to-stage recurrence can diverge and weights
v;, which refer to diverging eigenvalues A; < 1, are zero. This part of the stage-to-stage
recurrence is approximated with the direction of the neutral eigenvector.

For a comparison, the rigorous stage-to-stage recurrence with thirty stages is depicted as
crosses connected by a dotted line. The rigorous stage-to-stage recurrence starts almost at
the estimated first stage of the shortcut, converges to the direction of the neutral eigenvec-
tor while thermodynamic driving force vanishes, and ends close to last stage predicted by
the shortcut. The results for this operating point are summarized in Table 2.4. The short-
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AR
0.7 K0.3
£
K %
0.575 %0.425
0.45
w 0.15
stage-to-stage recurrence ——- neutral eigenvector

o first and last stage &~ stable eigenvector
® pinch point

[ stable behaviour

[ ] saddle behaviour

Figure 2.4.: Saddle-node pinch with results for the shortcut and rigorous model. Shaded
area refers to stable behavior of the stage-to-stage recurrence; blank area to
saddle behavior.

cut result deviates slightly from the rigorous result, e.g., in terms of the solvent to feed
ratio by 1 %. The deviation is caused by the slight curvature of the rigorous stage-to-stage

recurrence between the pinch and the last stage.

2.3.3 Saddle pinch

The third sample separation experiences a saddle pinch for a purity of ethylene-oxide in
the cleaned gas of about y; go = 1 mol-%. Figure 2.5 displays the results of the shortcut
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2. Pinch-based shortcut method for the design of adiabatic absorption columns

Table 2.4.: Results of the shortcut and rigorous model when saddle-node pinch point con-
trols the separation. Rigorous solutions are obtained with thirty stages.

comp. yi Xoo flow ratio temperature

shortcut

AR 0.524  0.000  Lo/Vn+1 1.19 7 381K
EO 0350 0.135  Vi/Vnyi 095 T. 352K
w 0.126  0.865  Lo/Vni1 1.23

rigorous

AR 0.523  0.000  Lo/Vnt1 1.17 T, 381K
EO 0350 0.136  Vi/Vnyi 1.00 Ty 351K
w 0.127 0.864 Lz/Vwy1 1.22

model for this type of pinch in a ternary diagram. The pinch has stable and unstable
eigenvectors indicating a saddle. The part of the stage-to-stage recurrence approaching
the pinch from the first stage is approximated with the stable eigenvector, and the part
towards the last stage with the unstable eigenvector.

The results for the shortcut model are summarized in Table 2.5. This operating point
has previously been discussed in the introduction and results obtained for rigorous and
existing shortcut calculations are reproduced from Table 2.2.

For comparison, a rigorous stage-to-stage recurrence with twenty stages is depicted in
Figure 2.5. Both parts of the stage-to-stage recurrence are approximated, and the slight
curvature of the rigorous recurrence causes the deviation between the shortcut and the
rigorous results, e.g., in terms of the solvent to feed ratio about 3 %. In comparison to
existing shortcut correlations, the approximation error by the pinch-based shortcut model
is more than seven times smaller.

2.3.4 Improved shortcut model

The accuracy of the shortcut model can be improved by adding additional separation stages
to the basic shortcut model by Equations (2.37) and (2.38). This is illustrated for the
operating point investigated in the last subsection when the purity of about y; go=1 mol-
% is desired.

Figure 2.6 depicts the solvent to feed ratio calculated with the shortcut model when
additional separation stages are added step-by-step to the shortcut model. When no addi-
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feed

008
? ko

Figure 2.5.: Saddle pinch situation with results for the shortcut and rigorous models. Refer
to Figure 2.4 for a description of the symbols.

tional separation stages are used (M = 0, O = 0), the results summarized in Table 2.5 are
achieved. Then, an improvement is pursued in two phases: In the first phase, ten addi-
tional separation stages are added step-by-step to the approximation extending from the
first stage to the pinch point, Eq. (2.37) until M = 10, followed by a second phase, when
two additional separation stages are added to the approximation from last stage to the
pinch point, Eq. (2.38) until O = 2. Both extensions result in an asymptotic improvement,
because each additional stage reduces the distance to the pinch. The refinement is stopped,
when a separation stage is sufficiently close to the pinch.

The solution of the improved shortcut model with four additional separation stages (A
in Figure 2.6, M = 4) is illustrated in Figure2.7. Each additional stage is marked as a
cross, and the crosses are connected with a solid line. The necessary approximation from
the fourth additional stage to the pinch point is marked as a dashed line. Since this step
is close to the asymptote in Figure 2.6, further stages will approach the pinch point along
this dashed line.

Figure 2.8 shows the solution of the improved shortcut model with a total of twelve
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Table 2.5.: Results of the pinch-based shortcut model when a saddle controls the sepa-
ration. Results obtained for rigorous and classical shortcut calculations are
reproduced from Table 2.2.

comp. Y1 XN flow ratio temperature

shortcut

AR 0915  0.000  Lo/Vn+1 9.06 Ti 365K
EO 0.010 0.052  Vi/Vnti 055 In 382K
w 0.075 0948 Ln/WNy1  9.52

classical shortcut

AR 0.703  0.004  Lo/Vn+1 6.87 Ti 405K
EO 0.010 0.069  Vi/Vni1 067 In 373K
w 0.287 0928 ILn/Vny1 719

rigorous

AR 0.887  0.000  Lo/Vn+1 883 T 374K
EO 0.010 0.053  Vi/Vny1 056 T 381K
w 0.103 0947  Lyo/Ww+1 927

additional stages (B in Figure2.6). Ten additional stages are employed to improve the
approximation from the first stage to the pinch (M = 10), and two to improve the approx-
imation from the last stage to the pinch (O = 2). The results of the improved shortcut
agree with the rigorous approach (cf. Figure2.2 and Table 2.2). Nevertheless, the rigor-
ous model requires a high number of stages to overcome the low driving force close to
the pinch, whereas the shortcut model with additional stages relies on the direction of the
eigenvectors to approximate the behavior in the vicinity of the pinch. An accurate rep-
resentation of the rigorous result is already obtained when the calculated solvent to feed
ratio is sufficiently close to the asymptote in Figure2.6. E.g., in total three additional
stages are sufficient to achieve fairly accurate results; two additional stages to improve the
approximation extending from the first stage to the pinch point, and one additional stage
to improve the approximation extending from the pinch point to the last stage.

2.4 Solution of the shortcut model

The solution procedure suggested in this work solves the shortcut model in two phases:
The first phase identifies a feasible solution at the lower bound of the solvent to feed ratio
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Figure 2.6.: Solvent to feed ratio subject to the stepwise refinement of the approximations
by adding additional stages M and N. Asymptotic improvement is observed.
Situation A is illustrated in Figure 2.7, situation B in Figure 2.8.

Lo/Vn+1- This represents not yet the solution for a desired design specification such as
purity of a value product in the cleaned gas, but the operation with the lowest solvent
to feed ratio to just achieve a pinch-based separation. Beginning with the solution at the
lower bound of the solvent to feed ratio, the second phase employs continuation techniques
in order to find the solution for any desired design specification.

2.4.1 Identification of feasible initial solution

At the lower bound of the solvent to feed ratio, the last stage, where the feed enters the
column, dries out. The liquid flow rate is zero, i.e.,

Ly =0. (2.40)

This simplifies the pinch equations, Egs. (2.19) and (2.20), to

0=Ws1yNn+1,i—Veypi+Lpxp;, i=1,..,C, (2.41)
0=Vnt1hNyy — Vhy — Lphg. (2.42)
41
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Figure 2.7.: Situation A of refinement in Figure2.6. Four additional separation stages
improve the approximation from first stage to pinch point. Refer to Figure 2.4
for a description of the symbols.

Usually, the shortcut model covers simultaneously the pinch equations and the integral
balances of the column, Egs. (2.1)-(2.5) for n = N. At the lower bound, however, both
sets of equations can be solved independently.

An initial solution for the non-linear set of equations is easily identified when the feed is
at boiling temperature. Then, the vapor compositions at the pinch, the first stage, and the
last stage are equal to the composition of the feed (yr = yp = y1 = yn), and the solvent to
feed ratio is zero. In contrast, when the feed stream is overheated, the solvent to feed ratio
is greater than zero and the simplified set of pinch equations can have multiple solutions.

For distillation, the multiplicity of pinch point solutions has been extensively discussed
in literature. Since the set of simplified pinch equations, Egs. (2.2)-(2.4) forn =P, (2.41),
(2.42), of an absorption column section is identical to the set of pinch equations of a distil-
lation column section, the algorithm originally proposed for distillation columns (Bausa,
2001; Bausa et al., 1998) can be applied to find all pinch points. Continuation techniques
are employed for a rigorous calculation of all pinch lines which comprise the locus of all
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Figure 2.8.: Situation B of refinement in Figure2.6. Ten additional stages improve the
approximation from first stage to pinch point, two additional stages from last
stage to pinch point. Refer to Figure 2.4 for a description of the symbols.

pinch points for all possible reflux ratios (Bausa et al., 1998; Felbab, 2012). For distilla-
tion, pinch lines can be interpreted as functions of the reflux ratio which start in all pure
components or azeotropes for an infinite reflux. In comparison, for absorption, pinch lines
are interpreted as functions of the temperature of the feed stream, which start in all pure
components or azeotropes for an infinite temperature. The (infinitely) large temperature
or reflux ratio have, of course, no physical meaning, but allow to find reliably all possible
initial solutions by a systematic continuation.

For the lower bound of the solvent to feed ratio, in the ternary diagram in Figure 2.9
pinch solutions are depicted for different compositions and as a function of the feed tem-
perature. Two types of pinch lines occur which are marked as dotted and dashed lines
and refer to stable and saddle pinch points respectively. Depending on the stability, saddle
pinch points are marked as triangles, and stable pinch points as squares. One dotted line
is located on the edge representing the binary mixture of argon and ethylene-oxide, and a
second line, which has dotted and dashed parts, connects the pure water vertex with the
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azeotrope close to pure ethylene-oxide. When the feed is introduced at boiling temper-
ature, the pinch is located at the composition of the feed and has identical temperature.
When, however, the temperature of the feed stream is increased above boiling tempera-
ture, initial pinch solutions at the lower bound of the solvent to feed ratio recede from
the feed composition towards singular points of the mixture such as pure components or
azeotropes.

For each exemplary temperature, one saddle and two stable pinch points occur. Since
the purpose of the separation is the absorption of ethylene-oxide from the feed, the pinch
with lowest fraction of ethylene-oxide is selected. For the desired temperature of 373K,
the identified initial pinch solution is marked with a circle.

2.4.2 Continuation of the shortcut model

If the design specification by Eq.(2.9) is not considered, one-dimensional solution
branches can be determined with continuation techniques. The branches are determined
with a predictor-corrector continuation algorithm (Choi et al., 1996; Jiménez-Islas et al.,
2013).

The correction step requires repetitive calculation of eigenvalues, eigenvectors, and their
derivatives, which is time-consuming and can be numerically difficult (Beyn et al., 2011).
Instead, eigenvalues and eigenvectors can be treated as parameters in the correction step,
which are updated using the eigenvectors from the previous iterate of the continuation.
This yields sufficiently accurate results as long as a small step-size is used during the
continuation.

For the continuation of the saddle-node model, Briiggemann & Marquardt (2004) sug-
gest to replace the saddle-node model constraint, Eq. (2.36). When a saddle-node pinch
occurs, the set of pinch equations, Egs. (2.2)-(2.4) for n = P, (2.19)-(2.20), is singular
(Levy et al., 1985). Thus, when the set of pinch equations are abbreviated as 0 = p, and
the variables at the pinch point as u = (Lp, Vp,xg,yg, Tp)T, the saddle-node pinch can be
computed from

0=Vup'w, (2.43)

0=ww—1, (2.44)

where w is a null vector of VypT (Beyn et al., 2002). Prior to the continuation with this
constraint, the vector w is initialized with the neutral eigenvector of VypT.

With these preliminaries, the method can be summarized as follows: Continuation starts
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Figure 2.9.: Lines indicate all possible initial pinch point solutions. Solutions for various
temperatures of the feed stream are depicted. The relevant initial pinch shows
the lowest fraction of ethylene-oxide in the cleaned gas for the specified tem-
perature of 373 K.

at the lower bound of the solvent to feed ratio. During the continuation, eigenvalues and
their corresponding weights, v; or ;, are monitored to switch between models either
referring to a saddle-node pinch or to a stable, unstable, or saddle pinch. The model with a
saddle-node pinch is identified when one eigenvalue equals unity, while the model with a
stable, unstable, or saddle pinch is identified when the weight corresponding to the neutral
eigenvector, V; or u; for A; = 1, is zero. Finally, when the desired design specification by
Eq. (2.9) is achieved, continuation stops.
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Figure 2.10.: Solvent to feed ratio during the continuation. Continuation starts at the lower
bound of solvent to feed ratio, and stops when ethylene-oxide is fully ab-
sorbed from feed gas stream. Arrows indicate the direction of the continua-

tion.

The solution procedure assumes that only one unique pinch, which is tracked by the

continuation, controls the separation. This assumption agrees with observations for the

middle section of extractive distillation columns where also only one unique pinch is rel-
evant for the separation (Briiggemann & Marquardt, 2004; Knapp & Doherty, 1994; Pet-
lyuk et al., 2015). Due to the analogy between an absorption column and a middle section
of an extractive distillation column, the conclusions can carry over to absorption columns.
Inconsistencies in this assumption for absorption columns could be identified by validat-
ing the solution with the improved shortcut model. So far, however, such inconsistencies

of the solution procedure could not be observed.

Figure 2.10 illustrates the continuation for the model variable solvent to feed ratio sub-
ject to varying product gas specifications during the continuation. Continuation starts at
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Figure 2.11.: Eigenvalues during the continuation. The eigenvalues allow to distinguish
between different shortcut models during the continuation. Arrows indicate
the direction of the continuation. Refer to Figure 2.10 for a description of
the symbols.

the lower bound of the solvent to feed ratio. The solvent to feed ratio increases while the
concentration of ethylene-oxide decreases. Different types of pinch points and according
models are indicated as dotted, continuous, and dashed parts of the solution branch for
stable, saddle-node, and saddle pinch points.

The models are selected according to the size of the eigenvalues. Figure 2.11 shows the
values for the two eigenvalues occurring for varying product gas during the continuation.
At the beginning of the continuation, the model referring to a stable pinch applies because
all eigenvalues are smaller than unity. When the largest eigenvalue equals unity, the model
referring to a saddle-node pinch applies until the weight v;, which refers to the neutral
eigenvector A; = 1, is zero. Finally, the model referring to a saddle pinch is described by
one eigenvalue smaller than unity and one greater than unity.

47

1P 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

2. Pinch-based shortcut method for the design of adiabatic absorption columns

2.5 llustrating case studies

Applicability of the novel method to multi-component mixture separations is highlighted
by means of four examples with up to seven components. The example are taken from
literature (Peschel et al., 2012; Sun & Smith, 2013; Zhang et al., 2015) and evaluate the
absorption of (I.) ethylene-oxide with water, of (Il.) dimethyl-ether with methanol, of
(III.) carbon-dioxide with water, and of (IV.) carbon-dioxide with methanol. Similar op-
erating points are investigated with different thermodynamic models. The vapor pressure
is described by Antoine’s extended equation, except for the supercritical gases (hydrogen,
nitrogen, argon, ethylene, oxygen, methane, carbon-dioxide, carbon-monoxide), which
are described by Henry’s law. Non-ideality of the liquid-phase is covered with the NRTL-
model for the binary mixtures of dimethyl-ether and water, and of ethylene-oxide and
water.

The results for all case studies are summarized in Table2.6. The specifications are
marked in bold and results represent a solution by the basic shortcut model without ad-
ditional stages. Calculation time on a standard Intel(R) Core(TM) i3-4150 3.5 GHz per-
sonal computer is determined. It covers all steps of the method which are implemented in
C/C++.

As a benchmark, operation at minimum solvent demand is calculated on the one hand
with a rigorous (RIG) model with the RADFRAC module in AspenPlus®, and on the other
hand with the established shortcut correlations (COR) introduced by Kremser (1930) and
Edmister (1957). The key idea of the solution procedure — the initialization at the lower
bound of the solvent to feed ratio, the continuation of the model until the desired design
specification is reached — is also implemented to reliably solve established shortcut mod-
els. The results obtained from these established techniques are summarized in Table 2.7.
For ease of comparison, the calculated solvent to feed ratio determined by the rigorous
(RIG) and the established shortcut (COR) models are also shown in the right column of
Table 2.6.

Existing shortcut correlations deviate from the rigorous results in terms of the solvent to
feed ratio at least by 10 %, and for the absorption of ethylene-oxide with water even by up
to 24 %. In contrast, the novel pinch-based shortcut model is for all investigated examples
below 16 %.

The results of the novel pinch-based shortcut method can be improved up to any desired
accuracy by adding additional stages to the shortcut model. This leads to results identical
to rigorous calculations, which ultimately allows to identify minimum solvent operation
accurately, within seconds, and reliably. No manual iteration is required.
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2.6. Screening of solvents

2.6 Screening of solvents

Existing concepts for the screening of solvents are usually restricted to the evaluation
of thermodynamic properties such as the solubility or the loss of solvent (Kister, 2008;
Masurel et al., 2015). Alternatively, the pinch-based method can be used. Reliable evalu-
ation, which is required for the automated screening of solvents, is thereby accomplished
by the suggested solution procedure. Therefore, in contrast to conventional methods for
the screening of solvents, the new approach finally facilitates the automated screening of
a large number of solvent candidates by evaluating the actual separation device.

In order to illustrate the possible range of application, two examples are investigated.
The first example investigates the well-known absorption of carbon-dioxide (cf. Burger
et al. (2015); Papadopoulos et al. (2016); Stavrou et al. (2014)) and the second example
the absorption of dimethyl ether, where so far no solvent screening has been performed,
although a recent simulation study indicates that physical absorption can be a competitive
alternative (Zhang et al., 2015) to the conventional separation by rectification sequences
(Clausen et al., 2010). The composition and state of feed and solvent streams is applied
according to Table 2.6.

Parameters for the thermodynamic interactions between each solvent component and
the mixture are determined by COSMO-RS (Klamt, 1995) and the group contribution
method of Benson & Buss (1958). Details on the generation of property parameters are
provided in Chapter4.1.2. The thermodynamic models are summarized in Appendix B.
Potential solvent candidates are taken from the COSMObase! database. In total, 4,121
solvent candidates are investigated.

The performance of the absorption column is evaluated for all of these solvent can-
didates. By using parallelization, which can be applied easily, calculation time is short.
Figure 2.12 shows the results for the absorption of carbon-dioxide, and Figure 2.13 the
results for the absorption of DME. For each solvent candidate, the solvent to feed ratio
(Lo/Vn+1) and the concentration of the value component in the liquid stream (xN) are
shown. Both curves show an asymptotic behavior. Large solvent to feed ratio leads to
low concentrations of the value component in the loaded liquid stream and low solvent to
feed ratios lead to high concentrations. Therefore, a low solvent to feed ratio is not only
preferred because smaller devices can be used, but also because the value component is
concentrated in the liquid stream. Top scoring candidates using minimum solvent to feed
ratio as the ranking criteria are given in Table 2.9.

!COSMObase: http://www.cosmologic.de/products/cosmobase.html
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2. Pinch-based shortcut method for the design of adiabatic absorption columns

Many of the solvents in the databank cannot be applied directly because operational
constrains such as toxicity, stability, viscosity, or risk of explosion are not considered, but
need to be included in an extension of this study. However, the large-scale screening can
already be used to benchmark solvent candidates already suggested in literature (Bonet
et al., 2015; Frank, 2008; Oudshoorn et al., 2009). More than 100 candidates were col-
lected and their performance is shown by black crosses in Figures 2.12 and 2.13 Four top
scoring solvent candidates in terms of solvent to feed ratio are recommended in Table 2.8
and 2.9, respectively.

In conclusion, the screening of thousands of solvents proves robustness of the sug-
gested solution procedure. A quick screening of a large number of solvents is possible,
which allows to benchmark existing, well-known solvents, and to identify new, promis-
ing alternatives. The pinch-based screening already distinguishes itself from conventional
screening which only relies on the evaluation of thermodynamic properties. However,
several studies strongly indicate, that solvents solvents should not be selected only based
on the evaluation of the absorption column (Papadopoulos & Linke (2005); Scheffczyk,
Redepenning, et al. (2016b)), but solvent recovery as well as other additional devices re-
quired for an absorption process need to be included in the evaluation. This next level of
screening solvents is established in Chapter 4.
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Figure 2.12.: Solvent-to-feed ratio (Ly/VN+1) subject to the concentration of carbon-
dixode (CO,) in the liquid stream for 4,121 solvent candidates.
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Figure 2.13.: Solvent-to-feed ratio (Ly/Vn+1) subject to the concentration of dimethyl-
ether (DME) in the liquid stream for 4,121 solvent candidates.

55

1P 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

2. Pinch-based shortcut method for the design of adiabatic absorption columns

1LT 200°0/8€0°0/56€°0/000°0/220°0/100°0/100°0  98°0
1€C 000°0/65C°0/100°0/500°0/0€L'0/200°0/€00°0 19°0 Ly0 €-0v-CI1 QUBIIPOp  LE6
0Le 100°0/¢€0°0/¥0%°0/000°0/020°0/100°0/000°0  ¥8°0
0¢¢ 000°0/99T°0/100°0/500°0/€TL 0/£00°0/€00°0 19°0 90 8-€S-CI1 [ouedopop 708
89¢ 200°0/8¥0°0/5T¥°0/000°0/%20°0/100°0/T00°0  08°0
6TC 000°0/2ST°0/100°0/S00°0/LEL'0/T00°0/€00°0  09°0 (1) 40] TEL"679 QuUad9peXaY-| €61
L9T 200°0/%¥0°0/LY¥'0/000°0/S20°0/100°0/100°0  9L°0
9TC 000°0/85C°0/100°0/500°0/1€L°0/200°0/€00°0  09°0 LEO T8C¢evl [oyode-[Aa]0 8¢
SJUDA[OS [BLYSpUL
L9C 200°0/6S0°0/1S+°0/000°0/#20°0/100°0/T00°0  9L°0
9TC 000°0/%¥C°0/100°0/500°0/S+L'0/200°0/€000 650 ceo0 6-1v-1611 Sreusfour[-[Ay1R €
L9T 200°0/L90°0/8%°0/000°0/€20°0/100°0/100°0  9L°0
LTT 000°0/9€T°0/100°0/500°0/€SL°0/200°0/€00°0 650 g0 [-9¢-Ly11€  Joye-[AueoSip 4
L9T 100°0/980°0/9%¥°0/100°0/S10°0/100°0/000°0  LLO
9TC 000°0/71T°0/100°0/700°0/SLL 0/€00°0/€000  8S°0 Se0 6-¢cI-161 suarpueIkd 1
sdjepipued 3uriods doy
00 NI Nx L
o) I 1£ Icﬁ_\, _mw: SVD QWIRU JUSA[OS  Yuel

JIOPIO Y} UI USAIS QI8 SUOIBIIUSOUO)) "PAJENBAD QIR SJUSA[OS [T} "SIUSAJOS JO SUTUAAIDS Y} JOJ SINSI PIJOJ[AS :'§°7 2Bl

AI PUE “[[T Apmjs ased ‘9" QB 0}
SuIp109o€ a1e sUoNeoyIdads “JUSAOS / SPIXOUOW-UOQIED / APIXOIP-U0qIed / Ud30MNIU / U9FOIPAY / dUBYIdW / uo3Ie

56

geschiizter Inhalt.

tor

1P 216.73.216.36, am 18.01.2026, 21:01:01.

mit, flir oder in KI-

m



https://doi.org/10.51202/9783186955036

2.6. Screening of solvents

LIE 89¢°0/89C°0/590°0/000°0/L10°0  9T°0
Sog 100°0/100°0/€CC°O/TT0°0/S9L0 160 LI'O  8-€S-CII [oued9pop  S6F
323 96¢°0/96C°0/5£0°0/000°0/L000  €T0
Iee 100°0/100°0/0€T°0/110°0/8SL°0  C6'0  SI'0  67L9-S01 [ouoydifpowip-4  €0¢
9¢e 80£°0/80£°0/€€0°0/000°0/900°0  CT'0
See 100°0/100°0/1€C°0/TTO°0/LSLO0 260 S1'0  S+¥-901 [ouoydiAyow-y  Ot¢
9¢e 80€°0/80€°0/2€0°0/000°0/900°0 O
9¢e 100°0/100°0/T€T°O/TTO'0/LSL'O0  T6'0  ST'0  ¥6€-801 ouan[oIAX0IPAY-¢ L€
SJUIA[OS [RLI)SNpUI
9¢ 010°0/€CL 0/7€0°0/000°0/100°0  01°0
(43 000°0/100°0/7€C0/110°0/SSL'O0 €60 TO0 6-01-¢€8 proedr[Aotfes[Ayrow-¢ €
09¢ 800°0/£€L°0/8C0°0/000°0/100°0  60°0
£ee 000°0/100°0/7€C0/TTO0/PSLO0 - €60 200 1-98-68  PIoI0ZUaqAX0IpAYIP-1'C 4
L9¢ 800°0/8€L°0/0€0°0/000°0/100°0  60°0
9¢¢ 000°0/T00°0/FETO/TIOO/FSL'O €60 TO'0  8-98-CSy  [0IpeuLzudq-g* [-[Apow-f I
sajepipued 3uriods doy
00 NI Nx ~
Do) I £ J% ﬂ% SVD QUWIRU JUSATOS  YUuRIX

IOPIO A} UT USAIS 9Ie SUOT)EIUAOUO)) "PAIJEN[BA 9T SJUIAJOS [T "SIUGAJOS JO SUTUAQIOS A} JOJ SINSI PAJII[QS "6’ A[qeL

‘11 Apm3s ased
‘9'Z 9[qeL 03 SUIPIOOIE Tk SUONBIYIOAAS “JUSA[OS / JOYIA-[AYIWIP / SPIXOIP-U0QIED / SPIXOUOW-U0QIed / UdS0IpAY

57

geschiizter Inhalt.

tor

mit, flir oder in KI-

1P 216.73.216.36, am 18.01.2026, 21:01:01.
m



https://doi.org/10.51202/9783186955036

2. Pinch-based shortcut method for the design of adiabatic absorption columns

2.7 Conclusions

Existing shortcut concepts for absorption columns are improved by an accurate modeling
of the pinch point. Minimum solvent demand could then be determined by exploiting the
fixed point properties of the pinch. Four types of fixed point behavior are discussed. The
number of eigenvalues greater or smaller than unity allow to distinguish between shortcut
models referring to a stable, unstable, saddle-node, or a saddle pinch point. The novel
shortcut outperforms existing shortcut methods in terms of accuracy in all investigated
case studies. By adding additional separation stages to the shortcut model, the shortcut
result can be improved to any desired accuracy. The proposed solution procedure reliably
identifies the controlling model. Good computational performance can be achieved with
a continuation algorithm which taps a wide range of applications. The performance of
the solution procedure is illustrated for multiple examples including a fully automated
screening of thousands of solvents.

The quick and reliable convergence of the proposed method to a favorable operation at
minimum solvent demand allows for the fully automated comparison of operating points
or a large number of solvents. Likewise, the reliable convergence combined with the im-
provement to any desired accuracy can directly be applied to initialize rigorous models,
because the shortcut can determine bounds and initial values. In addition, the improve-
ment poses a unique concept to determine an upper bound for the required number of
separation stages which is suggested for further research in Chapter 6.2. The method di-
rectly provides insights into the investigated separation. For example, the initialization of
the continuation according to Figure 2.9 determines the influence of the feed temperature
on the design. Low temperatures lead to less solvent loss which supports the well-known
observation that absorption favours low temperatures of the feed stream (Kister, 2008).
Furthermore, each iterate of the continuation represents a feasible operation at minimum
solvent demand according to Figure 2.10, and therefore allows direct conclusions on good
operating conditions. The screening of solvents, illustrated by evaluating thousands of
solvents in a fully automated manner, not only proves robustness of the suggested solu-
tion procedure, but can already be used to replace conventional selection of solvents by
heuristic rules.

Finally, the shortcut method presents an innovative technology to bridge the gap in
conceptual design between first ideas and detailed optimization. Initialization of rigorous
models, pre-selection of promising separation alternatives, or screening of solvents can
directly be addressed.
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Chapter 3

Pinch-based shortcut method for the
design of isothermal extraction columns

Solvent extraction is a promising separation alternative when distillation is difficult be-
cause of the low relative volatility, low concentration, or heat-sensitivity of a value com-
ponent. Prominent examples therefore are the removal of aromatic compounds, the pu-
rification of waste streams, or the recovery of bio-molecules from a fermentation broth
(Frank, 2008).

The selected solvent and the mixture to be processed exhibit a liquid-liquid phase split.
Different solubility of one or more solutes serves as separating driving force. The recov-
ery of solutes from the feed mixture can be improved when multiple separation stages are
ordered in a counter-current arrangement. In general, additional separation stages reduce
the solvent demand but increase the investment cost. Since the subsequent solvent recov-
ery process determines economics, operation at or close to minimum solvent demand is
often economically attractive, though a large or even infinite number of separation stages
is required (Kohler et al., 1995).

The schematic of an isothermal extraction column is illustrated in Figure 3.1. The liquid

feed (LE Jrl) and solvent (Lg) streams enter the column on opposite ends, and, on each
R

n+1
equilibrium. In contrast to an adiabatic column, such as the absorption column discussed

stage, the raffinate (L, ,) and the solvent-rich extract (LE) streams are in a liquid-liquid

in the previous Chapter2, no energy balance is required. The rigorous model, which
covers all stages (N) and components (C), requires mass, equilibrium, and summation
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ExE | | IRxR

L5 x5 T T [18,x%

LE, xE | 1 LR, xR
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LE, XE l ) T LR,xg

15y, XE_y N LR, xR

E LE R LR
Ly, Xy l I LN+1XN+1

Figure 3.1.: Schematic of an isothermal counter-current extraction column. The rigorous
model relies on a large number of stages, whereas an infinite number is as-
sumed by the pinch-based shortcut.

(MES) equations which can be written as an implicit stage-to-stage recurrence:

_JEE R EE _R.R
0= Lixt; + Ly 1% 1. — Ly s — LYY,

(3.1)
i=1,..,C, n=1,..,N,
R
0= X;I;:,i - Kn‘ixn‘iv 3.2)
l:]‘7 ’C7 n:17 7N7
C
0=1-Y a8, n=1,..N, (3.3)
i=1
C
0=1-Y x5, n=1,..,.N (3.4)

Usually, the liquid-liquid phase equilibrium (Kj;) is kinetically controlled. Transport
limitations are strongly influenced by the type of extractor device and depend on a num-
ber of diffusion-controlled phenomena such as rise, formation, and coalescence of drops
(Mohanty, 2000). Therefore, an accurate description of interfacial mass transfer requires
dedicated experiments and complex modeling, which can often not be afforded in the early
phase of conceptual process design. Instead, diffusion-controlled phenomena are ignored
and the choice of the extractor device is delayed, such that equilibrium-based models can
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be employed (Frank, 2008; Marcilla et al., 1999). Phase equilibrium is then determined
by activity coefficients 7;,

K. = ')/,,J(XE,T)
n,i }’n,i(XS‘7 T) )

which are functions of compositions and temperature and can be described by appropriate
thermodynamic models.

i=1,.,.C, n=1,..,N, 3.5)

For a given number of separation stages N, temperature 7', and compositions of the
feed and solvent stream xg and X§ _ 1> the minimum solvent-to-feed ratio Lg / L§ |1 canbe
calculated by the rigorous model, Egs. (3.1)-(3.4), if one additional specification, e.g., the
desired purity ¢ of one component j in the cleaned raffinate stream

x)

=0, jef1,...cy, (3.6)

is provided.

If a sufficiently large number of separation stages is considered, the rigorous model
predicts minimum solvent operation with sufficiently high accuracy. The rigorous model,
however, involves well-known difficulties: If a mixture with many components is consid-
ered, and if only inaccurate initial guesses are available, the solution of the rigorous model
is laborious. Moreover, since many stages must be considered for the calculation of mini-
mum solvent demand, the number of MES equations and hence the computational effort is
further increased. Alternatively, shortcut calculations can be applied to cut down the com-
putational effort and to improve the robustness of the calculations. In general, shortcut
calculations intend to simplify the set of MES equations by approximations, which leads
to different concepts providing a diverse range of detail and quality.

Performance of a solvent is often investigated by evaluating thermodynamic properties
of the mixture such as the activity coefficient at infinite dilution (Gmehling & Schede-
mann, 2014; Pretel et al., 1994; Schweitzer, 1988). However, thermodynamic properties
can only provide a qualitative comparison between different solvents, but offer no infor-
mation on outlet flow rates, compositions, or minimum solvent demand.

In case one single separation stage is assumed to approximate the separation apparatus
(Bonet et al., 2015; Frank, 2008), product flow rates and compositions can be calculated.
However, information on minimum solvent demand requires an infinite number of separa-
tion stages, which, in consequence, cannot be determined.

Alternatively, a shortcut model can be based on an integral balance of the separation
column with the MES equations (3.1)-(3.4) for n = N to determine outlet flow rates and
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3. Pinch-based shortcut method for the design of isothermal extraction columns

compositions, while correlations are employed to approximate the stage concentrations
extending from the first to the last stage. A prominent representative for such an approach
is the equation of Kremser (1930), which can be modified to tackle liquid-liquid separa-
tions (Smith & Brinkley, 1960).

Minimum solvent operation implies vanishing thermodynamic driving force within the
column section, which refers to the existence of the pinch point. Consequently, inte-
gration of accurate pinch modeling has the potential to improve the shortcut calculation
of minimum solvent demand. At the pinch, the vanishing thermodynamic driving force
(xg = XE 1) allows to describe the pinch (P) by the set of pinch equations (cf. Figure 3.1),

E RR _E R
0 = Lxh ; + Lyxp ; — Lxp; — LYY,
i=1,..C.

3.7)

The pinch-based shortcut model therefore employs both the integral balance of the sepa-
ration column given by the MES equations (3.1)-(3.4) for n = N, the design specification,
Eq. (3.6), the liquid-liquid equilibrium, Egs. (3.2)-(3.4) for n € {1,N,P}, and the pinch
equations (3.7). In order to complete the pinch-based shortcut model, C — 2 additional
specifications are required which were originally represented by the large set of MES
equations for all n € {1,...,N}, which are to be avoided.

For ternary mixtures, the pinch-based shortcut model has one degree of freedom. On
the one hand, minimum solvent operation is tied to the existence of the pinch within the
column section, i.e., if k is the value component,

A <X <o ke{l,..,C}. (3.8)

= k= s

On the other hand, the pinch constrains separation progress. Hence, in case of ternary
mixtures, minimum solvent operation can be identified if the pinch just vanishes, either
at the end of the column section (X]lE = XE, or XI% = XE) as a so-called product pinch, or
within the column section as a so-called tangential pinch.

Graphical methods for the identification of minimum solvent operation are well-known
for ternary mixtures (Burger et al., 2016; Hunter & Nash, 1935; Ruiz Bevid et al., 1984;
Wankat, 2007). Key process variables are plotted in a two-dimensional diagram, e.g., the
solvent flow rate as a function of the concentration of a component in the product stream.
Then, minimum solvent operation is identified by visual inspection, in case the pinch just
vanishes as a product or tangential pinch.

An algebraic approach for ternary mixtures is suggested by Minotti et al. (1996). A
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3.1. Shortcut model

continuation algorithm is employed to calculate composition and flow rate of the product
and the pinch as a function of the solvent-to-feed ratio. Subsequently, the set of solutions
is analyzed to find product or tangential pinch points in order to identify minimum solvent
operation. Alternatively, maximization of the solvent-to-feed ratio subject to the existence
of the pinch, Eq. (3.8), also identifies minimum solvent operation, if the pinch just vanishes
(Kramer, 2012).

For mixtures with more than three components, the mere observation of the pinch can-
not compensate for an approximation of the set of MES equations representing stages ex-
tending from the pinch to the first and the last stage. However, for isothermal liquid-liquid
separations there is currently no concept available to provide a desired approximation, but
shortcut methods for distillation or adiabatic absorption offer promising approaches. For
instance, shortcut methods for distillative separations assume a linear path of stage com-
positions from one column end to the pinch. Alternative concepts to linearize the path
lead to different methods for the pinch-based calculation of minimum reflux ratio (Bausa
etal., 1998; Holland et al., 2004; Krdmer et al., 2009; Levy et al., 1985; Lucia et al., 2008).
Accurate results are achieved for thermodynamically ideal mixtures (ideal liquid and gas
phase, constant molar overflow) (Levy et al., 1985). Since liquid-liquid equilibrium al-
ways involves non-ideal thermodynamic behavior, a possibly large approximation error is
inevitable (Wallert, 2008).

In this chapter, the model previously developed for adiabatic absorption is modified to
cover isothermal extraction, which leads to a novel pinch-based shortcut model for isother-
mal extraction columns. The set of non-linear model equations of the pinch-based shortcut
model can have multiple solutions and thus requires careful initialization. Therefore, in the
following section, a step-by-step solution procedure is established which reliably leads to
a model solution. The procedure generalizes previous work of Redepenning et al. (2013)
providing a method for arbitrary separations. Then, a fully automated screening of more
than 3,500 solvents for the extraction of acetone, 1-butanol, and ethanol from a fermen-
tation broth highlights the performance of the shortcut method. Conclusions are finally
given in the last section.

3.1 Shortcut model

The stage-to-stage recurrence in Egs. (3.1)-(3.4) is an instance of a non-linear discrete dy-
namical system. At the pinch, n =P, the compositions on two adjacent stages are identical,
ie., X]];3+1 = Xg. Hence, the pinch is a fixed point of the discrete dynamical system. The
implicit function theorem allows to differentiate the set of non-linear equations (3.1)-(3.4)
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E
9,11

at the pinch point (Poellmann et al., 1994). The first-order differential I is calculated
as a C x C matrix. However, and this is the major difference compared to the pinch-based
model for adiabatic absorption (cf., Chapter 2.2), only C — 2 lines and rows of the matrix
are independent, because isothermal liquid-liquid equilibrium is constrained by both the

summation constraint and the specified temperature. Hence, the matrix provides C — 2
independent eigenvectors e; and eigenvalues A4;, which allow to derive the general linear
approximate solution (Poellmann et al., 1994; Redepenning & Marquardt, 2016) for the
course of stage compositions starting at an arbitrary stage k as a linear combination of A;
and e; by considering the weights ¢},

Cc-2
X=Xt Y, AT e g, i=1,..,C—2. (3.9)
j=1

Depending on the size of the eigenvalue, 4;, the corresponding eigenvector,e}, is stable,
if the eigenvalue is smaller than unity, unstable, if the eigenvalue is greater than unity, and
neutral, if the eigenvalue equals unity (Sandefur, 1990).

Because the vanishing driving force at the pinch constrains progress of the stage-to-
stage recurrence, the linear approximation is employed in the following to approximate the
course of the stage compositions starting from both sides of the column towards the pinch.
According to the basic pinch-based model suggested for adiabatic absorption columns
(Chapter 2.2), neutral and stable eigenvectors represent the course starting at a stage 1 +M,
M>0,

c-2
xlla+M‘i:x11;:7i+ Z ujei j, i=1,..,C-2, (3.10)

J
A

il

1

while neutral and unstable eigenvectors represent the course starting at a stage N — O,
0 >0,
. g 622
XN_0i=Xpit Y, Vjeij, i=1,.,C-2. (3.11)
Jj=1,
A>1
The basic shortcut model (BSM) assumes no additional stages (M = 0, O = 0). How-
ever, in this case, the linear approximations, Egs. (3.10) and (3.11), are only accurate
close to the pinch. If the actual path of stage-compositions is non-linear and the distance
between the first or the last stage increases, the approximations show an error. The dis-
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tance can, however, be decreased by adding additional stages, resulting in an improved
shortcut model (ISM). Consequently, M additional stages can be introduced to the short-
cut model comprising Eqgs. (3.1) forn = 1,...,M, and (3.2)-(3.4) forn =2,....M +1, to
improve the approximation of stage concentrations between the first stage and the pinch,
Eq. (3.10). To improve the approximation of stage concentrations between the last stage
and the pinch, Eq.(3.11), O additional stages can be introduced formulating Eqgs. (3.1)-
(3.4) forn=N—1,...,N— O. Each additional stage (i.e., increasing M and O) gradually
improves the accuracy, because the distance to the pinch, and hence the approximation
error, is reduced.

In conclusion, the pinch point is classified by the number of stable and unstable eigen-
vectors. If the pinch has only stable eigenvectors, the pinch is stable, if only unstable
eigenvectors are present, the pinch is unstable, and if both stable and unstable eigenvec-
tors occur, the pinch is a saddle. When a stable, unstable, or saddle pinch applies, the
shortcut model combines the set of MES equations for the first stage, the last stage, and
the pinch point, Egs. (3.1) for n = N, Egs. (3.2)-(3.4) for n € {1,N,P}, Eq. (3.7), the ap-
proximations which relate the first and the last stage with the pinch point, Egs. (3.10) and
(3.11), and one design specification, Eq. (3.6). The BSM (M = 0, O = 0) requires no addi-
tional equations, while the ISM requires a set of MES equations to cover additional stages
by Egs.(3.1) for n = 1,...,M, Eqgs. (3.2)-(3.4) for n =2,....M + 1, or by Egs. (3.1)-(3.4)
forn=N-—1,...,N — O, respectively.

A fourth type of pinch occurs when one eigenvalue equals unity. The stable or unstable
pinch merges with a saddle in a saddle-node bifurcation. This type of pinch is therefore
referred to as saddle-node or tangential pinch (Levy & Doherty, 1986). It is described by
the constraint

Aj=1, jef{l,...c=2}. (3.12)

Hence, the shortcut model with a saddle-node pinch relies on this constraint and the model
equations for the stable, unstable, or saddle pinch.

3.2 Solution of the shortcut model

The solution of the shortcut model is only possible if accurate initial guesses and the
correct type of pinch are provided. In order to avoid trial-and-error calculations, which
cannot guarantee a solution in a reasonably short period of time, a fully automated step-
by-step solution procedure is suggested in the following.
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The steps of the method are illustrated for the separation of the solutes o-xylene and
toluene from n-heptane using propylene-carbonate as a solvent. The liquid-liquid equilib-
rium is described by the UNIQUAC model with parameters from literature (Salem et al.,
1994). Figure 3.2 visualizes the investigated mixture in a quaternary diagram. The extract
and raffinate phases are separated by a line, which comprises the locus of all critical points,
and binodal surfaces represent the locations of compositions in an isothermal liquid-liquid
equilibrium. Table 3.1 provides a set of specifications for the illustrating case study. Tem-
perature, pressure, compositions of both the feed and solvent stream, as well as the desired
purity of toluene in the cleaned raffinate stream are given. The mixture and type of split
are chosen in such a way that all steps of the suggested method can be discussed.

Table 3.1.: Specifications for the illustrating case study. Isothermal extraction at 25°C is

assumed.
component Ry X5 O
o-xylene 0.25 0 -
toluene 0.35 0 0
n-heptane 0.4 0 -
propylene-carbonate 0.0 1 -

3.2.1 Reduced shortcut model

In the first step, a reduced shortcut model (RSM) is solved, which ignores the approxima-
tion extending from the first stage to the pinch, Eq. (3.10), but assumes a fully specified
composition of the first stage. Initially, a full recovery of all C — 2 solutes / from the feed
stream is assumed, i.e.,

x5 =0, I=1,..,C-2. (3.13)

The specification of all solutes, Eq. (3.13), combined with summation and equilibrium
equations, Egs. (3.2)-(3.4) for n = 1, allows to calculate the composition at the first stage
with a homotopy continuation algorithm (Bausa & Marquardt, 2000).

The RSM combines the set of MES equations covering the first stage, the last stage,
and the pinch point, Egs. (3.1) for n = N, Egs. (3.2)-(3.4) for n € {1,P,N}, Eq. (3.7), fea-

66

1P 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

3.2. Solution of the shortcut model

propylene-carbonate
solvent

o-xylene

— binodal —@— critical points

Figure 3.2.: Quaternary diagram for the mixture o-xylene, toluene, n-heptane, and
propylene-carbonate. Crosses mark the compositions of the feed and the sol-
vent stream.

sibility of the approximation extending from the pinch to the last stage, Eq. (3.11), and
the specification of all solutes, Eq.(3.13). The RSM is further decomposed into two
sub-models, RSM 1 and RSM 2, which allows to individually initialize and solve each
sub-model. RSM 1 covers the first stage and the last stage with Egs. (3.1) forn =N, (3.2)-
(3.4) forn € {1,N}, and Eq. (3.13), while RSM 2 covers the first stage and the pinch point
with Egs. (3.2)-(3.4) for n € {1,P}, Eq. (3.7), and Eq. (3.13). Both sub-models, RSM 1 and
RSM 2, have only one degree of freedom and solutions are determined with a predictor-
corrector continuation algorithm (Choi et al., 1996; Jiménez-Islas et al., 2013). Continu-
ation reliably determines all solutions, if all one-dimensional solutions are continuously
connected. In case isolated solutions occur, one initial point for each isolated solution
branch is required.
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Figure 3.3.: Solutions for RSM 1 (dash-dotted line) and for RSM 2 (dotted, dashed, solid
lines). RSM 1 provides solutions for the extract product XE. RSM 2 provides
solutions for the pinch xg.

Figure 3.3 shows one-dimensional solution loci for both sub-models. The solutions
of RSM 1 are depicted as dash-dotted line and are referred to as product of the extract.
The upper bound of the solvent-to-feed ratio, (Lg / L§ +1)ups serves as initial point for the
continuation. At the upper bound, the extract and raffinate phase just separate and the
raffinate flow rate is zero, Llf/L§+l = 0, which is the initial solution for the continuation.
Continuation stops at the edge of concentration range or the miscibility gap, which is
typically described by a critical point, which is an actual point for ternary mixtures, a line
for quarternary mixtures, and a multi-dimensional plane for mixtures with more than four
components. The edge usually represents the lower bound of the solvent-to-feed ratio,

(Lg/ L§+1 )10~
The solutions of RSM 2 are referred to as pinch lines, which comprise the loci of all
pinch points. In Figure 3.3, two types of pinch points occur, which are marked by solid
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g 24 0.1 017" g
X'toluene 00

Figure 3.4.: Combined solutions for RSM 1 and for RSM 2. Refer to Figure 3.3 for a
description of the symbols.

and dotted lines and refer to stable and saddle pinch points, respectively. Stable parts
are located on the axis representing concentrations of toluene, and both saddle and stable
parts, are located on the axis representing concentrations of o-xylene. The pinch line bi-
furcates and an additional line representing saddle pinch points starts. The continuation is
initialized at the lower bound of the solvent to raffinate ratio, Lg /LR =0, when the com-
position of the pinch equals the composition of the first stage, XE = XllE For the designated
operating point, all pinch solutions are reliably found, because all branches are connected
with the initially specified composition of the first stage, X'li.

The solutions of RSM 1 and RSM 2 are then combined in order to obtain one single set
of solutions. This allows to depict both the compositions of the extract product and the
compositions of the pinch points subject to the solvent-to-feed ratio in Figure 3.4. The
compositions of the extract product recede from the line formed by critical points with
increasing solvent-to-feed ratio, whereas pinch solutions show a converse behavior and
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Figure 3.5.: At LE /LR =1.95, the unstable pinch provides a solution for the RSM.
g 0/5N+1

approach the line formed by critical points. If a full recovery of all solutes from the feed
is specified, Eq3.13, an unstable pinch point occurs at the composition of the first stage,
x]]“: for all feasible solvent to feed ratios.

The feasible solutions of RSM can be identified from the combined set of solutions of
RSM 1 and RSM 2. However, feasibility of the path of stage-to-stage compositions from
the pinch to the extract product, Eq. (3.11), needs to be granted. For selected solvent-to-
feed ratios Lg /L§ 1 multiple pinch points can occur, leading to more than one possible
solutions for RSM. This is illustrated in the following by comparing solutions for two
different solvent to feed ratios, L§ /LR | = 1.95 and L§ /LY, | = 1.85.

Figure 3.5 shows that three pinch points occur for Lg / L§ 41 = 1.95: An unstable pinch
at the composition of the first stage, x]f: a stable pinch on the o-xylene axis, and a saddle
pinch. The unstable eigenvector of the saddle approximates the path of the stage-to-stage
compositions from the pinch to the last stage, which is indicated by a dashed line. The
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Figure 3.6.: At Lg/Lﬁ_H = 1.85, both the saddle and unstable pinch provide a solution for
the RSM.

approximation, Eq. (3.11), is infeasible, because it does not connect to the product com-
position of the extract, XE Hence, infeasibility of the RSM is apparent when the saddle
pinch is used. Alternatively, a feasible path from pinch to product can be obtained if the
unstable pinch is chosen.

Figure 3.6 shows that the unstable pinch as well as the saddle pinch provide a solution
for Lg /L§ 11 = 1.85, because the saddle pinch connects with the composition of the last
stage by Eq. (3.11). Likewise, the unstable pinch connects with the composition of the last
stage, resulting in two candidate solutions of the RSM. Only one solution, however, can
in fact be related to a feasible separation.

Close to the minimum solvent demand, the path of rigorous stage-to-stage compositions
just touches pinch points (Kohler et al., 1995). According to Bausa et al. (1998), along this
path, the number of stable eigenvectors must increase strictly monotonically to match the
condition of increasing entropy production. Therefore, along the path of a stage-to-stage
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trajectory, the pinch having the larger number of stable eigenvectors is located closer to the
product of the opposite side, i.e., the extract product, and in consequence the eigenvectors
of this pinch are likely to give the best approximation for the path to the extract product.
For this separation the solution achieved with the saddle is used.

Having identified the controlling pinch for an initial composition of the first stage set
by Eq. 3.13, in the next step of the method the composition of the first stage is updated,
xl;:'*, using the approximation of the path from the first stage to the pinch, Eq. (3.10), the
constraint for the desired purity, Eq. (3.6), and the liquid-liquid equilibrium, Egs. (3.2)-
34)forn=1.

While the previous composition of the first stage, xlfj, and the new composition of the
first stage, x}li’*, deviate (cf. Figure 3.6), repetition of the previous steps of the procedure
according to fixed-point iteration can be applied to obtain a better estimate for the compo-
sition of the first stage. Alternatively, since good initial guesses and the controlling pinch
are already identified, a solution of the basic shortcut model with an appropriate numer-
ical solver can be attempted directly. If no solution is found, repetitive execution of the
solution procedure is required in order to improve initial guesses.

The presented steps of the solution procedure always allow to find a solution, provided
all pinch points are reliably found by the continuation algorithm. So far, this condition is
fulfilled if all solutions are connected with the initially specified composition of the first
stage. However, this condition can be invalid if the pinch points need to be calculated for
alternative compositions of the first stage, which is required when repetitive execution of
the solution procedure is necessary. Such a condition and an appropriate method to find
all solutions is discussed in the following section.

3.2.2 Initial solutions for the continuation

In the previous section, multiple solutions could be observed for the investigated case
study. The solutions are distinguished by analyzing the stability of the pinch, which finally
allows to identify the relevant solution. To this end, the preliminary calculation of all
relevant pinch points is obviously required. The procedure which has been established
so far, allows to find pinch points, if these points are connected by pinch lines with the
composition of the first stage, Xl]3 specified according to Eq.3.13. In the following, it
is shown that pinch points can be isolated from the composition of the first stage which
requires the extension of the procedure.

Figures 3.7 to 3.10 illustrate the behavior of pinch lines calculated by RSM 2 for differ-
ent compositions of the first stage, x]]“: The situation in Figure 3.7 has been investigated in

72

1P 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

3.2. Solution of the shortcut model

previous sections: All solutes are removed from the first stage according to Eq. 3.13, and
all pinch lines are connected at bifurcation points. When the composition varies, i.e., a
larger concentration of o-xylene about 1.8 mol-% is desired at the first stage (xlf"o_xylene),
pinch lines are calculated according to Figure 3.8. For this situation, all pinch lines just
touch in one bifurcation point at the o-xylene-axis. In Figure3.9, if the concentration of
o-xylene (xlf:,o_xy]ene) is
o-xylene is increased to 5 mol-%, one isolated pinch line occurs, which is not connected

increased to 2.5 mol-%, or in Figure 3.10, if the concentration of

with the concentration of the first stage, xlfj These isolated pinch lines cannot be found by
the procedure which has been established so far.

Previous works on pinch-based methods for quarternary extraction already mention the
existence of isolated pinch lines (Minotti et al., 1996; Wallert, 2008). However, a sys-
tematic procedure for their calculation has not been discussed, and all existing methods
are therefore effectively limited to ternary mixtures where this phenomena cannot occur,
because all pinch points are simply located on the binodale curve. In the following, two
different concepts for the calculation of isolated pinch lines are investigated and com-
pared: The first approach is algebraically general, but proved to be numerically difficult
to solve, the second approach is heuristic and relies on analogies to similar problems in
vapor-liquid separations, but proved to be numerically robust.

Isolated solution branches are a general problem when continuation methods are ap-
plied. Often, isolated solution branches can be found by a continuation of higher-order
bifurcations (Jiménez-Islas et al., 2013). The behavior of bifurcation points when differ-
ent compositions of the first stage are applied can be observed in Figures 3.7 to 3.10. For
this concept, higher-order bifurcations are tracked while the composition on the first stage
is varied (ill:‘), e.g., from the initial specification according to Eq. 3.13, xlfj, to an updated
composition of the first stage, xlf:'*, according to

Eo=af e b)), i=1,..,C—2. (3.14)
Higher-order bifurcation can be interpreted as tangential pinch points and have already
been modeled by Eq.(3.12). The model for a continuation of those higher-order bi-
furcations finally combines the set of MES equations for the pinch, Egs. (3.2)-(3.4) for
n € {1,P}, Eq. (3.7) the variation of the composition of the first stage, Eq. (3.14), and the
constraint for the saddle-node bifurcation, Eq. (3.12).

In Figure 3.11, the behavior of saddle-node bifurcations is depicted when the compo-
sition of the first stage is varied. For two exemplary compositions of the first stage, le:
and xl:‘* pinch lines with stable and saddle points are depicted in grey as dotted and solid
lines. At the bifurcation, the stability of the pinch lines changes. The bifurcation locus
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Figure 3.7.: All solutes removed, xllz‘ o-xylene is 0 mol-%. Pinch lines are connected and thus
found by the continuation of pinch points.
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E
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Figure 3.8.: Pinch lines calculated when x]f‘o_xylene is 1.8 mol-%. Pinch lines are just con-
nected at the bifurcation on the o-xylene axis. Refer to Figure 3.7 for a de-
scription of the symbols.
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Figure 3.9.: Pinch lines calculated when x? o-xylene is 2.5mol-%. One pinch line is iso-
lated. Figure 3.7 for a description of the symbols.
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Figure 3.10.: Pinch lines calculated when x]f:‘o_xylene is 5 mol-%. One pinch line is isolated.

Figure 3.7 for a description of the symbols.
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Figure 3.11.: Saddle-node bifurcations for varied composition of the first stage, ilf:*
Pinch lines on the o-xylene and toluene axes are not depicted for a better
readability.

bifurcates itself on the o-xylene axis. The continuation of bifurcation points traces isolated
pinch points, which are not connected with the composition of the first stage, Xl;:* The
grey pinch lines in Figure 3.11 which are isolated in Figures 3.9 and 3.10 are connected by
the line of bifurcation points. The solutions of the bifurcation lines can consequently be
employed to find starting points for the pinch lines.

The continuation of higher-order bifurcations has not only the potential to find isolated
solutions, but also to provide insight on good operating conditions. Saddle-node bifurca-
tions represent limit points for the separations such as tangential pinch points. The effects
of bifurcation points and possible conclusions for the separation is thoroughly discussed
for extractive rectification (Briiggemann & Marquardt, 2004; Knapp & Doherty, 1994).
Although this concept allows to find isolated solutions and provides insight into the sep-
aration, the continuation of the bifurcation, i.e., Eq. (3.12), proved to be difficult to solve
reliably in an automated manner. Therefore, an alternative is suggested in the following
which relies on an analogy to distillative separations.
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For distillative separations, the existence of isolated pinch points, which are not con-
nected with the product of one column section, is well-known (Bausa et al., 1998; Beneke
et al., 2011; Felbab, 2012; Felbab et al., 2011; Skiborowski et al., 2016). Nevertheless, all
pinch points can be found reliably, because initial points for the continuation are provided
by the pure components and the azeotropes of an investigated mixture. For isothermal
liquid-liquid separations, the critical points share the property of azeotropes, because the
concentrations in one liquid phase are the same as in the other liquid phase. However,
in contrast to distillative separations, only in ternary mixtures critical points are isolated
points. In a multi-component mixture critical points can form a line, e.g., in a quaternary
mixture (cf. Figure3.2), or a multi-dimensional plane in a mixture with more than four
components. In consequence, in contrast to distillation, critical points where the pinch line
starts or ends are unknown a priori.

For distillative separations, some works focused on the inverse problem (Felbab, 2012;
Skiborowski et al., 2016). They determined the location of azeotropes and hence the
starting points for all pinch lines from one pinch line initially starting in a pure product.
Accordingly, for isothermal liquid-liquid separations, the pinch line starting in the pure
product, Eq. (3.13), identifies controlling critical points which can serve as starting points
for all pinch lines. The controlling critical points can be defined as pinch points close to
critical points

Cc-2
Y (b, —xp ) =¢ (3.15)
=1

where € is a small constant (i.e., € = 10~#). In order to find the controlling critical points
for different compositions of the first stage, the controlling critical points are tracked while
the compositon of the first stage is varied according to Eq. 3.14. The model to track con-
trolling critical points is in the following referred to as controlling critical points model
(CCM). It combines Egs. 3.14, 3.15, equilibrium and summation equations for the first
stage and the pinch, Eqgs. 3.2-3.4 for n € {1,P}, and the pinch equations, Eq. 3.7.

In Figure 3.12, continuation of CCM starts at a given product x]f: corresponding to the
critical points A, B, and C for £ = 0. When the composition of the first stage varies from
XII5 to XIIE’*, which is indicated by the arrow, the controlling critical points move to A* and
B*, or stay in C*, which is also indicated by arrows. For the new composition of the first
stage, x}lz‘*, pinch lines are not connected. However, for each pinch line the corresponding
critical points A*, B*, and C* are identified for the new composition of the first stage xlli*
by a continuation of CCM. These critical points A*, B*, and C* can therefore serve as

initial solutions for the continuation of pinch points. This concept reliably finds all pinch
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Figure 3.12.: Pinch lines for two compositions of the first stage, le: and xlli* Pinch lines

are isolated when the new composition of the first stage, x]f* applies. Refer
to Figure 3.5 for a description of the symbols.

solutions and proved to be numerically stable. Therefore, this concept is preferred to the
continuation of bifurcation points and applied in the following studies.

3.2.3 Results of the basic shortcut model

The suggested procedure calculates all possible pinch points and then identifies the con-
trolling pinch point from a set of possible solutions. Thus, the procedure solves the BSM
reliably, if a solution exists. Infeasibility of the solution procedure can hence be related
to an impossible separation, whereas in a conventional approach using local non-linear
equation solver infeasibility could be caused by inaccurate initial guesses.

The implemented algorithm is summarized in Algorithm 1. The fully automated method
is implemented in C/C++. In the presented case study, a solution is obtained within one
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Figure 3.13.: Results of BSM. The result of a rigorous model (grey) with sixty stages is
depicted for a comparison.

second on a standard Intel(R) Core(TM) i3-4150 3.5 GHz personal computer.

The results obtained for the shortcut model are summarized in Table 3.2. The method
reliably determines product compositions, flow rates, and minimum solvent demand. For
a comparison, the rigorous model with sixty stages is solved with the EXTRACT-module
of AspenPlus®. Although the shortcut model relies on only three separation stages for the
calculation of the minimum solvent demand, the deviation from the rigorous model is low,
e.g., below 3 in terms of the solvent-to-feed ratio.

The shortcut and rigorous results are depicted in Figure 3.13 together with the pinch
lines. The saddle pinch controls the separation and the directions of the stable and unstable
eigenvector are used to approximate both parts of the stage-to-stage recurrence, from the
first stage (Xl;:) to the pinch, and from the pinch to the last stage (xﬁ). The first and the
last stage start or end close to the approximated first and last stage. Deviations between
the shortcut and the rigorous results can be related to the curvature of the rigorous path of
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3. Pinch-based shortcut method for the design of isothermal extraction columns

Algorithm 1 Shortcut method

procedure SHORTCUT(LY , |,x§. XX, 1,0,T,p)

Set xF, Eq.3.13;

Set solutionFound = FALSE;

while solutionFound == FALSE do
Solve RSM 1 with continuation;
Solve RSM 2 with continuation;
Combine solutions of RSM 1 and RSM 2;
Find all solutions for RSM;
Select solution with largest number of 4 < 1;
Calculate new XIE’*;
Solve BSM;
if shortcut model is feasible then

solutionFound = TRUE;

else
x]f: = xlls‘*;
Solve CCM with continuation;
end if
end while

end procedure

stage compositions.

3.2.4 Results of the improved shortcut model

Reduction of the approximation error is achieved by solving the ISM. Figure 3.14 de-
picts the solvent-to-feed ratio calculated with the ISM when M and O additional stages are
gradually added to the approximations introduced by Eqgs. (3.10) and (3.11). The improve-
ment of the approximation was achieved in two phases: In the first phase, nine additional
stages are added to the approximation representing the path from the pinch to the last stage
(M =0, 0=9), followed by a second phase, where twenty-six stages are added to the ap-
proximation representing the path from the first stage to the pinch (M = 26, O =9). Both
phases show an asymptotic behaviour because each additional stage reduces the approxi-
mation error by reducing the distance to the pinch. It should be remarked, that in this case
study the deviation of the shortcut result from the final rigorous solution increases in the
first phase, before it decreases in the second phase. Apparently, the approximation error
caused by the approximation of the first part of the trajectory compensated for the even
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3.2. Solution of the shortcut model

Table 3.2.: Results determined with BSM and rigorous model with sixty stages. Results
of the ISM agree with rigorous results. Specifications for the separation are
summarized in Table 3.1.

component xlf x]I::I flow ratio

basic shortcut model

o-xylene 0.080 0.090 Lf/IR., 1.72
toluene 0.000 0.150 LR/IR 035
n-heptane 0920 0030 IE/IR., 273

propylene-carbonate  0.000  0.730

rigorous and improved shortcut model

o-xylene 0.021 0.100 L§/IR,, 177
toluene 0.000 0.143 LR/IR ., 033
n-heptane 0979 0033 IE/IR., 244

propylene-carbonate  0.000  0.724

larger approximation error caused by the second part of the trajectory. As a consequence,
although in general each additional stage should reduce the approximation error, because
the linear approximation by the eigenvalues is replaced by a rigorous stage-to-stage cal-
culation, for an accurate solution both parts of the trajectory need to be refined in order
to accomplish an accurate solution. The improvement in each phase could be stopped if a
desired accuracy is achieved, or, in order to validate the result, when a separation stage is
sufficiently close (here: distance < 0.05) to the pinch.

Figure 3.15 shows the improved result of the shortcut model with in total thirty-five ad-
ditional stages (O =9, M = 26). The results of the improved shortcut model agree with
the rigorous results (cf. Figure 3.13 and Table 3.2). Nevertheless, the rigorous model re-
quires a large number of stages to overcome the low driving force at the pinch, whereas
the shortcut model with additional stages relies on the direction of the eigenvectors to ap-
proximate the behavior in the vicinity of the pinch. A sufficiently accurate representation
of the rigorous results is already obtained when the results of ISM are close to saturation
during each phase of the improvement in Figure 3.14. Thereby, in order to achieve an
accurate result, nineteen stages can already be sufficient; nine stages to approximate the
path from the pinch to the last stage, and ten for the path from first stage to the pinch.
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Figure 3.14.: Solvent-to-feed ratio subject to a step-by-step improvement using ISM. In
a first phase, nine additional stages are added to the approximation form
the pinch to the last stage (M =0, O =9); in a second phase, twenty-six
additional stages are added to the approximation from the first stage to the
pinch (M =26, 0 =9).
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3.2. Solution of the shortcut model

E
X'toluene

Figure 3.15.: Result of the ISM. Thirty-five additional separation stages improve the ap-
proximations.
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3. Pinch-based shortcut method for the design of isothermal extraction columns

3.3 Screening of solvents

The performance of the method is illustrated by a fully automated screening of solvents,
which is only feasible because of the extremely reliable convergence of the BSM. Two
examples are used for illustration: First, (I.) a ternary extraction of 2,3-butanediol from
water, and second (II). a five-component extraction of fermentation products acetone, 1-
butanol, and ethanol (ABE) from water. Specifications of the feed composition are adapted
from literature (Krdamer et al., 2011b; Xiu & Zeng, 2008) and are summarized in Table 3.3
for convenience.

Table 3.3.: Specifications for the screening of solvents. Isothermal extraction at 308 K is
assumed for both examples.

R
case study components XN+1 X (o

2,3-butanediol 0.01 0 0

(L) water 0.99 0 -
solvent 0 1 -
acetone 0.003 0 -

1-butanol 0.002 0 0

IL) ethanol 0.002 0 -
water 0.993 0 -

solvent 0 1 -

Possible solvent candidates are taken from the built-in COSMObase databank, which al-
lows direct access to parameters for the NRTL model to describe the liquid-liquid equilib-
rium by activity coefficients. To ensure bio-compatibility of the solvents, only molecules
containing carbon, hydrogen, and oxygen atoms are considered which leads to 3,868 pos-
sible solvent molecules (Scheffczyk et al., 2016b).

The extractive separation is then evaluated for all 3,868 solvent candidates. Calculation
time is low. For each solvent, convergence only takes seconds, such that a total calculation
time for all solvent candidates below one hour can be achieved. The full evaluation leads
to the results shown in Figure 3.16 and Figure 3.17. Grey crosses mark the performance
of each solvent candidate, represented by the concentration of the value components 2,3-
butanediol (xI'::L 2.3-butanediol) OF> Tespectively, 1-butanol (xg’ I-butanol) 1N the extract product
and the minimum solvent demand (Lg /LI% +1)- For both examples, a typical asymptotic
behavior can be observed such that low solvent to feed ratio results in high concentrations
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3.3. Screening of solvents

of the value component but large solvent to feed ratios in low concentrations. In gen-
eral, for subsequent downstream processes, favorable solvents will require low solvent to
feed ratios but achieve large concentrations of the value components. The five top scor-
ing solvents which result in separations with the lowest solvent-to-feed ratio are given in
Table 3.4 and Table 3.5.

The sequential screening of large databases with the suggested shortcut method allows
to select solvents based on process targets such as outlet compositions, flow rates, and
minimum solvent demand. The method can be integrated into a flowsheet evaluation or
complement existing solvent selection criteria (Papadopoulos & Linke, 2006; Pretel et al.,
1994) such as viscosity, toxicity, or boiling temperature. Each of these thermodynamic
quantities can have a strong influence on the final performance of a solvent and needs to
be taken into consideration. Currently, the evaluation only relies on the NRTL activity
coefficient model. Further operational constraints could, however, easily be integrated in
an extension of the study. For example, availability of the solvent could play an impor-
tant role if the solvent is produced or used somewhere else in the process. The use of
such a solvent could sometimes be preferred over the use of an external solvent (Qi &
Malone, 2011). For the separation of ABE, the utilization of 1-butanol as a solvent is a
representative of this concept (cf. Table 3.5). The screening of solvents directly provides
a benchmark of this and other interesting solvents compared to the top scoring candidates.

The shortcut method can also be used to benchmark well-known industrial solvents re-
ported in literature (Bonet et al., 2015; Frank, 2008; Oudshoorn et al., 2009). Their perfor-
mance is marked with black crosses for both examples in Figure 3.16 and Figure 3.17. The
best performing five solvents are summarized in Table 3.4 and Table 3.5. Obviously, all
the top scoring industrial solvent candidates are outperformed by solvents identified by the
screening procedure. Oleyl-alcohol, which is a recommended solvent for the ABE extrac-
tion (Davison & Thompson, 1993; Kramer et al., 2011b; Qureshi et al., 1992), achieves
a low solvent-to-feed ratio with moderate yield of 1-butanol. Many attractive solvents,
including solvents reported in industrial practice, have the potential to outperform this
established solvent, and selected candidates are given in Table 3.4 and Table 3.5.

In conclusion, the shortcut method presents a rapid screening tool to benchmark liquid-
liquid extraction for the favorable operation point at minimum solvent demand. Arbitrary
mixtures can be tackled, regardless the number of components or thermodynamic model-
ing.
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Figure 3.16.: Concentration of 2,3-butanediol subject to the minimum solvent to feed ratio
for 3,868 solvent candidates.
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Figure 3.17.: Concentration of 1-butanol subject to the minimum solvent to feed ratio for
3,868 solvent candidates.
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3.4. Conclusions

3.4 Conclusions

A pinch-based shortcut method for the design of isothermal extraction columns is pre-
sented. In contrast to existing pinch-based methods for extraction columns, the novel
model is not limited to ternary mixtures. The suggested basic shortcut model relies on
three stages only: the first stage, the last stage, and the pinch. Any desired accuracy of
the shortcut model could then be achieved by an improved shortcut model, if additional
stages are included. The subsequent step-by-step procedure leads to a model solution re-
liably and within seconds. No manual user-interaction is required. The full potential of
the method is highlighted by a screening of more than 3,500 solvents for the extraction of
2,3-butanediol and acetone, 1-butanol, and ethanol from aqueous solution.

The screening based on the shortcut method differs from current established attempts,
which only evaluate solvents by their thermodynamic properties such as the activity coef-
ficient at infinite dilution. Instead, the shortcut method offers a thermodynamically sound
criterion to assess the operation of the extraction column. The separation performance is
fully captured at the operating point with minimum solvent demand. The assessment can
also be extended to extraction columns integrated into complex flowsheets. For example,
the extraction shortcut can be combined with a pinch-based shortcut method for distillation
columns (Bausa et al., 1998) to screen a large number of solvents for their performance
in hybrid extraction-distillation separation processes which is presented in the following
Chapter.
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Chapter 4

Pinch-based solvent screening for
absorption and extraction processes

Selection of the solvent has a strong influence on the efficiency and economics of absorp-
tion processes. On the one hand, the solvent has to be tailored to the specific separation
task while carefully considering competing and interacting process objectives. On the
other hand, the large variety of possible molecular structures leads to countless solvent
candidates which requires modern computing technology but poses a great challenge to
the automated evaluation of such processes. In conclusion, process performance assess-
ment in a robust and automated manner is ultimately required (Adjiman et al., 2014; Ng
et al., 2015).

Accurate performance assessment is difficult to achieve in an automated manner. The
performance is usually determined by using rigorous models where the separation units
are described by a set of mass, equilibrium, and enthalpy (MESH) equations (Cremaschi,
2015) leading to a large-scale set of nonlinear equations. Optimization techniques need
to be employed, not only to determine the optimal operating point, but also to identify
the optimal flowsheet structure. Examples for structural alternatives are different number
of separation stages, the existence and location of sidestreams, or the structure of heat-
exchanger networks in heat-integrated separation sequences, which are often modeled by
mixed integer non-linear programming (MINLP) problems. MINLP optimization prob-
lems are already difficult to solve for a single solvent and therefore a topic of current
research (e.g., Bhattacharyya & Miller (2017); Hasan et al. (2012); Lee et al. (2016); Nu-
chitprasittichai & Cremaschi (2013)). The fully automated solution for a large number of
solvent candidates is still not established.
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As a consequence, according to the hierarchical technique of conceptual process design,
promising solvent candidates are typically pre-selected prior to the detailed superstructure
optimization with rigorous models (Douglas, 1988; Kossack et al., 2008; Marquardt et al.,
2008). The methods applied for the pre-selection in the early phase of conceptual pro-
cess design require not only the automated solution to evaluate a large number of solvent
candidates, but also have to represent the separation columns and their interactions ac-
cording to a flowsheet as accurately as possible. The automation combined with accurate
performance assessment are decisive for the quality of the early performance assessment.
Different methods for this design step are available, offering a diverse range of detail and
quality.

Often, solvents are pre-selected based on heuristic rules such as physical solvent prop-
erties (e.g., solubility, solvent loss, phase distribution, e.g., Gmehling & Schedemann
(2014); Pretel et al. (1994)) or simple performance correlations (e.g., the equation of Un-
derwood (1949), used by Papadopoulos & Linke (2005, 2006)). These simple rules can be
evaluated in a fully automated manner. Currently, the screening of solvents based on these
rules is directly implemented in the software tool ICAS (integrated computer aided system,
Eden et al. (2002); Gani et al. (1997); Kongpanna et al. (2016)) or could be calculated via
COSMOtherm (Klamt et al., 2010). However, separation units or even flowsheets cannot
be described only by one single heuristic rule alone. A combination of rules representing
the combination of units by multiple objectives is required, and multiple competing objec-
tives ultimately demand for multi-objective optimization (Papadopoulos & Linke, 2006).
As the weights for the objectives are unknown, heuristic rules are likely to lead to wrong
conclusions (Kossack et al., 2008).

The resulting complex superstructure optimization problem could be simplified by ig-
noring any structural choices and reducing the set of nonlinear model equations. Instead
of identifying the optimal number of stages of the separation columns by superstructure
optimization, a low and fixed number of separation stages can be assumed. For instance,
in two recent works either a fixed number of stages are used to describe the absorption
column and the flash stages for the recovery by desorption (Burger et al., 2015; Stavrou
et al., 2014). The predefined number of stages reduces the design degrees of freedom
and the low number of stages (< 10) leads to less nonlinear equations resulting in a less
complex algebraic model. This way, all interactions of the flowsheet are covered and the
performance of the solvent can be represented by the costs of the separation.

However, the assumption of a low number of separation stages favors investment over
operating cost. Although for bulk processes usually operation at minimum operating cost
is preferred, an insufficient number of stages can prevent the identification of solvents
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accomplishing low operating cost, or, even worse, the separation can be infeasible if the
number of stages is insufficient resulting in the exclusion of potentially cost-efficient sol-
vent candidates. Selection of solvents based on such a simplification is therefore of limited
value, because solvents are selected based on an improper objective.

Alternatively, solvents can be selected based on minimum operating cost which is a
preferable selection criteria for bulk processes (Bauer & Stichlmair, 1996). Minimum
operating cost is directly related to minimum energy demand of a process. As pointed
out in previous sections, at minimum energy demand thermodynamic driving forces just
vanish which is indicated by the occurrence of pinch points. Pinch points occur in any
counter-current separation unit in case an infinite time for heat and mass transfer is as-
sumed, which corresponds to an infinite number of stages in a separation column (K&hler
et al., 1995) or an infinitely large area in a heat-exchanger (Kleme§ & Kravanja, 2013).
Thus, the minimum energy demand can be determined by only detecting the existence
of pinch points, which allows for a simplified targeting instead of solving the complex
rigorous models. The simple nature of pinch-based shortcut methods thereby reduces the
computational effort and allows to employ problem specifically designed solution proce-
dures to solve the pinch-based shortcut models reliably, in a fully automated manner, and
without the need of manual intervention. These advantages have been highlighted multi-
ple times throughout this thesis. Pinch-based shortcut methods are already available for
heat exchanger networks (Linnhoff & Hindmarsh, 1983) and rectification columns (Bausa
et al., 1998), and have been introduced for absorption columns in Chapter 2 and extraction
columns in Chapter 3.

The value of pinch-based methods for an automated screening of solvents has already
been demonstrated for hybrid extraction-rectification processes by Scheffczyk & Rede-
penning et al. (2016) using the methods introduced in this thesis. It has been shown that
the estimates of pinch-based methods agree well with the results of rigorous models oper-
ating at minimum energy demand and argued that selection by minimum energy demand
of the solvent recovery column is superior to conventional screening by heuristic rules.
However, solvents are selected only based on the minimum energy demand of the solvent
recovery column. The evaluation of additional units, heat integration, or optimization of
the operating point is ignored.

This chapter illustrates how the pinch-based evaluation of complete hybrid absorption
and extraction processes can be accomplished. Multiple separation columns as well as
all additional devices such as compressors, pumps, and additional heat exchangers are
considered. The pinch-based methods for heat integration, rectification, absorption, and
extraction perfectly complement. All interactions of the flowsheet are covered, exploiting
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the full potential of each solvent candidate, and allowing to summarize the performance
of each solvent by minimum operating costs. Finally, fully automated evaluation of the
flowsheet is established to determine the performance of thousands of solvent candidates
by targeting minimum operating cost.

In the next section, methods and workflow to accomplish the large-scale screening
of solvents are briefly discussed. The following section then illustrates the new selec-
tion of solvents by pinch-based methods for the removal of carbon-dioxide by a hybrid
absorption-rectification process. Several thousands of solvents are screened and heat inte-
gration as well as optimization of the operating point is considered to tap the full potential
of solvent candidates. Two additional case studies further illustrate the performance of the
method; one case study investigates the absorption of dimethyl ether, and the other case
study the extraction of aceton, 1-butanol, and ethanol from fermentation broth. Conclu-
sions are finally given in the last section.

4.1 Methods

This work introduces methods for the fully automated evaluation of solvents based on
minimum operating costs. The workflow is schematically illustrated in Figure4.1: The
workflow starts with a given process task which requires the screening of large number of
solvents, and ends with a ranking of these solvents. In the first step, solvent candidates
are identified from a database. In the second step, the full set of thermodynamic property
parameters is determined which involves both pure component parameters for the sol-
vents as well as non-ideal interactions with the investigated mixture. In the third step, the
flowsheet is evaluated with pinch-based methods which finally provides a ranking of all
solvents based on operating costs. The pinch-based process evaluation can be applied to
any solvent and combined with any method for the generation of thermodynamic property
parameters. In the following, a brief overview on existing methods for the identification
of solvent candidates and generation of property data is given, and the methods used in
this work are discussed.

4.1.1 Identification of solvent candidates

Candidate solvents can be found in large databases (e.g., DDB, COSMObase Gmehling
& Schedemann (2014)) or determined by CAMD methods, where the optimal structure
of the solvent molecule is designed subject to a performance target (e.g., Achenie et al.
(2003), Austin et al. (2016), COMT-CAMD by Bardow et al. (2010); Stavrou et al. (2014),
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Figure 4.1.: Three-step workflow for the screening of solvents: (1) Identification of poten-
tial solvent candidates, (2) generation of thermodynamic property data, and
(3) pinch-based process evaluation.

COSMO-CAMD by Scheffczyk et al. (2016a)). For the latter, the molecule can be an
actual molecular structure (Scheffczyk et al., 2016a; Zhou et al., 2015), or a hypothetical,
if a physically sound thermodynamic model (e.g., PC-SAFT) allows to identify a repre-
sentative solvent molecule by reverse targeting (Bardow et al., 2010; Burger et al., 2015;
Stavrou et al., 2014). Screening large databases can only find the optimal solvent, if this
solvent is part of the database, whereas optimization of the solvent’s molecular structure is
more versatile, but increases the complexity of the overall design problem and in turn de-
mands, compared to a sequential screening, simpler process models or tighter bounds for
the optimization. Thus, both concepts might exclude unconventional solvent candidates,
either because of lacking reliability of the computational methods or too small databases.
Alternatively, hierarchical methods try to combine the advantages of both concepts to
identify the optimal solvent (Burger et al., 2015).

In this work, solvent candidates are retrieved from the database COSMObase which
is part of the commercially available software COSMOtherm. The structures as well as
pre-calculated compound information are available for several thousand components.

4.1.2 Estimation of thermodynamic data

For any solvent selected from a database or determined by CAMD, thermodynamic model-
parameters are required to describe pure component behavior and the interactions between
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the solvent and the components of the mixture to be processed. While experimental
data is of course preferred, it is often not available for a large set of solvent candidates
in the early phase of conceptual process design. Therefore, predictive methods become
more and more important because they provide immediate access to thermodynamic in-
formation. Currently, the most popular predictive methods are group contribution (GC)
methods (Gmehling, 2009) (e.g., UNIFAC) or quantum-mechanical-based (QM) methods
(Lehmann & Maranas, 2004; Struebing et al., 2013). GC methods are computationally
cheap, but restricted to parameterized classes of components which have to be investi-
gated experimentally. QM methods, in comparison, are unrestricted, but computationally
demanding. Although predictive tools always involve some estimation error (Bures et al.,
1981), they are preferred in the early phase of conceptual design when many alternatives
need to be compared. Nevertheless, for the final design, estimations always demand a val-
idation by experiments which can be integrated in the solvent selection (Zhou et al., 2015)
or accomplished by model-based experimental analysis (MEXA, Bonvin et al. (2016);
Franceschini & Macchietto (2008); Marquardt (2005)).

The equations of the thermodynamic models can be functions of pressure, temperature,
or composition. For all model equations, the thermodynamic properties are predicted by
GC and QM methods for different sets of temperature, pressure, and composition and then
fitted to the model equations. Both QM and GC methods are used in this work. In general,
QM methods are preferred because they usually show low estimation error (Alevizou &
Voutsas, 2014; Klamt, 1995). The thermodynamic model COSMO-RS (Eckert & Klamt,
2002; Klamt, 1995) is used to estimate activity coefficients, vapor pressure, heat of vapor-
ization, Henry’s coefficient, and the molar volume. The generation of model-parameters
by using COSMO-RS has been described in a previous article by the authors (Scheffczyk
et al., 2016b). Only for the calculation of heat capacities, the GC method of Benson &
Buss (1958) is used which combines low computational time with good accuracy com-
pared to other methods for the estimation of heat capacities (Poling et al., 2001). For GC
calculations, the molecule needs to be decomposed into group fragments. The contribution
of the individual group fragments is supported for 4,687 molecules in the COSMObase
database, for which therefore the full set of thermodynamic model parameters, which are
required for the process evaluation, can be determined.

4.1.3 Pinch-based methods for rectification columns

Shortcut methods for rectification columns are available for a long time and brief reviews
can be found in the works of Lucia et al. (2008) or Kridmer et al. (2011b). Graphical ap-
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proaches such as McCabe-Thiele plots (McCabe & Thiele, 1925) or Petlyuk’s methods
(Petlyuk & Danilov, 2001; Petlyuk et al., 2008) are valuable to get insights into a separa-
tion, but cannot be used for an automated computer-aided evaluation. Likewise, laborious
shortcut methods such as the boundary value method (BVM, Levy et al. (1985)) or the
shortest stripping line (SSL, Amale & Lucia (2008)) can give good results, but require
stage-to-stage calculations and have not been automated on a large scale. The model of
Underwood (1949) has been used for a screening of solvents (Papadopoulos & Linke,
2006) but strongly simplifies thermodynamic behavior which can lead to inaccurate re-
sults.

Alternatively, good accuracy can be achieved if the rectification shortcut also builds on
pinch points as a thermodynamic sound reference. In pinch points, the thermodynamic
driving force vanishes which refers to minimum energy demand of a rectification column.
Operation at minimum energy demand requires an infinite number of separation stages
(Kohler et al., 1995; Lucia et al., 2008). The shortcut model, however, approximates the
behavior between pinch points and the outlets of a column section. Levy et al. (1985)
showed that for thermodynamically ideal mixtures (ideal liquid and gas phase, constant
molar overflow), the path of a stage-to-stage calculation, represented by liquid or vapor
compositions, is a straight line. Therefore, all existing pinch-based shortcut models share
the assumption of a linear path of stage compositions. Some well-known models are the
eigenvalue criterion (EC Poellmann et al. (1994)), the feed-angle method (FAM Krimer
et al. (2011b)), the concept of moving triangles (Holland et al., 2004), and the rectification
body method (RBM Bausa et al. (1998)). For thermodynamically ideal mixtures, when the
assumption of a linear path of stage composition is valid, all methods lead to identical and
accurate results. If the investigated mixture is thermodynamicially non-ideal, the models
can also be applied and the deviation is usually small compared to the rigorous solution.

The simple nature of the pinch-based model fostered the development of problem spe-
cific solution procedures to solve a shortcut model reliably. Such a procedure is established
by the RBM which is used in this work: A continuation algorithm is applied to calculate
all existing pinch point solutions of the candidate separations from the pinch equation sys-
tem (Bausa, 2001; Skiborowski et al., 2016). Then, possible paths along pinch points with
an increasing entropy production are generated which allows to identify thermodynam-
icially consistent paths and thus feasible separations. The so-called rectification bodies
summarize the manifold of possible paths and therefore represent an attainable region of
one rectification column section. The size of rectification bodies increases, if more energy
is applied in the reboiler or condenser, and decreases, if the employed energy is reduced.
The minimum energy demand is identified, if two rectification bodies, one for each column
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section, just touch.

Minimum energy demand can be calculated by the RBM without any simplification
regarding thermodynamic modeling or number of components. Even the extension to het-
erogeneous rectification with decantation is possible (Bausa, 2001; Urdaneta et al., 2002).
The calculation of pinch points with continuation methods is very efficient (Bausa, 2001;
Skiborowski et al., 2016) as well as the check for intersection of the convex rectification
bodies, which allows to determine the minimum energy demand within seconds in a fully
automated manner. Examples are the automated screening of zeotropic rectification se-
quences (Harwardt et al., 2008) or the optimization of rectification processes for mixtures
with distillation boundaries (Briiggemann & Marquardt, 2011b).

4.1.4 Pinch-based heat integration

Heat integration is an established concept to identify minimum external heating and cool-
ing utility. A comprehensive review of different design procedures for the energy recovery
is given by Klemes§ & Kravanja (2013). Usually, the identification of the optimal heat-
exchanger network requires the solution of a MILP (Papoulias & Grossmann, 1983) or
MINLP (Duran & Grossmann, 1986) superstructure problem to identify the optimal heat-
exchanger areas and temperature levels. Alternatively, if the heat-exchanger network ex-
hibits a pinch, the actual network structure can be ignored and minimum heating and cool-
ing requirements can be determined directly. To avoid (infinitely) large heat-exchangers,
usually a minimum temperature difference (i.e., 10 K) is demanded between hot and cold
streams. The results of the pinch analysis are usually visualized by the so-called grand
composite curve (GCC) which shows the minimum heating and cooling requiremeﬁts as
a function of the temperature level. The relation between heating or cooling demand and
temperature level finally allows to identify heating and cooling cost, which usually depend
on the relevant temperature level.

4.1.5 Optimization of pinch-based processes

Operational and structural alternatives of separation processes often have a large impact
on process performance. In conceptual process design, process optimization has therefore
become an important tool to identify the best process configuration among competing
alternatives. While both, the choice of the optimal operating point and of the optimal
solvent contribute to the performance of the process, both aspects need to be included by
an integrated design approach.
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Existing methods for the screening of solvents which involve process evaluation rely
on an equation-based representation of the flowsheet (c.f. Burger et al. (2015); Stavrou
et al. (2014)). For the optimization of the operating point, this has the advantage that
numerical algorithms can be applied directly. In comparison, pinch-based methods have
the advantage that their performance assessment already allows conclusions on optimal
operation of the separation columns at minimum solvent or energy demand. On the other
hand, for pinch-based methods the direct application of numerical algorithms is more
complicated. As pointed out, problem specific solution procedures are necessary to solve
pinch-based shortcut models. As a consequence, only a few attempts have been made on
the combination of pinch-based methods and flowsheet optimization.

Pinch-based methods for rectification columns have been combined with optimization
algorithms to determine optimal recycle policies and operating points of flowsheets (Brii-
ggemann & Marquardt, 2011b). Such an optimization reliably identifies optimal oper-
ation. However, the calculation time is long because of the shortcut methods, which
are treated as a black-box for the optimization. Derivatives are estimated at each it-
eration which requires frequent calls of the shortcut solution procedure. Alternatively,
an equation-based representation of the pinch-based models can be used and the time-
consuming call of the solution procedure is avoided, if the relevant type of pinch (saddle,
stable, unstable, saddle-node) to distinguish the different type of models is identified prior
to the optimization, and if the relevant type of pinch does not change during optimiza-
tion. The optimization using an equation-based representation of pinch-based shortcuts
has been investigated for the design of heteroazeotropic rectification (Kréamer et al., 2011b)
and hybrid reaction-separation processes (Recker et al., 2015). However, neither the im-
plementation for an automated set-up of relevant equations is available, nor appropriate
measures which need to apply when the type of model changes during the optimization.
In consequence, although this concept has the potential to significantly shorten the opti-
mization time, in this study, the solution procedures are executed at each iteration of the
optimization.

The optimization algorithm applied in this study is a derivative-free pattern-search tech-
nique (Audet & Dennis, 2002) form the Matlab Optimization Toolbox®. The algorithm
does not require information on the derivatives, which makes it particularly suitable for
black-box models where derivatives can be difficult to determine. There is no guarantee
that this type of derivative-free optimization converges to a globally or even locally op-
timal solution, but in general a reliable optimization of the operating point is observed.
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Figure 4.2.: Heating cost (left), cooling cost (right), and corresponding temperature level
compared to literature data (Seider et al., 2010)

4.1.6 Flowsheet evaluation

The expenses for the separation are finally summarized to result in the minimum operating
cost (OC). In this work, electricity cost (EC), solvent cost (SC) to compensate for solvent
loss, minimum heating cost (HC) and minimum cooling cost (CC) are considered,

OC=HC+CC+EC+SC. 4.1)

Electricity, required for pumps and compressors, is considered at a price of 11,1 % For
all solvents, a constant price of a high-value chemical is assumed as 4 % (Stavrou et al.,
2014). The high price can be justified because solvent loss should always be avoided for
environmental reasons or possible implications on downstream processes. The costs for
heating and cooling usually depends on the required temperature level which is identified
after applying the method of pinch-based heat-integration.

In order to cover the relation between cost for heating, cost for cooling, and necessary
temperature level, simple linear correlations are assumed which are derived from literature
data (Seider et al., 2010) according to Figure 4.2. For the heating cost of any unit d of
the flowsheet, HC,, a constant price is assumed below the temperature of 412K, and
above this temperature, a linear correlation with the required temperature level 7;;. For
the cooling cost of each unit d of the flowsheet, CC,, a constant price is assumed above
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the temperature of 303 K, and below this temperature, also a linear correlation with the
required temperature level. Total heating and cooling cost, HC and CC, summarize the
heating and cooling cost for each unit, HC; and CCy,

HC=Y HC; =
d
) os2564E, T, < 412K, “2)
04 (0.044-T; —15.566) &, T; > 412K,
cC=) CCs=
d
040315, T,> 303K, .3)

Q4 (—0.068 T, +22.411) &, T; < 303K,

where O, denotes heating and cooling requirement at the specific temperature level 7.

While conventional flowsheet evaluation using rigorous models is difficult, using pinch-
based flowsheet evaluation three difficulties can be effectively avoided: These are, first,
the complexity of the models in general, second, dependencies between separation units
caused by recycles which require iterative calculations, and third, the unknown structure
of a heat-exchanger network. A discussion on these three advantages is given in the fol-
lowing.

The models for the separation columns, i.e., extraction, absorption and rectification
columns, require less equations due to the employed approximation. Also, these models
are then solved by problem specific solution procedures which ultimately allows to solve
underlying models reliably and in a fully automated manner.

Flowsheets of hybrid absorption-rectification processes usually show recycles where
solvent is recycled from the solvent recovery column to the absorption column. Recycles
complicate the flowsheet evaluation because they cause dependencies between units and
usually require an iterative solution. Alternatively, pinch-based methods assume an infi-
nite number of stages in which case trace impurities are always fully removed, i.e., pure
solvent is separated at the solvent recovery column. As a consequence, prior to the evalu-
ation of the solvent recovery column, the composition of the solvent recycle is known and
iterations are not required.

The separation columns are combined in a flowsheet with all other necessary units such
as compressors, pumps, vents, or additional heat-exchangers to allow for different oper-
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ating points in the separation columns (cf. Figure4.3). All process streams and states
are determined. Then, in a following step, the pinch-based heat integration determines
minimum heating and cooling requirements for the flowsheet. No knowledge of the actual
heat-exchanger network is required and this step doesn’t need to be carried out simultane-
ously with the flowsheet evaluation.

In conclusion, the simple nature of pinch-based methods allows to evaluate flowsheets
quickly, and problem specific solution procedures, which are available for the separation
columns and heat integration, allow for the reliable automation. Finally, solvents can be
compared based on minimum operating cost, which is a favorable selection criterion for
bulk chemical processes.

4.2 lllustrating case study 1: Carbon dioxide absorption process

Carbon dioxide (CO;) is a greenhouse gas which can be separated by physical absorption.
A prominent physical absorption process is the Rectisol® process which uses methanol as
a solvent for the acid gas removal of CO, from syngas produced by coal gasification (Gatti
et al., 2014; Sharma et al., 2016). The feed-gas in this work is assumed to be composed
of three components hydrogen (H;), carbon-monoxide (CO), and carbon dioxide (CO3).
The mole fractions of the feed gas stream as well as the temperature Tf.eq and the pressure
Dfeed are summarized in Table 4.1 and are adapted from a physical absorption process from
literature, which uses methanol as a solvent (Gatti et al., 2014).

The quaternary mixture is described by equilibrium-based models. Some idealized as-
sumptions are used to describe the thermodynamic equilibrium. The gaseous phase is as-
sumed to be ideal while the non-idealities of the liquid phase are described by the NRTL
model for the binary pair of CO, and the solvent molecule. The vapor pressure for hy-
drogen is described by Henry’s law and for the other components by Antoine’s extended
equation, which extrapolates beyond the critical point. Pure component parameters for
the feed components, Hy, CO, and CO,, are taken from the AspenPlus® database and for
the solvent molecules pure component parameters and binary interaction parameters are
estimated with GC or QM methods as described in the previous section.

The flowsheet evaluated in this case study is shown in Figure 4.3. The major unit oper-
ations are the absorption column, the rectification column for the solvent recovery, and a
flash to recover parts of the remaining solvent component from the cleaned gas. The ab-
sorption and rectification columns assume an infinite number of stages and are described
by pinch-based methods, thus, CO; is fully absorbed from the cleaned gas leaving the ab-
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sorption unit, no solvent (S) is found in the gaseous product leaving the rectification unit,
and pure solvent is recycled to the absorption column. The solvent make-up stream con-
sists of pure solvent which is fed at ambient pressure and temperature. Additional pumps,
compressors, and heat-exchangers are used to set different pressures and temperatures in
the separation units. For the compressors, a polytropic and adiabatic compression model
is used (Smith, 2016). The product gas is compressed to 11 MPa and cooled to 313 K. The
specifications for the feed stream, product stream, solvent make-up stream, and equipment

are summarized in Table 4.1.

cleaned gas

pipeline compression

solvent

@ recycle

feed gas

H,,CO,CO

Absorption

1

"0"

Rectification

solvent (S) make-up —@-@—’ ©, '1\"’

Figure 4.3.: Flowsheet for the physical absorption of CO;.
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Table 4.1.: Specifications for an absorption process for the physical absorption of CO;.
The operating points marked by an asterisk are subject to optimization.

stream specifications
feed composition XH, 40 mol-%
Xco 23 mol-%
XC0, 37 mol-%
feed gas temperature Teed 303 K
feed gas pressure Pfeed 3 MPa
product gas temperature Toroduct 313K
product gas pressure Pproduct 11 MPa
solvent make-up temperature Tinake-up 303 K
solvent make-up pressure Pmake-up 1 MPa
absorption column pressure D3 Plo 6 MPa
rectification column pressure )z 1 MPa
flash pressure Pi 6 MPa
absorption feed temperature Ty 303 K
solvent recycle temperature Ty 243
cleaned gas temperature difference (Ty—T3)*  -10K
equipment specifications
compressor efficiency TNecomp. 0.82
pump efficiency Necomp. 1
min. heat integration temp. difference AT 10K

4.2.1 Screening of solvents for a specified operating point

The flowsheet is evaluated for the operating point summarized in Table 4.1, which has
been adapted from a case study from literature for the physical absorption of CO, (Gatti
et al., 2014). The absorption column operates adiabatically and isobarically at 6 MPa, and
the rectification column at 1 MPa. The feed gas enters the column at 303 K and the solvent
stream at 243 K. The temperature of the cleaned gas is reduced by 10 K and a solvent-rich
liquid is recycled to the solvent recovery column. The complete flowsheet evaluation for
one solvent takes five seconds on average. The full evaluation of all solvents is parallelized
on multiple cores and results can be available within a few hours.

Results for this operating point are summarized in Figure 4.4. In the upper left part of
the figure (A), for the top scoring solvent candidates total operating cost are plotted over
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4.2. Illustrating case study 1: Carbon dioxide absorption process

the respective cost for heating. Each symbol represents the complete flowsheet evaluation
for one solvent candidate. Different symbols are used to emphasize the rank order. Circles
show the performance of the best ten candidates, then, downside pointing triangles can-
didates show the best 100, squares the best 200, and upwards pointing triangles the best
300 candidates. The performance of the remaining 3,244 solvents are marked by crosses.
In this part of the figure (A), the general shape of all symbols resembles a parabola where
symbols forming the peak represent solvents with the lowest operating cost.

Recently, a new pinch-based screening of solvents has been introduced for hybrid
extraction-rectification processes (Scheffczyk et al., 2016b), where solvents are selected
based on the minimum energy demand of the solvent recovery column. Alternatively,
this work considers not only the performance of the separation columns, but also pumps,
compressors, additional heat-exchangers, and heat integration, allowing the selection of
solvents based on operating cost. A comparison of different selection criteria, solvent-to-
feed ratio of the absorption column, energy demand of the solvent recovery column, and
total operating cost is provided in parts B, C, and D of Figure 4.4.

The upper right figure (B) shows operating cost compared to the energy demand of
the solvent recovery column. No simple correlation between operating cost and energy
demand of the solvent recovery column can be observed. Therefore, the selection solely
based on the energy demand of the solvent recovery column cannot identify solvents with
low operating cost. The lower left figure (D) shows the performance of the absorption
unit by comparing operating cost to the solvent-to-feed ratio for this unit. Also, the se-
lection solely based on solvent-to-feed ratio cannot identify the best candidates. In fact,
some of best candidates, one of them is marked by the dashed line, can require a high
solvent-to-feed ratio. The lower right figure (C) compares the two performance targets
energy demand of the solvent recovery column and solvent-to-feed ratio of the absorption
column. An inversely proportional behavior can be observed for many solvents. The best
300 solvent candidates are located in the center of this figure. Thus, good candidates show
a compromise between the performance of these two units. The comparison shows clearly
that solvents with low operating cost cannot be identified by the performance of one sepa-
ration unit alone. Energy for additional heat-exchanger as well as costs for solvent loss can
have an important influence, which can only be holistically determined by evaluating the
actual flowsheet and summarizing the performance by an appropriate performance metric
such as minimum operating cost.

A list of solvent candidates with the lowest operating cost is provided in Table 4.2. Inter-
estingly, on the second position, the industrially favored solvent methanol for the physical
absorption of CO; is found. On the one hand, when several thousand solvents are eval-
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4. Pinch-based solvent screening for absorption and extraction processes

Table 4.2.: Best performing sovlent candidates, their operating cost (OC), and concentra-
tion of the product gas, y11,co,, for the specified operating point by Table 4.1.

rank  solvent name CAS OCin€/tCO;  yi1,co,

1 2-propynal 624-67-9 9.70 0.92
2 methanol 67-56-1 9.75 0.90
3 ethanol 64-17-5 9.93 0.92
4 3,4-hexanedione 4437-51-8 10.25 0.95
5 2,6-octadiene 4974-27-0 10.73 0.95
6 3-methoxy-propyne 627-41-8 10.75 0.95
7 5,5-dimethyl-1-hexene ~ 7116-86-1 10.75 0.95
8 1,5-hexadiyne 628-16-0 10.91 0.96
9 2-propanol 67-63-0 11.03 0.92
10 hexanal 66-25-1 11.03 0.95

uated, one would expect to identify a better solvent candidate for the absorption of CO;.
On the other hand, if methanol is in fact a good choice for the physical absorption of CO;,
which could be concluded from the fact that methanol is still the reference physical solvent
despite many research efforts, then this is a strong validation for the suggested solvent se-
lection. Furthermore, this ranking relies on an operating point derived from an optimized
physical absorption process which already uses methanol as a solvent (Gatti et al., 2014).
This operating point therefore favors the solvent methanol and similar alcohols such as
ethanol on third position, whereas for other solvents this operating point is not optimal.
In consequence, an optimization of the operating point has the potential to improve the
ranking.

4.2.2 Screening of solvents for an optimized operating point

Optimization of the operating point allows to compare solvents based on their full poten-
tial. Variables for optimization are the pressures of the absorption column, of the recti-
fication column, and of the flash, as well as the temperatures of the feed stream to the
absorption column, of the solvent recycle stream. The corresponding specifications are
marked by an asterisk in Table 4.1 and the corresponding stream numbers are 2, 4, 7, and
10; they are highlighted by filled black circles in Figure4.3. The optimization is per-
formed with a local pattern-search technique from the Matlab Optimization Toolbox. One
optimization run can take several minutes. Therefore, optimization is limited to the best
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4.2. Illustrating case study 1: Carbon dioxide absorption process

performing 300 solvent candidates identified in the previous step, which could easily be
extended if necessary.

In Figure 4.5, the symbols filled with white represent the performance of solvents with
optimized flowsheets. For comparison, the greyish symbols show the results before op-
timization (b.o.) and the shape refers to the corresponding rank before the optimization.
This allows to observe changes of the ranking due to the optimization. For many solvents
the optimization causes a significant variation of the ranking. Consequently, the reliable
selection of a suitable solvent is not possible, if the optimal operating point is not consid-
ered.

For instance, the best solvents before optimization, which are marked as circles, also
perform well after optimization. Although there is of course no guarantee that other sol-
vent candidates could show stronger sensitivity towards the variation of the operating
point, this justifies the limitation of the optimization to 300 candidates when a reason-
able operating point is selected for the preliminary screening. The best candidate before
optimization (cf., Table 4.2) results in operating cost about 9.7€/t CO,, while the best
candidate after optimization results in 8.4 €/t CO,. Optimization therefore achieves a
reduction by 13 % for the best candidate.

Table 4.3 summarizes top scoring solvents after optimization (a. o.) and their opti-
mized operating point. The process relying on the solvent methanol shows only small im-
provements after the optimization. While ranking second before optimization, methanol
is outperformed after optimization (a. 0.) by 82 solvents based on operating cost.

Beside operating cost, there are other constraints which need to be considered when
selecting a solvent. Examples are availability, toxicity, or the risk of explosion. If models
of sufficient quality are available, they could be integrated in our procedure, but often these
constraints can only be captured with significant additional effort. Therefore, promising
candidates still need to be selected from the list based on experience and expert knowledge.
An interesting candidate, which can be found at position 9 in the ranking, is butanone
(also known as 2-buantone or methyl-ethyl-ketone, MEK). A detailed discussion of the
optimized flowsheet for the solvent candidate 2-butanone is provided next.
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Figure 4.5.:
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4. Pinch-based solvent screening for absorption and extraction processes

4.2.3 Exemplary results for the solvent 2-butanone

2-butanone is a well-known industrial solvent. It is currently synthesized from fossil C4-
raffinates (Hoell et al., 2000), but could also be produced competitively from biomass,
which has recently been investigated in a conceptual process design study (Penner et al.,
2017).

Figure 4.6 shows the flowsheet for the optimized operating point with details on the
streams and energy demand for heat-exchangers, compressors, and pumps. Compared to
the given operating point in Table 4.1, the absorption column operates at a lower pressure.
This reduces electricity cost for the feed gas compression, but increases solvent loss caused
by a higher temperature in the absorption column. The temperature of the solvent has
increased which reduces cooling cost. The main driver in terms of energy demand is the
heating required for the solvent recovery column. The lower pressure decreases the boiling
temperature and thereby reduces the cost for heating. The process already achieves a high
concentration of CO, in the product gas with about 96 mol-%.

For each flowsheet, pinch-based heat integration is considered which allows to draw the
grand composite curve in Figure 4.7. For the averaged temperature difference between hot
and cold streams, a temperature difference of AT, = 10K is assumed. A comparison of
the heating and cooling demand with and without heat-integration is given in Figure 4.8.
Heat integration allows to reduce the total heating requirement by 12 % and the cooling
demand by 6 %, therefore leading to a total minimum heating demand about 0.5 MJ/kg
CO; and total minimum cooling demand about 1.05 MJ/kg CO,.

Total operating cost for the solvent butanone are 8.78 €/t CO;. Figure 4.9 summarizes
the total cost distribution. In total, 15 % of the total operating cost are used for heating,
33 % for cooling, 49 % for electricity, and 3% to compensate for solvent loss. Compared
to an optimized flowsheet using the reference solvent methanol, a reduction in operating
cost of about 7 % can be achieved, suggesting butanone as a promising solvent alternative
for the physical absorption of CO,.
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Figure 4.6.: Flowsheet for 2-butanone with optimized operating point.
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Figure 4.7.: Grand composite curve for the optimized absorption process using butanone
as a solvent.
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Figure 4.8.: Comparison of total energy demand for heating and cooling with and without
heat-integration.
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Figure 4.9.: Total cost distribution for optimized absorption process using butanone as a
solvent. Total operating cost are 8.78 €/t CO,.

49%
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4. Pinch-based solvent screening for absorption and extraction processes

4.3 Case study 2: Dimethyl ether absorption process

Dimethyl ether (DME) is an emerging alternative fuel. It can be produced from biomass
in processes similar to methanol, shows low emissions, and can mostly rely on given
infrastructure to distribute the fuel (Clausen et al., 2010). However, in order to be compet-
itive with conventional fossil-based fuel alternatives, the separation needs to be energy-
efficient. Currently, DME is separated by a sequence of distillation units. Alternatively,
a physical absorption process could be used to separate DME from light gases. This de-
mands for the identification of an optimal solvent to design or benchmark an alternative
absorption process.

Table 4.4.: Specification of feed stream, stream number 0.

H CO CO, DME MeOH H,O0 P vapor
mol-% MPa | fraction
56 1 18 6 2 17 3 1

In direct DME production from syngas, the mixture to be processed mainly contains
DME, methanol (MeOH), water (H,0O), and light gases hydrogen (H), carbon-monoxide
(CO), and carbon dioxide (CO;). Table 4.4 summarizes the composition and state of the
mixture, which is taken from literature (Bongartz et al., 2016; Otto, 2015). The gaseous
phase is assumed to be ideal and non-idealities of the liquid phase are described by the
NRTL model for the binary pairs water and methanol, water and DME, methanol and
DME, as well as DME and the solvent. The vapor pressure is described by Antoine’s ex-
tended equation, and overcritical hydrogen is described by Henry’s law. Pure component
and binary interaction parameters for all feed components are taken from the AspenPlus®
database and, for the solvent molecule, are estimated with GC or QM methods. The ther-
modynamic model equations are summarized in Appendix B.

The mixture needs to be separated into four products: Methanol, the light gases which
can be partially recycled to the reactor, water, and the value product DME. The separation
can be performed by simple rectification columns which is introduced as a benchmark. For
the separation of the feed mixture from Table 4.4 into the four products, three rectification
columns are required which can be ordered by the five different configurations depicted in
Figure 4.10. In studies published in literature different rectification sequences are applied,
for example, rectification sequence 3 (Clausen et al., 2010), rectification sequence 4 (Otto,
2015), and rectification sequence 5 (Zhang et al., 2015). For the selection of one config-
uration over the other, both economic and operational reasons are possible. For instance,
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rectification sequence 2

H,

rectification sequence 4 rectification sequence 5

Figure 4.10.: Five alternatives to separate DME by simple rectification. The separation of
DME from light gases, marked as a grey box, can be replaced by a physical
absorption process.

in order to meet high product requirements for DME (International Organization for Stan-
dardization, 2015), separation of DME at the top of a column with rectification sequence
3 or rectification sequence 4 could be preferred. However, regarding operational costs, no
systematic comparison of all alternative sequences has been performed, yet.

Pinch-based methods have proven to be highly suitable to quickly compare alternatives.
For the separation of zeotropic mixtures by rectification, a systematic generation of al-
ternatives and their evaluation is available (Harwardt et al., 2008). If isobaric pressure
at 3MPa is assumed for all rectification columns, the resulting OCs for each rectifica-
tion column and total OC for each sequence are summarized in Table4.5. With regard
to operating costs, rectification sequence 1, which is currently not applied in any of the
studies published in literature, performs best. The most expensive separation column of
this sequence is column 3, demanding operating costs of 7.3 €/t DME. In Figure 4.10,
this column, where light gases are separated from the value product DME, is highlighted
in grey. The separation of DME from light gases can be replaced by a physical absorp-
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Table 4.5.: Operating costs (OC) for five rectification sequences in Figure 4.10.

sequence 1 2 3 4 5

OC, column 1 [EtDME] 64 413 413 64 228
OC, column 2 [€/t DME] 4.5 8.5 4.4 133 6.1
OC, column 3 [€/tDME] 7.3 125 6.1 125 73

total OC [€/t DME] 18.1 623 519 322 363

tion process which is investigated in literature for the solvents methanol and water (Zhang
et al., 2015). While processes with these conventional solvents are inferior to rectification
sequences, the large screening of solvents can identify, if an absorption process could be
an alternative to conventional rectification, and if this is the case, which solvents would be
the most promising.

The flowsheet which is used for the physical absorption of DME is analogous to the
flowsheet shown in Figure 4.3. The composition and state of the feed stream, marked as
stream number 1, can be calculated from rectification sequence 1 in Figure 4.10 where the
third rectification column of the sequence is replaced by the physical absorption process.
The feed enters the absorption process at boiling temperature at a pressure of 3 MPa, which
is the pressure of the previous reaction and rectification columns (Clausen et al., 2010).
The cleaned gas (stream 14 in Figure 4.3) is composed of light gases Hy, CO, and CO»,
and small amounts of solvent. Solvent is fully separated from the distillate of the recti-
fication column (stream 8), which is composed of concentrated DME and small amounts
of light gases. Pipline cooling or pipeline compression is ignored (pg = p11, I3 = 111)
for this case study. Specifications for the separation are summarized in Table 4.6. The ab-
sorption column operates at 3 MPa, the solvent recovery column is assumed to operate at
atmospheric pressure at 0.1 MPa, and the solvent recycle (stream 10) is cooled to 303 K,
which is the lowest temperature possible before costs for cooling increase according to
Figure 4.2 The flash for the solvent recovery operates at identical pressure as the absorp-
tion column, and cleaned gas is cooled by 20 K which condensates parts of the solvent.

Figure 4.11 shows the operating costs for the absorption of DME subject to the costs for
heating. The best 300 candidates are highlighted by circles, triangles, and squares. For the
best candidates, low costs for heating also lead to low operating costs. The performance
of ten top scoring candidates and the performance of the reference solvent methanol are
summarized in Table 4.7. Methanol, a good choice for absorption of CO, and also already
investigated for the absorption of DME, is obviously outperformed by a large number of
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Table 4.6.: Specifications for a process for the physical absorption of DME.

stream specifications

feed composition X1,H, 40 mol-%
X1.CO 23 mol-%
X1,C0, 37 mol-%
X1,DME 37 mol-%
feed temperature T 276 K
feed pressure P1 3 MPa
pipeline gas temperature Thipeline TW=Ts
pipeline gas pressure Ppipeline P11 = P8
solvent make-up temperature Take-up 303 K
solvent make-up pressure Pmakewp 0.1 MPa
absorption column pressure P2, P10 3 MPa
rectification column pressure p7 0.1 MPa
flash pressure pa 3 MPa
feed gas temperature e 276 K
lean solvent temperature Tio 303
cleaned gas temperature difference Ty —T3 20K

equipment specifications

compressor efficiency TNecomp. 0.82
pump efficiency Tlcomp. 1
min. heat integration temp. difference AT 10K

alternative candidates.

Optimization of the operating point allows to compare solvent candidates according to
their optimal operational range. The 300 top scoring candidates for the specified operat-
ing point are optimized and results are depicted in Figure 4.12. Empty symbols represent
optimized candidates and filled symbols are shown for comparison. A list of the five top
scoring and manually selected solvent candidates is summarized in Table 4.8. All five top
scoring compounds are phenolic, while the selected compounds are alcohols. It can be
observed that structurally similar molecules lead to similar performance. The optimized
operating point shows only small variations regarding the pressure of the absorption col-
umn and pressure of the flash, whereas the pressure of the solvent recovery column tends
to lower pressures. The temperature of the solvent stream is larger for the top scoring
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Figure 4.11.: Operating costs for specified operating point.
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Figure 4.12.: Operating costs for optimized operating point. Filled symbols represent so-
lutions before optimization (b.o.), empty markers after optimization.
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4.3. Case study 2: Dimethyl ether absorption process

Table 4.7.: Top scoring candidates and reference solvent the absorption of DME for the
specified operating point in Table 4.6.

rank  solvent name CAS OCin€/tDME  y|pMmE

top scoring candidates
1 2,5-dimethylphenol 95-87-4 3.06 0.88
2 abhexone n.a. 3.28 0.88
3 3-hydroxytoluene 108-39-4 3.32 0.89
4 o-propylphenol 644-35-9 3.44 0.87
5 2,3-dimethylphenol 526-75-0 3.44 0.88
6 4-ethylphenol 123-07-9 3.45 0.88
7 p-vinylphenol 2628-17-3 3.62 0.89
8 2-ethylphenol 90-00-6 3.65 0.87
9 4-(1-methylethyl)-phenol 99-89-8 3.82 0.87
10 4-(2-propenyl)phenol 501-92-8 3.82 0.88

reference solvent
1161  methanol 67-56-1 36.00 0.93

candidates and smaller for the selected candidates compared to the specified solvent tem-
perature. Next, for the selected solvent 2-pentanol, the optimized flowsheet is discussed
in detail.
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4.3. Case study 2: Dimethyl ether absorption process

2-pentanol (PEN) is used as an industrial solvent or intermediate chemical. It is non-
toxic, non-corrosive, and has a low viscosity, which makes it interesting for a physical
absorption process. The optimized flowsheet for the solvent 2-pentanol is depicted in
Figure 4.13. Compared to the preliminary specified operating point, the solvent recovery
column operates at lower pressure and the solvent recycle is cooled to lower temperatures.
Solvent loss is low and in the product gas a concentration of 78 mol-% can be achieved.
Table 4.9 summarizes energy utility and costs for the separation. Heat integration allows
to reduce the total heating demand by 21 % and total cooling demand by 12 %, leading to
total operating costs of 7.15 €/t DME.

Compared to the total operating costs of a conventional separation by a simple recti-
fication column of 7.3 €/t DME (cf. Table4.5), the separation by a physical absorption
process is competitive. However, separation by simple rectification requires not only a
lower number of devices, but also achieves a higher product concentration. For instance,
when using the promising solvent 2-pentanol, a purity of only 80 mo-1% is achieved,
whereas simple rectification can achieve almost pure DME, which meets the high purity
requirements for the use of DME as a fuel (International Organization for Standardization,
2015).. Although there is still room for improvement in the absorption process, for exam-
ple through process intensification measures such as multi-feed columns or intercooling
(see, e.g., Lee et al. (2016)), when investment costs are included in a subsequent step
of conceptual process design, the absorption process will hardly be competitive. Finally,
the screening could identify promising solvent candidates for this separation task and al-
lowed quick conclusions on the potential of an absorption process compared to alternative
separation concepts.
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4. Pinch-based solvent screening for absorption and extraction processes
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Figure 4.13.: Flowsheet for the absorption of DME with the solvent candidate 2-pentanol
(PEN).
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4.3. Case study 2: Dimethyl ether absorption process

Table 4.9.: Summary of energy utility and costs for optimized absorption process using
2-pentanol as a solvent.

energy utility

total heating demand 0.90 MJ/kg DME
total cooling demand 1.58 MJ/kg DME
heat integrated heating demand 0.71 MJ/kg DME
heat integrated cooling demand 1.39 MJ/kg DME
costs

heating costs 1.82 €/t DME
cooling costs 491 €/t DME
electricity costs 0.12 €/t DME
solvent loss 0.29 €/t DME
total operating costs 7.15 €/t DME
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4. Pinch-based solvent screening for absorption and extraction processes

4.4 Case study 3: Acetone-butanol-ethanol extraction process

1-Butanol can serve as an alternative fuel candidate and platform chemical which can
be produced from biomass feedstock via acetone-butanol-ethanol (ABE) fermentation
(Qureshi & Ezeji, 2008). The economic production is, however, difficult, because the low
productivity of the batch fermentation leads to a strongly diluted aqueous mixture. Due
to the lower boiling point of water compared to butanol, water needs to be evaporated.
Futhermore, simple rectification cannot be applied due to the azeotope which separates
butanol and water. Therefore, creative separation concepts are demanded to break the
azeotrope and to avoid the inefficient evaporation of water.

The cost of the downstream process can be reduced by combining the strength of dif-
ferent separation techniques by a hybrid separation process. For the separation of butanol,
prominent examples are extraction-rectification processes (Ishii et al. (1985); Liu et al.
(2004)), pervaporation processes (Groot et al., 1984), gas stripping processes (Groot et al.,
1989), or adsorption processes (Qureshi & Ezeji, 2008). A critical discussion and review
of different separation alternatives can be found in the works of Groot et al. (1992) and
Qureshi et al. (2005). Among these hybrid separation alternatives, the hybrid extraction-
rectification process is particularly interesting because value components of the diluted
aqueous system can be concentrated in the solvent, and, when using an appropriate sol-
vent, ultimately less water needs to be evaporated. In consequence, efficiency of the sepa-
ration concept is strongly determined by the choice of the right solvent. Extensive solvent
screenings for the extractive separation of butanol have been performed by various authors
(Groot et al., 1990; Ishii et al., 1985; Krdmer et al., 2011a; Oudshoorn et al., 2009; Rof-
fler et al., 1987a,b). However, all of these screenings only rely their selection on physical
solvent properties, i.e., the activity coefficient at infinite dilution, solvent loss, toxicity, or
combination of these physical properties. Alternatively, the novel pinch-based shortcut
method for extraction columns allows to rank solvents by the operating costs of the hybrid
extraction-rectification process.

Table 4.10 summarizes the specifications for the separation. The feed stream is assumed
to contain four components acetone (A), butanol (B), ethanol (E), and water (H,O). The
mixture is described by equilibrium-based models. The non-ideality of the liquid phase is
described by the NRTL activity coefficient model and an ideal gas phase is assumed. Pure
component parameters are taken from the built-in AspenPlus® database and for the solvent
molecule pure component parameters and binary interaction parameters are estimated with
GC or QM methods.

In Figure 4.14, the flowsheet for the investigated hybrid extraction-rectification process
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4.4. Case study 3: Acetone-butanol-ethanol extraction process

Table 4.10.: Specifications for the isothermal extraction of aceton, butanol, and ethanol
from the aqueous feed.

stream specifications

fermentation feed composition X0.A 0,3 mol-%
X0.B 0,2 mol-%
X0,E 0,2 mol-%
X0,H,0 99,3 mol-%
fermentation feed temperature To 303K
fermentation feed pressure Do 0.1 MPa
downstream temperature 13 303 K
downstream pressure s 0.1 MPa
solvent make-up temperature T 303K
solvent make-up pressure D6 0.1 MPa
extraction temperature T, Ty 303
feed state to rectification v-frac., 0

equipment specifications
pump efficiency Mpump 1

min. heat integration temp. difference AT 10K

is illustrated. The major separation devices are the extraction column and the rectification
column. The liquid feed stream from fermentation (0) entering the hybrid process has am-
bient pressure and temperature (pg, Tp), as well as the stream leaving the hybrid process
to fermentation or waste treatment (ps, 75s), and the stream leaving the process to further
downstream processing (pg, 73). The solvent (S) is used to fully separate value compo-
nents acetone, butanol, and ethanol from water in the extraction column. The solvent-rich
extract stream (2) is then heated up to boiling conditions (vapor fraction / v-frac. = 0)
and separated in a rectification column. The distillate product (8) only contains acetone,
butanol, ethanol and water, which continue to further downstream processing. At the bot-
tom product, a stream containing only solvent and water is fully separated and recycled to
the extraction column (4). Small losses of solvent always occur in the raffinate stream (5)
of the extraction column, and continuous production therefore demands a small solvent
make-up stream (6). If the solvent is compatible with the fermentation organism, the raffi-
nate can be recycled to the fermentation. Alternatively, the raffinate requires waste water
treatment or advanced back-extraction using a bio-compatible solvent which has recently
been investigated for ABE extraction (Kurkijdrvi et al., 2014).
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4. Pinch-based solvent screening for absorption and extraction processes
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Figure 4.14.: Flowseet for the hybrid extraction-rectification process for the separation of
acetone (A), butanol (B), ethanol (E) from water (H20) by using a suitable

solvent (S).
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4. Pinch-based solvent screening for absorption and extraction processes

Depending on the desired operating point, pumps, valves, and additional heat-exchanger
are necessary. Furthermore, the boiling point of the solvent as well as the existence of
azeotropes determines the type of split in the rectification column. The alternatives which
arise from the different operating conditions and type of splits lead to a superstructure
which is shown in Figure4.15. The extraction column always operates at ambient pres-
sure, while pumps and valves allow for elevated or decreased pressure in the rectification
column. The model assumes that heat exchanger can supply heating or cooling utility,
depending on the desired temperature level in the extraction column.

For the split in the rectification column, restrictions arise from different boiling temper-
atures and existence of azeotropes. In this evaluation, the complete separation of solvent
and value products acetone, butanol, and ethanol by one singe rectification column is de-
manded. Therefore, mixtures which would require an additional column, for example,
due to a ternary azeotrope, are discarded. The type of split is distinguished by the boiling
temperature of the solvent. When the solvent is the light boiling component, then it is
separated as a pure component at the top of the column. Alternatively, when the solvent
is the heavy boiling component, it is separated at the bottom of the column, which is the
most common type of split. Of all investigated solvents, 78 % are heavy boilers, 21 % are
medium boilers and therefore discarded, and less than 1 % are light boilers.

Figure 4.16 illustrates schematically a possible split for a heavy boiling solvent. The
value components acetone, butanol, and ethanol are summarized for a better readabil-
ity at the top of the ternary diagram. The mixture contains at least two azeotropes, one
azeotrope containing ethanol and water, and one azeotrope containing butanol and water.
Further azeotropes can occur depending on the choice of the solvent. Often, a hetero-
azeotrope between water and solvent can be observed. The solvent-rich extract, which
is fed to the rectification column (2), is located on the miscibility gap and contains ace-
tone, butanol and ethanol, together with fractions of solvent and water. For the desired
split, solvent needs to be fully separated from the value components acetone, butanol, and
ethanol. Furthermore, a preferably high concentration of these value components is de-
sired. Therefore, the distillate product is located on the separation boundary caused by
the butanol-water azeotrope, because this represents the highest concentration which can
be accomplished by a simple rectification column. This concentration which is defined by
the separation boundary is estimated according to the method of Rooks et al. (1998) (cf.
Chapter 1.2). Based on the composition of the distillate product and the feed composi-
tion, the composition of the solvent-rich bottom product can be calculated. As the bottom
product can contain fractions of water and thus could be located within the miscibility
gap, decantation is considered in the superstructure in Figure 4.15. The water-rich stream
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4.4. Case study 3: Acetone-butanol-ethanol extraction process

acetone, butanol, ethanol

ethanol-water
azeotrope: 351 K

distillate product
located on
separation
boundary

distillate product; to
downstream
processing

solvent-richt outlet of
extraction — feed to
rectification column

butanol-water
azeotrope: 366 K

solvent-richt bottom
product — recycle to
extraction column

®
vent saddle azeotrope: ter: 373K
solven water:
Tsolvenl>Tazeo!rope<Twater

Figure 4.16.: Feasible split for the rectification column. The distillate product is located
on the separation boundary caused by the butanol-water azeotrope.
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4. Pinch-based solvent screening for absorption and extraction processes
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Figure 4.17.: Optimized operating costs and costs for heating.

is recycled to the raffinate stream (8) of the extraction column, and the solvent-rich stream
(4) is recycled to the extraction column (4).

The operating conditions for this separation are described by two variables only, the
temperature of the extraction column and the pressure of the rectification column. To
obtain good initial values for the optimization, a preliminary screening is performed for
a total number of 35 operating conditions, represented by a combination of five differ-
ent temperature levels (288 K, 303 K, 328 K, 348 K) and seven different pressure levels
(0.0005 MPa, 0.01 MPa, 0.05 MPa, 0.1 MPa, 0.5 MPa, 1 MPa, 3 MPa). The best perform-
ing 300 candidates are then optimized by the local pattern-search technique. In Fig-
ure4.17, optimized operating costs are shown over the corresponding cost for heating.
Layers of open circles, downwards pointing triangles, squares, and upwards pointing tri-
angles show the best 300 candidates, while the remaining solvent candidates are marked
by open stars.

Figure4.18 and Figure 4.19 compare alternative criteria for the selection of solvents.
Figure 4.18 compares solvent to feed ratio of the extraction column and the energy demand
of the solvent recovery column. In general, there is an indication that low solvent to feed
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4.4. Case study 3: Acetone-butanol-ethanol extraction process
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Figure 4.18.: Comparison between solvent demand of the extraction column and energy
demand for the rectification column.

ratio results in low energy demand of the solvent recovery column. This contradicts the
observation for absorption processes in Figure 4.4. For extraction processes, low solvent
to feed ratio leads to low energy demand in the solvent recovery column, because less
solvent needs to be evaporated. However, the comparison between operating costs and
energy demand of the solvent recovery in Figure 4.19 shows that top scoring candidates
are difficult to determine by evaluating only the energy demand of the solvent recovery
column. Top scoring candidates show both low operating costs as well as low energy
demand in the solvent recovery column. However, there are many solvents which require
low energy demand but can involve high operating costs. Therefore, selection of solvents
should involve comprehensive process evaluation based on operating costs, which can be
established by pinch-based methods.

Table 4.11 summarizes the performance and optimized operating point for the top scor-
ing solvent candidates and some manually selected candidates. For most solvents, low
pressures in the solvent recovery column is preferred which reduces the temperature in the
rectification column and thereby the costs for heating. For the extraction column, some
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Figure 4.19.: Comparison between solvent demand of the extraction column and energy
demand for the rectification column.

solvents show higher temperatures than ambient temperature, because this avoids cool-
ing of the solvent recycle stream and subsequent heating of the extract stream. The top
scoring solvent candidate is solid at ambient pressure and temperature, insoluble in wa-
ter, and, therefore impossible to apply in an actual process. In consequence, promising
solvents need to be selected manually based on the ranking, while also considering other
constrains such as toxicity, availability, or risk of explosion.

Two promising solvent candidates which have recently been compared in a conceptual
design study are oleyl alcohol and 1,3,5-trimethylbenzene (TMB, alternatively referred to
as mesitylene) (Kriamer et al., 2011a). The solvent 1,3,5-trimethylbenzene was identified
from a solvent screening with the ICAS software! (Eden et al., 2002; Gani, 2004; Gani
et al., 1997, 2005; Kongpanna et al., 2016), which only evaluates heuristics such as sol-
ubility of the value component in the solvent and predicting the interactions using group
contribution methods. The following process simulation for both alternatives then showed

!Integrated Computer Aided System: www.capec.kt.dtu.dk/Software/ICAS-and-its-Tools
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4.4. Case study 3: Acetone-butanol-ethanol extraction process

Table 4.11.: Ranking of solvents for the separation of ABE by an extraction process for an
optimized operating pont.

rank  solvent name CAS ocC x?_bulanol p T
a.0. [€/kg B] [MPa]  [K]

top scoring candidates
1 magnolol 528-43-8 0.007 0.15 0.050 302

selected candidates

127 1,3,5-trimethylbenzene ~ 108-67-8 0.030 0.18 0.050 288
202 dodecanol 112-53-8 0.040 0.15 0.094 369
1565  l-octanol 111-87-5 0.078 0.15 0.100 358
1649  n-hexylacetate 142-92-7 0.085 0.15 0.050 358
1653 2-ethyl-1-hexanol 104-76-7 0.085 0.15 0.100 328
1997  oleylalcohol 143-28-2 0.123 0.15 0.050 328

Table 4.12.: Summary of energy utility and costs for the extraction process using
trimethylbenzene as a solvent.

energy utility

total heating demand 23 MJ/kg B
total cooling demand 23MJ/kg B
heat integrated heating demand 52MJ/kg B
heat integrated cooling demand 53MJ/kg B
costs

heating costs 0.015€/kg B
cooling costs 0.013€/kg B
electricity costs 5.94%107°€/kg B
solvent loss 0.002€/kg B
total operating costs 0.030€/kg B
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4. Pinch-based solvent screening for absorption and extraction processes
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Figure 4.20.: Flowsheet for the extraction of acetone (A), butanol (B), and ethanol (E) with
the solvent 1,3,5-trimethylbenzene (TMB).

significant better performance for TMB than for the solvent oleyl alcohol. This screening
validates the promising performance of the candidate TMB. The optimized flowsheet is
discussed in detail in the following.

The detailed flowsheet for the solvent trimethylbenzene is shown in Figure 4.20. The
extraction column operates at low temperature of 288 K and the rectification column be-
low ambient pressure at 0.05 MPa. At the distillate product of the rectificaiton column, a
concentration of butanol of 18 mol-% is achieved. At the bottom, pure solvent is recycled
to the extraction column. The results for this flowsheet are summarized in Table 4.12. For
this solvent, electricity costs and costs for solvent loss are low compared to costs for heat-
ing and cooling, leading to total operating costs of 0.030€/kg butanol. Heat integration
allows to reduce total heating and cooling demand by 77 %. This agrees well with the sim-
ulation study for the solvents trimethylbenzene and oleyl alcohol using rigorous models
(Krémer et al., 2011a), where it was only through the implementation of heat-integration
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4.5. Conclusions

that the remarkably good performance could be achieved for the solvent trimethylben-
zene. The novel pinch-based screening directly covers heat-integration. Opportunities for
heat-integration are the cooling of the solvent recycle to the extraction column, which can
be used to heat the feed to the rectification column. This and all other opportunities for
heat-integration are directly captured in each flowsheet which is evaluated for each solvent
candidate.

The presented screening of solvents for ABE extraction validates the good performance
of trimethylbenzene compared to oleyl alcohol. The pinch-based screening thereby iden-
tifies the economic potential of all investigated solvent candidates directly. All interac-
tions of the flowsheet are covered including the potential for heat-integration. For future
processes, when no pre-knowledge or experience is available, the pinch-based screening
gives a good guarantee that complicated flowsheet interactions are fully covered, and that
promising solvent candidates are reliably identified.

4.5 Conclusions

Solvent selection is successfully accomplished by pinch-based shortcut methods. Novel
shortcut methods for absorption and extraction columns suggested in previous chapters
thereby perfectly complement existing pinch-based methods for rectification columns or
heat integration. Ultimately, the pinch-based methods allow evaluation of the performance
of absorption, extraction and rectification columns combined in a flowsheet with all ad-
ditional devices such as compressors, pumps, and heat exchangers. The knowledge of
all process states allows consideration of heat integration and optimization of the operat-
ing point. Therefore, solvents are compared according to their full potential. Three case
studies illustrate the performance for absorption and extraction processes. Novel solvents
leading to energy efficient processes are identified, and their performance can directly
be compared to conventional solvents or alternative separation techniques such as simple
rectification.

For future investigations, the pinch-based methods can be combined with any method
for the generation of thermodynamic properties. Both, more complex thermodynamic
models as well as solvent design methods, where the structure of an actual solvent
molecule is varied, could be considered directly. Furthermore, in extensions of this study,
operational constrains such as toxicity, risk for explosion, or viscosity, which are difficult
to predict but are decisive for the actual application, need to be included.

Finally, the pinch-based solvent screening offers an efficient tool for the comparison of
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4. Pinch-based solvent screening for absorption and extraction processes

arbitrary solvents and process configurations. The screening allows to tackle a vast num-
ber of solvents, and to select solvents based on process performance, targeting minimum
operating costs.
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Chapter 5

Software

The previous chapters of this thesis illustrate both theory and application of pinch-based
shortcut methods. The simple nature of pinch-based shortcut methods allows to develop
tailored solution procedures to solve the pinch-based models without any a priori knowl-
edge or the need of trial and error calculations. No simplifications are made concerning
the number of components, type of mixture, or thermodynamic modeling, which opens a
wide range of potential applications such as the fully automated screening of solvents for
absorption or extraction processes.

The implementations, which are described in this thesis, could build on works of for-
mer colleagues, i.e., Bausa (2001), Briiggemann (2005), Wallert (2008), Pérez (2005),
Kossack (2010), and Skiborowski (2015) as a part of their doctoral study projects. In gen-
eral, software development always played an important role in the research group at AVI-
Process Systems Engineering, RWTH Aachen University. To shorten the time of trans-
fer for research prototypes into industrial application, the research group cooperated with
the not-for-profit organization AixCAPE®!. Together with AixCAPE®, there have al-
ready been some attempts to integrate shortcut methods in commercial software packages
prior to this thesis. Most of them focused on the RBM for simple rectification columns.
In 2005, an interface which is compatible to the CAPE-OPEN standard, was developed
(Briiggemann, 2005) and could be accessed from AspenPlus. In 2009, the stand-alone
flowsheet simulator InSynTo (integrated synthesis toolbox) was intended to provide flow-
sheet capabilities for shortcut methods. However, AixCAPE has not continued service and
development of these products.

'www.aixcape.org
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5. Software

Among other reasons, which might have led to this decision, this thesis revealed nu-
merous programming bugs such as infinite loops as well as memory leaks in existing pro-
totypes. This could be identified, because the screening of solvents as part of this thesis
has exceptional requirements due to the automated solution of the shortcut methods. This
shortcoming prior to this thesis probably prevented the robust integration of the prototypes
into other software tools. When implementing the software framework for the automated
screening of solvents as part of this thesis, many programming bugs in the existing proto-
types could be identified and fixed. Therefore, besides an efficient tool for the automated
screening of solvents, the case studies investigated in this thesis indicate the reliability of
existing and novel software prototypes, which has been accomplished in this way.

The novel methods implemented as part of this thesis as well as existing methods are
available as source codes under the general public licence (GPL) agreement on the web
site of AVT-Process Systems Engineering!. For the experienced user, a set of specialized
interfaces is available which provides full access to all functionalities. Figure 5.1 illus-
trates the organization of the software prototypes. In keeping with the philosophy behind
the original package, the routines are implemented using ANSI-C in order to guarantee
maximum portability, expandability, as well as numerical efficiency. New interfaces, new
prototypes, and new frontends added as part of this work are highlighted.

The prototypes separation analysis, rectification shortcut, extraction shortcut, and ab-
sorption shortcut are the main features of the software package. The separation anal-
ysis module provides different flash algorithms for the calculation of the vapor-liquid
equilibrium (VLE), vapor-liquid-liquid equilibrium (VLLE), or liquid-liquid equilibrium
(LLE) of mixtures, access to property parameters, e.g., the density, vapor pressure, or the
activity coefficients, and summarizes feasibility tests for simple distillation columns by the
pitchfork distillation boundary (PDB) (Briiggemann & Marquardt, 2011a), stage-to-stage
Ealculations, or linear separation regions (Rooks et al., 1998). The rectification shortcut
module summarizes shortcut methods for simple distillation columns (Bausa et al., 1998),
distillation columns with sidestreams (von Watzdorf et al., 1999), heterogeneous distilla-
tion columns (Urdaneta et al., 2002), and multi-feed distillation columns (Briiggemann &
Marquardt, 2004). The absorption shortcut module (Redepenning & Marquardt, 2016)
and extraction shortcut module (Redepenning et al., 2016) are the major contributions of
this work. The theory behind the methods and the implemented solution procedures are
discussed in Chapters 2 and 3.

'www.avt.rwth-aachen.de/softwareCollection
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5. Software

All prototypes can be applied with rigorous thermodynamic models. In consequence,
the property calculation module located on the thermodynamics and numeric manage-
ment level is a basis of the package accessed by all shortcut prototypes. The property
calculation module provides the VLE, VLLE, and LLE flash calculations and therefore
requires close communication with the numerical routines module and continuation algo-
rithm module. The numerical routines provide standard numerical procedures, e.g., the
decomposition into eigenvectors and eigenvalues or a simple Newton solver for non-linear
systems of equations. Most routines are adapted from the numerical recipes (Press, 2007)
and have been extended and improved in some cases. For the Open-Source publication,
the routines have been re-implemented or replaced but still meet identical requirements.
The continuation algorithm module provides a generalized predictor-corrector continua-
tion solver which uses the arc-length concept (Jiménez-Islas et al., 2013) and different
routines to allow for the stack management. Some widespread thermodynamic models are
supported, e.g., Antoine’s extended equation, the NRTL model or the UNIQUAC model
to describe activity coefficients, as well as equation of states such as the Peng-Robinson
equation. The thermodynamic model equations are implemented in the property library
module. The implemented model equations are identical to the models used by the com-
mercial property package PropertiesPlus!. Therefore, the property parameters provided
by the AspenPlus®databank are fully compatible and can directly be applied.

Thermodynamically valid description of a mixture is crucial for the sound computer-
aided evaluation. Therefore, access to valid property parameters is mandatory. Usually,
parameters are obtained from literature and can directly be provided as text files written
in a standardized syntax which is often referred to as a so-called ‘.dat-file’. In order to
extract property parameters from AspenPlus®, a new software tool is developed as part
of this thesis. In AspenPlus®, parameters are documented in report files (*.rep). In or-
der to access the documented property parameters, the stand-alone software tool Stoff3 is
developed as a part of this thesis. Stoff3 is a re-implementation of the old software tool
Stoff2 (Bausa, 2001), which was coded in VisualBasic and only poorly extendable. The
new Stoff3 is implemented in C# and allows better maintenance, supports more thermody-
namic models, and can handle systems with more than six components. A new alternative
to access thermodynamic properties is provided by the new package CosmoToProps. Cos-
moToProps summarizes MATLAB®? source files which call COSMO-RS? to estimate
thermodynamic properties by quantum-mechanical calculations and provide the parame-
ters for the properties library module.

! Aspen Technology Inc., http://www.aspentech.com
2The Math Works Inc., http://www.mathworks.com
3www.cosmologic.de
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The prototypes can be accessed from different software platforms. The
MATLAB®external functions (.mex) mexprops.mex, mexrbm.mex, mextraction.mex, and
mabsorption.mex dock the prototypes to the commercial software package MATLAB®.
MATLAB®allows convenient handling and storage of data and provides access to differ-
ent toolboxes, e.g., the ParallelComputingToolbox ™, which is perfectly suited to par-
allellize the screening of process alternatives, or the optimization toolbox TOMLAB!,
which provides several state-of-the art optimization algorithms, e.g., SNOPT, for large-
scale flowsheet optimization. Originally, the software interface toolbox.c, which provides
access to all software prototypes, was intended for an integration in the software tool In-
SynTo. InSynTo, which was developed between 2009 and 2010 by AixCAPE e.V.2, is a
GUI with simple flowsheet functionality. However, so far only a limited number of proto-
types are implemented in the interface foolbox.c. Also, the InSynTo project phase ended
before this thesis started. Without methods for extraction or absorption columns available
in those days, the evaluation was limited to rectification processes. Therefore, as a part
of this thesis, the software interface roolbox.c was extended to include the new prototypes
developed as part of this thesis and close collaboration with AixCAPE e.V. guarantees
easy integration into InSynTo or any followup project.

Alternatively, the prototypes implemented in toolbox.c can be accessed from the in-
house development energy-efficiency (EE) toolbox. The EE-toolbox was developed as
part of the research project Energy-Efficiency Management funded by the German Min-
istry of Research and Education (BMBF). The pinch-based methods allow to determine
directly the operation at minimum energy or solvent demand, a central reference for the
analysis of process by Energy Management Systems (EnMS). As part of the project, the
Energy-Efficiency (EE) Toolbox was developed in close collaboration with Bayer Tech-
nology Services to improve the calculation of the minimum energy demand as the central
reference of their EnMS STRUCTese® (Drumm et al. (2013), cf. Chapter 1).

Figure 5.2 shows a screenshot of the new EE-Toolbox. The EE-Toolbox provides meth-
ods for both the analysis of an existing process and the synthesis of new energy efficient
processes. The following methods are available:

* Visualization of mixtures for the thermodynamic analysis by residue curves
* The rectification body method for simple rectification columns (Bausa et al., 1998).

* The rectification body method for heterogeneous rectification columns (Bausa,
2001).

!'The TOMLAB Optimization Environment: www.tomopt.com
2 AixCAPE e.V.: www.aixcape.org
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Figure 5.2.: Illustration of EE-Toolbox features. EE-Toolbox supports graphical visualiza-
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tion, generation of separation alternatives, and minimum energy calculation
by pinch-based shortcut methods

The rectification body method for rectification columns with sidestreams (von Watz-
dorf et al., 1999).

The algorithmic detection of separation boundaries for rectification columns repre-
sented by a pitchfork distillation boundary (Briiggemann & Marquardt, 2011a).

The automatic generation of zeotropic column sequences and calculation of mini-
mum energy demand of each sequence by the rectification body method (Harwardt
et al., 2008).

The pinch-based shortcut methods for extraction columns (Redepenning et al.,
2016).

The pinch-based shortcut method for absorption columns (Redepenning & Mar-
quardt, 2016).
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Chapter 6

Recommendations for further research

Next research steps should obviously review existing pinch-based methods and provide an
update with the new findings of this thesis. For instance, while the model of the RBM
detects tangential pinch-points by heuristic rules and needs feasibility tests in case of
azeotropic mixtures with separation boundaries (cf. Chapter 1.2), such simplifications are
obsolete with the novel pinch-based model. Furthermore, the improvement of the basic
shortcut model by adding additional stages allows to reduce the approximation error to
any desired accuracy, which effectively solves the problem of approximation error when
using a shortcut method. The new model can be readily extended to complex rectification
configurations or integrated reaction-separation concepts.

Three recommendations for further research are discussed in detail in the following:
Currently, the suggested solution procedures are important to accomplish the automation
and therefore a key feature of the shortcut methods. However, the solution procedures
are expensive to implement, to debug, and to main, and small changes to the separation
devices, such as sidestreams or reactions, can require an extensive redesign. Therefore,
alternative solution procedures based on global optimization techniques are discussed.
Rigorous models for separation columns are important for conceptual design, but still dif-
ficult to solve in an automated manner. Alternatively, the pinch-based shortcut methods
suggested in this work can allow for robust optimization-based design of rigorous models.
Finally, actual separations are usually controlled by transport limitations. While the gen-
eral pinch-based model employs no simplification regarding thermodynamic modeling,
non-equilibrium modeling can be integrated into the shortcut method and allow for robust
design of non-equilibrium separations.
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6. Recommendations for further research

6.1 Solving shortcut models by global optimization techniques

The challenge of solving the algebraically complex rigorous models of separation columns
is touched multiple times throughout this thesis. The rigorous models, where each stage of
the column is covered by MESH equations, are more difficult to solve than the pinch-based
shortcut approaches, where MESH equations for only three stages need to be evaluated,
i.e., for the first, the last, and the pinch stage (cf. Figure 1.5).

The simple nature of pinch-based shortcut models allowed to develop tailored solution
procedures. The solution procedures suggested for absorption, extraction, and distillation
then determine a solution reliably, which is exploited for the fully automated screening of
solvents in Chapter4. These solution procedures fulfill their purpose perfectly, however,
and this is one major disadvantage, small variation of the separation device or the separa-
tion task often demand major revision of the solution procedure or even an entirely new
solution procedure. For instance, for the pinch-based design of rectification columns the
concept of the RBM presents the groundwork for simple columns (Bausa et al., 1998).
Extensions to complex columns (von Watzdorf et al., 1999), batch distillation (Espinosa
et al., 2005), reactive distillation (Lee et al., 2003), or extractive distillation (Briiggemann
& Marquardt, 2004) required individual procedures for each device. Also, the pinch-based
shortcut for adiabatic (absorption) and isothermal (extraction) counter-current columns are
very similar regarding the model. Nevertheless, for each device, an individual solution
procedure is necessary.

A general solution concept could be rewarding to allow for a simple extension to other
devices, column configurations, or hybrid reaction-separation concepts. General-purpose
numerical algorithms can provide such a general solution concept. Local algorithms are
generally fast, but require initialization which includes the identification of the controlling
model referring to a stable, unstable, saddle, or tangential pinch prior to the separation.
Therefore, there is a need for appropriate model formulations to switch between mod-
els referring to different types of pinch points, as well as global search for solutions to
distinguish between different types of models.

Global optimization techniques provide a global search for solutions. Given a repre-
sentative problem formulation, global algorithms allow for the reliable calculation of a
solution without any knowledge of an initial solution. However, calculation time is high
compared to local algorithms, which is why complex rigorous models are still not solved
by global optimization techniques. Yet, the simplicity of pinch-based shortcut models
could allow for such an advanced solution strategy.

The potential of global optimization techniques is investigated in the following
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6.1. Solving shortcut models by global optimization techniques

Table 6.1.: Specifications and results for the illustrating case study. Specifications are
bold. Isothermal extraction at 35°C is assumed.

component  x§., xf§ xR x§ flow ratio

itaconic acid 0.1 0 0 0.049 LE/IR.,  0.08
water 09 0 0992 0573 LR/IR,, 088
3-MTHF 00 1 0008 0378 LE/LR,, 020

for the ternary extraction of itaconic acid from aqueous solution with the solvent 3-
methyltetrahydrofuran (3-MTHF). The mixture is highly interesting as part of the re-
search project Tailor Made Fuels from Biomass (TMFB), where 3-MTHF is identified
as a promising fuel candidate (Geilen et al., 2010; Voll & Marquardt, 2012). 3-MTHF can
be efficiently produced by fermentation via itaconic acid (Geiser et al., 2016; Klement &
Buchs, 2013). If the product 3-MTHF could also be used as a solvent for the extraction
of itaconic acid from the aqueous fermentation both, additional purification devices are
avoided leading to reduced separation costs and improved competitiveness of the new fuel
candidate. Feed composition, temperature, and pressure for the extraction are summa-
rized in Table 6.1. The equilibrium is described by the NRTL activity coefficient model
and parameters are taken from the AspenPlus® database.

In Chapter 3, pinch-based shortcut methods for ternary extraction are reviewed. For
ternary mixtures, the observation of the pinch is sufficient to identify operation at min-
imum solvent demand (Minotti et al., 1996). Thereby, maximization of the solvent
flowrate, Ly, subject to the existence of the pinch within the column section identifies
operation at minimum solvent flowrate, when the pinch just vanishes. The identification
of minimum solvent operation can be formulated as an optimization problem (Kramer,
2012):

L 6.1

max Lo, (6.1)

subject to MES equations for stage 1, P, N, (6.2)
X} < xp <X\, (6.3)

where variables and abbreviations are used according to Chapter 3 and Z summarizes all
variables, i.e., compositions and flowrates at the pinch (P), the first stage (1), and the
last stage (N). A detailed description of the problem formulation is provided by Kridmer
(2012). This optimization problem is valid only for ternary mixtures, as it can only distin-
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6. Recommendations for further research

guish between stable, unstable, and tangential pinch-points, but does not work in combi-
nation with saddle pinch points which is a phenomena occurring for isothermal mixtures
with more than three components. Appropriate optimization-based problem formulations
for mixtures with more than three components still need to be developed. Nevertheless,
the ternary example allows for a preliminary investigation of the performance of such a
concept which is based on general-purpose numerical algorithms.

The case study is solved using global optimization with ANTIGONE (Misener &
Floudas, 2014) in GAMS! as well as the solution procedure suggested as part of this thesis
in Chapter 3. Both concepts find the identical solution and results are summarized in Ta-
ble 6.1. The solution by ANTIGONE on a standard personal computer takes 29 seconds,
whereas the solution procedure suggested in Chapter 3 is almost hundred times faster and
only takes 0.3 seconds. In consequence, a considerably quick screening of alternative sol-
vent candidates could not be attempted using global optimization techniques. However,
regarding computer technology, formulation techniques, or performance of optimization
algorithms, there is still room for improvement. Therefore, given some improvements in
any of these fields, direct solution by global optimization techniques could be a rewarding
alternative, because a quick modification of any of the shortcut models is possible.

6.2 Robust optimization-based design of rigorous models

Rigorous models for separation columns, where each stage is modeled by the full set of
MESH equations, are both popular and important for the optimal design of unit operations
and flowsheets (Cremaschi, 2015). In conceptual process design, optimization with rig-
orous models is usually the final step (cf. Figure 1.4). For pinch-based shortcut methods,
reliable solution for absorption, extraction, and distillation columns is accomplished suc-
cessfully by the suggested solution procedures. For rigorous models, on the other hand,
a reliable solution is still not guaranteed despite their importance in conceptual process
design.

Some efforts have already been made on the optimization-based solution of rigorous
models. Often, optimization is initialized by the solution of a rigorous model operat-
ing close to minimum reflux or solvent ratio (Bauer & Stichlmair, 1996; Skiborowski
et al., 2015). The number of stages necessary to establish this favorable operation directly
presents an upper bound for the total number of stages. This is particularly valuable for
the efficient optimization regarding the number of stages by MINLP superstructure tech-

'GAMS: General Algebraic Modeling System, www.gams.com
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6.2. Robust optimization-based design of rigorous models

niques, where an upper bound needs to be defined a priori. Furthermore, the operating
point at minimum solvent or reflux ratio can be conveniently initialized by pinch-based
shortcut methods. There is, however, neither a shortcut method available to estimate an
appropriate upper bound for the number of stages, nor is there any concept reliably estab-
lished to identify the actual stage-to-stage trajectory of a column section.

An interesting first attempt to identify the trajectories within the column section relies
on the RBM (Briiggemann, 2005; Kossack et al., 2006). The RBM identifies not only an
estimate of the minimum reflux ratio, but the outer surfaces of the rectification bodies also
represent an approximation of possible stage-to-stage trajectories. For ternary mixtures,
the outer surfaces of rectification bodies are straight lines. Then, piecewise linearization
can directly be used to approximate possible stage-to-stage trajectories (Kossack et al.,
2006). This concept is, however, limited to ternary mixtures, because for mixtures with
four or more components the outer surfaces of rectification bodies are hyperplanes and
piecewise linearization cannot identify the unique stage-to-stage trajectory (Bausa et al.,
1998). Furthermore, this concept requires a priori knowledge on a sufficient number of
stages to approximate each line segment, but an upper bound for the total number of stages
is not available.

In the following, a new concept for the reliable solution of rigorous models is suggested
for further research. The concept also builds on the solution of the pinch-based shortcut
method. Then, the improvement of the shortcut result determines both an upper bound
for the sufficient number of stages as well as an accurate estimate for the actual stage-to-
stage trajectory. This can directly be used to initialize the rigorous model of a column
section operating close to minimum solvent or reflux ratio. The new concept is illustrated
for the absorption of the ternary mixture of argon (AR), ethylene-oxide (EO), and water
(W), which was already introduced for illustration in Chapter 2. Table 6.2 provides a set
of specifications for the illustrating case study. Pressure, compositions, and temperatures
of both, the feed and the solvent stream, are given. The desired purity of ethylene-oxide
in the cleaned gas is set to y; go = 1 mol-%.

The steps of the new concept are illustrated in Figure 6.1. Starting from the result of
the pinch-based shortcut in Figure 6.1(a), the stepwise addition of stages to the pinch-
based shortcut model (cf. Section 2.3.4) yields the accurate solution for twelve additional
stages in Figure 6.1(b). A detailed discussion on these two steps can be found in Chapter 2
associated to Figures 2.5 and 2.8. According to Figure 2.6, the improvement of the solution
identifies six stages to be sufficient to determine accurate results. With twelve stages,
the stage-to-stage calculation from both column ends towards the pinch almost touch the
pinch. Therefore, the two stage-to-stage trajectories approaching the pinch from both
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Table 6.2.: Specifications for the illustrating case study. Adiabatic and isobaric absorp-
tion at 0.1 MPa is assumed. Desired purity of ethylene-oxide in cleaned gas is

1 mol-%.
concentration YN+1 X0 temperature
argon 0.5 0 To 373K
ethylene-oxide 0.5 0 Iny1 373K
water 0 1

column ends are almost connected. The trajectories are only separated by a pinch and a
small distance which depends on the desired accuracy and total number of stages. When
the pinch is ignored and a continuous trajectory is demanded according to a rigorous model
of such a column section, only a small correction is necessary to achieve a continuous
trajectory. Following this design procedure, the solution of the rigorous model can be
accomplished reliably.

The final step then represents optimization regarding total costs, which is the sum of
capital expenditures (CAPEX) and operating expenditures (OPEX). All costs are esti-
mated in AspenPlus v.8.8 with the embedded Aspen Process Economic Analyzer (APEA).
OPEX covers solvent costs, which is assumed to be 0.1 ct’/kg. CAPEX is determined us-
ing standard geometry for ‘RadFrac’ column section given by AspenPlus 8.8 for a sieve
tray column. CAPEX, OPEX, and total costs for this task subject to the structural degree
of freedom, the total number of stages, are depicted in Figure 6.2. Twelve stages were
identified to be sufficient by the improvement of the pinch-based shortcut model in the
previous step. Thus, the column operates close to minimum solvent ratio and OPEX is
close to the minimum. When the number of stages is reduced, OPEX increases, because
a higher solvent demand is required. CAPEX, however, shows a minimum, because for a
low number of stages high solvent demand requires a large column diameter, or for a high
number of stages a large column height is required. Total cost show an optimum for a total
number of eight stages. The stage-to-stage trajectory of an optimized absorption column
represents the last step of the new concept as depicted in Figure 6.1(d).

In conclusion, reliable solution of rigorous models is accomplished based on pinch-
based shortcut methods. Pinch-based shortcut methods can be solved reliably for a favor-
able operating point at minimum solvent or reflux ratio. The improvement of the pinch-
based shortcut solution by adding additional stages presents a unique approach to deter-
mine not only an upper value for the required number of stages, but also a good estimate
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—*-  stage-to-stage recurrence =< stable eigenvector
o firstand last stage *— unstable eigenvector
®  pinch point

(a) Pinch-based shortcut. (b) Improved shortcut.

0.4, : '
w 06 0.3 00 Eo
Yw
(c) Rigorous model. (d) Optimized model.

Figure 6.1.: New concept for the robust process optimization using rigorous models; (a)
Operation at minimum solvent demand is estimated with the basic shortcut,
(b) the improvement identifies a sufficient number of stages, (c) which then
allows to solve the rigorous model of a column, (d) before the optimal config-
uration is determined.
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Figure 6.2.: CAPEX, OPEX and total cost for different number of stages.

for the continuous stage-to-stage trajectory of a column operating at minimum solvent or
reflux ratio. The estimate can be used for the initialization of the rigorous model of a
column section, which can finally be solved and optimized regarding total costs. Hence,
starting with a pinch-based method, the optimal solution for rigorous models can be ac-
complished reliably.

6.3 Integrating diffusion limitations in pinch-based methods

Liquid-liquid solvent extraction is often strongly influenced by transport limitations (Mo-
hanty, 2000). Transport limitations are caused by a number of diffusion-controlled phe-
nomena such as rise, formation, or coalescence of drops, which ultimately can be respon-
sible for a significant deviation from the equilibrium. The final extractor design therefore
should preferably rely on non-equilibrium models which could otherwise lead to inaccu-
rate results and wrong conclusions.

For the modeling of mass transfer limitations, various approaches involving differ-
ent levels of complexity are available (Mohanty, 2000). Simple approaches only rely
on efficiencies for the separation device, whereas complex approaches involve CFD
(computational fluid dynamics) modeling techniques (e.g., Vedantam et al. (2012)). As
efficiencies are empirical with no relation to the actual separation phenomena, almost no
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Figure 6.3.: Counter-current cascade of an extraction column and non-equilibrium stage
model. According to the two-film theory, equilibrium occurs at the phase
interface, and non-equilibrium is caused by mass-transfer limitations in the
bulk phases.

extrapolation is possible. CFD-models, on the other hand, provide an in-depth analysis but
demand significant computational resources. A good compromise is the two-film model
(Lewis & Whitman, 1924), where the most important controlling transport limitations are
captured and described by correlations.

The integration of transport limitations increases the complexity of the separation model
which is why transport limitations are often avoided in the early phase of conceptual pro-
cess design. Pinch-based shortcut methods, on the other hand, simplify the separation
model while still capturing the full thermodynamic complexity of a mixture. In con-
sequence, non-equilibrium modeling could be integrated into the pinch-based shortcut
method directly, allowing to capture complex transport limitations in the early phase of
conceptual process design, while the complexity of the overall model is still manageable
because the shortcut model is used. In the following, the integration of a non-equilibrium
model into the shortcut is briefly discussed for the ternary extraction of itaconic acid
from water using 3-methyltetrahydrofuran (3-MTHF) as a solvent. The model for non-
equilibrium is briefly introduced followed by a discussion and comparison of the results
calculated with the pinch-based shortcut using the equilibrium and non-equilibrium. This
survey closes with conclusions on the potential of integrating non-equilibrium modeling
in conceptual process design by pinch-based methods.
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In Figure 6.3, the schematic of a counter-current column is illustrated. At the inter-
face of the extract and raffinate phase, thermodynamic equilibrium between extract and
raffinate phase (xE,xR) is assumed, whereas the mass transport limitations cause non-
equilibrium between compositions in the bulk phases (xE* xR*). The bulk phases enter
or leave the stages, which are ordered in a counter-current arrangement. The conservation
of mass for each stage and each phase then yields for any stage n

0=Lyx,™ =Ly | x,” 'y — Iy, i=1,..,C, 6.4)
0= LRy —LR o + IR, i=1,..C, (6.5)
0=15—18, i=1,..,C, (6.6)

where the mass transfer from one phase into the other is described by I or IX. For a better
readability, the indices n are omitted in the following.

According to the two-film theory (Lewis & Whitman, 1924), the deviation from the
thermodynamic equilibrium at the phase interface drives the separation, while diffusive
flows (J) in a thin film between the bulk-phases and the interface limit or enhance convec-
tive flow. The net flow rate, which is determined by diffusion and convection, is described
by

C
=0 +x3 Y 17, i=1,..,C, o=ER. (6.7)

i=1
The diffusive part is often described with reasonable accuracy by Fick’s law,

Jo = jgokf’AAx” i=1,..C, 0—ER, 6.8)

where k summarizes transport coefficients, A the area of mass exchange, and Ax the dif-
ference of the concentration for each phase.

Diffusive flows from one phase into the other are mainly influenced by the choice of the
extractor device. Here, a sieve tray column is investigated according to the non-equilibrum
model proposed by Skelland & Conger (1973) and Lao et al. (1989). According to their
model, three phenomena control the diffusive mass transport: First, formation (f) of bub-
bles above the sieve tray, second, rise (r) of bubbles through the continuous phase, and
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6.3. Integrating diffusion limitations in pinch-based methods

last, coalescence (c) under the next sieve tray,

JO =T 400 40, i=1,.,C—1, o=ER, (6.9)
JE=JR. (6.10)

The phenomena of formation and rise account for ninety percent of the phase transport
which allows to discard coalescence (Lao et al., 1989).

The modeling of diffusive flows according to Eq. 6.8-6.10 require correlations for trans-
port coefficients, area of mass exchange, and concentration gradient during formation and
rise of drops, which are described in the model of Lao et al. (1989) and are here written
for short:

ke = r(x0*,D°, Uy, Uo, dr,p,m), i=1,.,C—1, o=ER, 6.11)
K° = f(x*, D%, Ug,Ug,dr,p,m), i=1,.,C—1, 0o=ER, (6.12)
A = f(dr,No), 0o=ER,  (6.13)
A° = f(dk,dp,hg,hc), 0o=ER, (6.14)
A7 = f(xf,x7), i=1,..,C—1, 0=ER, (6.15)
AP = F(x2,x07), i=1,.,C—1, 0o=ER. (6.16)

These equations add up to multiple additional equations in order to describe the necessary
transport coefficients, k, exchange area, A, and concentration differences, Ax, which can
be functions of diffusion coefficients, D, velocities, U, diameter, d, height, A, density,
p, and viscosity, 1. The comprehensive summary of this non-equilibrium model can be
found in Appendix C.

The specifications and results for this case study are summarized in Table 6.3 for an
equilibrium-based and non-equilibrium based calculation. Figure 6.4 illustrates the re-
sults in a ternary diagram. Circles mark the composition of the first, last and pinch stage
calculated with the shortcut model. The pinch point, which is marked as solid circle, ex-
periences liquid-liquid equilibrium because by assuming an infinite number of stages, an
infinite number of time to overcome transport limitations is available. The pinch is there-
fore located on the binodal-line of the miscibility gap. For this example, a stable pinch
controls the separation and the composition of the last stage equals the composition of the
pinch stage. The first stage, however, shows distinct deviation between the composition at
the interface and the composition in the bulk phase.

Figure 6.5 shows for the first stage the concentrations in both bulk phases and at the
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6. Recommendations for further research

Table 6.3.: Specifications and results for shortcut calculation with equilibrium and non-
equilibrium-based model. Isothermal temperature at 298 K is assumed.

component XF Xs xlf le‘ XII::I XI% flow ratio

shortcut: equilibrium
itaconicacid 0.01 0 0.005 0.021 0.050 0.011 S/F 0.052
water 099 0 0986 0487 0539 0978 Llf/F 0.947
3-MTHF 0 1 0009 0491 0411 0011 LE/F 0.105

shortcut: non-equilibrium
itaconicacid 0.01 0 0.005 0.019 0.050 0.011 S/F 0.050
water 099 0 0987 0531 0539 0978 Llf JF  0.947
3-MTHF 0 1 0.008 0450 0411 0.011 LI%/F 0.103

interface for the three components itaconic acid, water, and 3-MTHEFE. At the interface
liquid-liquid equilibrium applies, whereas between the interface and the bulk phases trans-
port limitations cause the deviation from the equilibrium

In conclusion, non-equilibrum thermodynamic modeling can be integrated into pinch-
based shortcut methods. For the complex non-equilibrium model, good initial values can
be retrieved from a preliminary shortcut calculation based on an equilibrium model. Com-
pared to non-equilibrium modeling with rigorous models, the complexity only increases
little, because pinch-based methods only require non-equilibrium modeling for the first
and the last stage, while the pinch always experiences equilibrium. In subsequent steps,
additional stages can be added to the shortcut method according to the previous Sec-
tion 6.2, not only to improve the accuracy, but also to achieve a robust design of rigorous
separation models with non-equilibrium thermodynamic modeling.

Finally, the complex design task for separations which experience distinct deviations
from the equilibrium highlights the universal opportunities of pinch-based shortcut meth-
ods. The detailed picture of the thermodynamic behavior of any mixture can be covered
by pinch-based methods. Thereby, the simplicity of pinch-based shortcut methods, which
only covers a limited number of stages and therefore requires less equations than a rigor-
ous model, can be very suitable to integrate the complexity of non-equilibrium modeling,
where for each stage directly multiple additional equations need to be considered. In com-
bination with efficient solution strategies for pinch-based methods suggested as part of
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6.3. Integrating diffusion limitations in pinch-based methods

this thesis, and in combination with the robust design for rigorous models according to the

previous Chapter 6.2, the shortcut allows the reliable design of such complex separation
models.

itaconic
acid
. pinchpoint
= stage N
i
3-MTHF stage 1 water

Figure 6.4.: Results for pinch-based shortcut using the non-equilibrium model. The solid

line is the liquid-liquid equilibrium at the phase interface. Concentrations
away from the solid line represent the bulk phase.
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6. Recommendations for further research

raffinate extract

bulk interface bulk

0.005 =

0.9 4

0.8 4

0.6 1

0.5 4

concentration [mol/mol]

0.4
0.5

0.4 4
0.3 4
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0.2 4

0.1 4

0 °

Figure 6.5.: Concentration on the last stage in the two bulk phases and at the interface for
itaconic acid, water, and 3-MTHFE.
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Chapter 7

Conclusions

The conceptual design of energy-efficient processes builds on two paradigms, either the
analysis of existing or the synthesis of new processes. Both concepts involve the compar-
ison of a large number of alternatives, which preferably requires simple methods to allow
for automated evaluation. Furthermore, processes of different types need to be compared
based on a thermodynamically sound objective such as minimum energy demand of a pro-
cess. One class of design tools which combines all of these requirements are pinch-based
shortcut methods.

Pinch-based shortcut methods are well-known for the conceptual process design, and
there have been many research efforts in the last decades, most of them focusing on the
design of rectification columns. However, some limitations remained unsolved such as the
detection of tangential pinch points, simultaneous calculation of outlet streams, as well as
the assessment of the inaccuracy, which could be large. In consequence, the extension of
these methods to different fields of application stagnated, and pinch-based shortcut meth-
ods for the design of absorption or extraction columns were scarce, limited to ternary
mixtures, and simplified themodynamic modeling. All of these limitations could be re-
lated to the lack of a consistent pinch-based model for general counter-current separation
columns.

The novel model is systematically derived by building on analogies between pinch
points and fixed points of discrete dynamic systems. Four types of fixed point behavior
are identified which are distinguished by the number of stable and unstable eigenvalues.
Thereby, tangential pinch points are reliably identified. The pinch-based shortcut model
is simple, because it involves the evaluation of only three separation stages within the
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7. Conclusions

model. In particular, the first stage and the last stage are required to balance inlet and
outlet streams, and the pinch stage to identify operation at vanishing driving force, i.e.,
minimum solvent or energy demand. For the approximation of all other necessary stages,
a linear approximate by the direction of eigenvectors is employed. The novel shortcut
outperforms existing shortcut methods which are not based on pinch points in terms of
accuracy. Even though the proposed shortcut model using three stages can show some de-
viation due to the linear approximation, the accuracy can be arbitrarily refined by adding
additional stages. This leads not only to an accurate solution, but allows the transition
from the shortcut approximation to the rigorous solution.

The shortcut model facilitates the implementation of tailored solution procedures, which
directly allow to screen alternatives represented by different solvents or operating condi-
tions. The suggested procedures for the design of absorption and extraction columns per-
fectly complement with existing pinch-based methods for rectification columns and heat
integration. The combination of pinch-based methods ultimately allows for the compre-
hensive evaluation of hybrid absorption-rectification and extraction-rectification processes
including optimization of the operating point. Altogether, screening of solvents based on
optimized process performance is accomplished, targeting minimum operating costs. For
different case studies from the fields of absorption and extraction, energy-efficient solvents
and their corresponding optimal flowsheet configurations are identified.

The novel pinch-based shortcut methods can be applied to any separation task involv-
ing absorption or extraction columns. Regarding the number of components or thermo-
dynamic property modeling, there are no limitations when using the shortcut methods.
Therefore, the pinch-based methods can directly be used to screen and benchmark ar-
bitrary solvents and processes. The general model carries over to rectification columns
which could allow to determine feasibility, detect tangential pinch points, or improve the
accuracy, which is currently not implemented for the pinch-based design of rectification
columns. In summary, identification of energy-efficient processes, initialization of rigor-
ous models, as well as screening of operating points, solvents, or processes can directly
be addressed.

Finally, the shortcut methods present an effective tool for process analysis and process
synthesis. In order to actively support the design of energy-efficient processes, researchers
and design engineers are invited to use the Energy-Efficiency Toolbox or any of the soft-
ware implementations developed as part of this thesis, which are published on the web
page of the research group at AVT-Process Systems Engineering, RWTH Aachen Univer-
sity.
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Appendix A

General linear approximate solution of
the stage-to-stage recurrence

Figure 2.1 illustrates the schematic of the counter-current absorption column. On each
stage n, thermodynamic equilibrium between vapor and liquid phase is assumed. It is
described by the set of equations

0:ynﬁi_K(xn.i7Yn7i7TnaP)xn,iv i:17"'7c7 (Al)
C

0=1-Y yni (A.2)
i=1

If pressure p and C constituents of the liquid composition x,, are specified, the C + 1
equations (A.1), (A.2) allow to calculate the unknowns y, and T}, if the assumption of the
implicit function theorem holds. The equilibrium functions can be written compactly as a
set of C + 1 non-linear equations involving the functions y(p,x,) and 7'(p,x;),

0:F(P;XmY(PaXn)7T(van))‘ (A3)

Inserting these functions for the vapor compositions y and the boiling temperature 7' as
well as the physical property functions, Eqs (2.6)-(2.8), into the the mass and enthalpy
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A. General linear approximate solution of the stage-to-stage recurrence

balances of the stage-to-stage recurrence, Eqgs. (2.1)-(2.5), we obtain

0 = Loxo,; + V1Y (P Xn11,i) — Vivi,i — LuXn,i, i=1,.,C, (A4
c

0=1-Y xur1; (A5)
=1

0= LOhL(X07p7T()) +Vn+1hV(Y(p7xn+l)7p7T(p7xn+1))_
Vth(YthTl)_thL(Xnvvan)'

The variables can be separated into design-specific parameters ¢ =

(p,xg,To,LO,ylr,Tl,Vl,)T which are assumed to be given, and variables which rep-

resent the next iterate of the recurrence, Yy = (XZ Jrl,L,Z,V,,Jrl)T. Thus, for given C

constituents of the liquid composition x,, the C + 2 equations (A.4)-(A.6) allow to
calculate the C -2 variables y. This problem is written as

:G(¢7xn7W(¢7Xﬂ))a (A7)

for short.

Next, the first-order differential 37‘1’ is calculated by total differentiation of Eq. (A.7),

_0G dL, | 9G V& 9G dxn+1..,~+ G
OLn dxyi  OViyr dxni 2 O%npr dri O

i=1,..,C. (AS8)

Rearrangement leads to

~9G _ 9G 9L, N G V1 & G 9xupr
axn_’,‘ 8L,, 8xn,i 8Vn+1 ax,,‘i j=1 aanrl,j 8xn,i

i=1,...C. (A9)

. . I dG 9G _IG
For given partial derivatives 52, AL W

3L 9{;’»&1 and 8xn+I.

and 572 the set of linear equations (A.9)

The desired first-order differential x”* L is calculated as a C x C matrix. However, due
to the summation constraint for the mole fractions x, only C — 1 lines and rows of the
matrix are independent and are thus further considered (Poellmann et al., 1994).

The first-order differential is evaluated at the pinch for n = P. The differential can be
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approximated by a difference quotient, i.e.,

IXnt1
X,

_ Xnt1 —Xp
P Xn — Xp

) (A.10)

which results in a good approximaiton accuracy, if n and n+ 1 are very close to the pinch.
Rearrangement of Eq. (A.10) leads to a linear affine discrete dynamical system (Sandefur,
1990),

_ IXn 1
Xpt+1 —Xp = 8x
n

(X2 —Xp). (A.11)
P

The discrete system represents an iteration scheme. Starting from Eq. (A.11) and building
the recurrence leads to

i1\

Xpil —Xp = (%)P(XH—XP), (A.12)
%1 \ 2

Xpi2 — Xp = (%)P(xr@), (A.13)
%1 \°

Xpi3 — Xp = (%) (Xn — Xp), (A.14)
n /Jp
%1\

Xyl —Xp = (%) (Xn — Xp)- (A.15)
n /Jp

The iteration sheme allows to calculate iterate X,,; from an initial composition x,, after /
iterations. Rewritten, a composition x,, could be calculated from an initial composition Xy,
where then the number of iterations / is n — k,

n—k
X, —Xp = (M) (X; — Xp). (A.16)
P

In the following, eigenvalues and eigenvectors of the matrix ag;(* !

more convenient right hand side of Eq. (A.16). This is achieved by"a basis U represented

are used to derive a

by a matrix of eigenvectors e,

U:(e],ez,...,ec_]). (A.17)
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A. General linear approximate solution of the stage-to-stage recurrence

The matrix a;;* L is regular, which allows to express the matrix by its eigenvalues A,
P n—k
(%) = U diag(Ay, ..., Ac_1)" K UL, (A.18)
Xn

=Udiag(A] *,... A ul, (A.19)

Furthermore, any vector can be described by a basis of eigenvectors (Teschl & Teschl,
2013),

(xx —xp) =Ucg, (A.20)

where c are factors corresponding to the eigenvectors.

Finally, substituting Egs. (A.19) and (A.20) into Eq. (A.16) yields

x, —xp = U diag(A] %,.., A" ) U™ Ue, (A21)
=Udiag(A" ... A5 e, (A22)

C—1
=Y ciar e, (A.23)

j=1

which represents the general solution of Eq. (A.11) for an affine linear discrete dynamical
system (Sandefur, 1990).
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Appendix B

Thermodynamic models

Thermodynamic models are required for the description of the equilibrium and the energy
balance. All model equations are implemented in C/C++ in the props package according
to Figure 5.1 and agree with AspenPlus® thermodynamic property modeling.

Vapor pressure (p;) is a function of temperature (T') and described with Antoine’s ex-
tended equation,

C

In(p) =1+ Then
3,0

tcai-T+Hesi-In(T)+cq;- T, (B.1)

where i represents the model component.
Supercritical components are described by Henry’s coefficients, which are described by
a temperature dependent polynomial,

In(H;) = i (B.2)
1) — ,)/;07 .

. b; d;
In(H}) :a,-+?l+ciln(T)+d,~T+T—’2., (B.3)

where ¥/ is obtained form the appropriate activity coefficient model.

In this work, activity coefficients ¥; are modeled with the non-random-two-liquid model
(NRTL, Renon & Prausnitz (1968)) which allows to describe non-ideal interactions of
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B. Thermodynamic models

binary liquid mixtures,

(B.4)

) % Gij
xl+xj Gjl (Xj+xi-Gi‘j)2

2
i Gji
T” X; +x G 2
J i Mij (x,- +Xj- Gj’i)
Gl.j —0 T

In(Gj;) =—oj;- rj,

Tij= Clt,j+ T +C3lj ln(T)+C4,i,j'T

(‘l,ler T +C3,]1 1n(T)%’C4,j,i'T
®ij=csijtceijT

Qji=csjitceji-T-

The mole-based volume In(v}") is described with the DIPPR polynomial number 105,

1+ (177)”‘“
€3,

c
In(v") = 2

i - (B.5)
Cl,i
Heat of vaporization Hivap is described by the DIPPR polynomial number 106,
SN T2 45 T3 T
ln(Hivap) =y (1 _ Tr-,i) (critesiT+esi TitesiTY) . Ti= = (B.6)
c,i
using the critical temperature 7 as a reference.
Heat capacities cp, j are described by the NASA polynomials,
cpi=criteai-TH+ces; T2 +cqi- 73 +es T*. (B.7)

164

IP 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
m

mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

Appendix C

Non-equilibrium model

Transport limitations in extraction columns can be described by Fick’s law according to
Eq. 6.8. In the following, equations to describe the concentration gradient, transport co-
efficients, and mass exchange as a function of drop velocities, geometry of the extractor
device, and correlations for the diffusion and drop sizes are summarized. Parameters for
pure component are obtained from literature and integrated according to their concentra-
tion by mixing rules. The non-equilibrium model in a staged column is taken from Lao
et al. (1989) with some updates on the correlations, if more recent correlations existed.

Concentration gradient

The concentration gradient in a staged extraction column is approximated from the con-
centration difference on two adjacent stages. According to Lao et al. (1989), the gradient
can be approximated according to

E E
rise,E xE,* _ xi,n+1 +xi,n

AXOE = DR i=1,.C—1, n=1,..,N, (C.1)
AR = T i=1,.C—1, n=1,..N, (C2)
Ao E = B i=1,.C—1, n=1,..N, (C3)
AR =R i=1,.C—1, n=1,..,N. (C4)

At the first stage, the previous composition xg is set to the composition of the solvent xg,
and at the last stage the composition of the following stage XE 41 18 set to the composition
of the feed xg.
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C. Non-equilibrium model

Exchange area

During the formation of drops, the exchange area is determined from size and number
of drops. Under the assumption of a spherical drop, the size of the drops is determined
according to its diameter (dT). The total number of drops is determined by the number of
openings of the sieve tray (Ng),

Afom — No7rd?. (C.5)

Mass exchange occurs while the drops rise as well as in the hold-up (¢), which therefore
describes the area of mass exchange. The height of drop rise within one stage is calculated
from the height of one stage (hp) without the height of coalescence (hc). The effective
area is calculated from the total area of the column (dk) without the sink (dp),

Arise _ % ﬂdlz( _ ﬂd]%

o~ 30U = hc). (€6)

Transport coefficients
Transport coefficients are described by Maxwell-Stefan’s law (Krishna, 1977),

k;lze,form,o — [Rzise,fonn}—l [l—‘;ﬂ [®£lise,form‘0]' (C7)
Binary transport coefficients are summarized in a matrix R5**™  non-ideality of the
transport by binary activity coefficients in I', and all other non-idealities in ®, which allows
the integration of actual measurements, if measurements are available. Here, the transport
is assumed to be ideal,

kfjlie:fomso _ [R;ise,form] -1 (C.8)

The matrix is determined from binary transport coefficients (Krishna, 1977),

0 c
rise,form,0 __ ( xn,i Z xﬁ,k ) .
n,i,j - kB,rise,form,o 'kB,rise,form,o L
i, j=C k=1.kzi 1 (C.9)
1 1
0 _ P — _
xnvi(kB,rise,form kB,rise,form )’ n=1..N, i=1,.,C-1,
n,i,j n,i, j=C
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where 8 denotes the Kronecker delta.

The binary transport coefficients are determined from correlations. For the phase of for-
mation of drops, the correlation of Popovich et al. (1964) is used,

D . .Ug
B, f( R n,i,j N
| R o=ER, (10
which is a function of the diffusion coefficient (D; ;), the diameter of the drop (dr), and
the velocity at the opening of one stage (Up).

For the phase of rising drops, correlations distinguish between the extract and raffinate
phase. For the extract phase, the correlations of Handlos & Baron (1957) apply,

B,rise,E __ 0'00375U3.n

et — o 11
n T T/ 1

which is a function of the velocity (Us) of a single drop and the viscosity (17). For the
raffinate phase the correlation of Ruby & Elgin (1955) are used which are taken from Lao
et al. (1989),

. dT, U 7 PR 3 R _
kz,{ljse,R _ 0.725( nn;{n n ) 0.43 ( pRTLHR ) 0.587 (C.12)
n n=n,i,j

and represent a function of the diameter of the drop, the velocity of a single drop,
diffusion, viscosity, and density (p).

Drop Velocities
The velocities of the swarm of drops,

Ux,n = Uc,n(l - ¢n)7 (C13)

is determined from the characteristic velocity of a single drop (U, ), which can be deter-
mined from single drop measurements and the hold-up (¢) (Lo et al., 1983). The hold-up
is a function of the velocity of the extract and raffinate phase (UE,UR) which can be
determined according to

0= Us‘n(bn(l - ¢n) - Ur]::(l - ¢n) _fAUrl§¢’l' (C.14)

When single drop measurements are not available, the velocity of the single drop can be
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C. Non-equilibrium model

estimated according to Lo et al. (1983)

(P®)a
The factor C' depends on the hole diameter and is set to C' = 1.7 for a diameter of dp =
Smm (Lao et al., 1989).

Uen=C( (C.15)

The averaged velocity in the stage opening Ug is between 0.15ms™! to 0.3 ms™! (Skel-
land, A. H. P (1974)) and is here set to

Uo=02ms . (C.16)

The velocity of the extract and raffinate phase can be calculated from the geometry of the
column and the flow rates,
o_ My AL

M 0o=ER. (C.17)
" pg m(d} —dy)

In order to avoid flooding and circulation of drops, the velocities should be within some
bound. When a bound is violated, a different geometry of the extractor represented by
a different diameter should be considered. The maximum velocity in the column should
follow (Glanz, 1998)

Umax <40m°m2h~, (C.18)

and the velocity in the sink should be smaller than the stationary drop velocity (Frank,
2008),

min Up , = max U, (C.19)
n n

where the velocities are calculated according to

LRMR 4
UD.n == Rn 2 (CZO)
Pu mdpy
2
8dtApn
Uen = . C.21
c,n 18”}3 ( )

Geometries
The geometry of the sieve tray column is described by the height of one stage, the height
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of coalescence, the diameter of the column, the diameter of the opening of a stage, and
the number of holes in a sieve tray. The optimal number of holes for each sieve tray are
calculated according to Lo et al. (1983) by

- LEME 4
Non = ( - En ) 2 :
Pn ”doUO

(C.22)

Since the sieve trays will practically have a constant number of holes, the number of holes
is set to

No , = min No, . (C.23)
’ n

The diameter of the column

\/wa4(L§A4§/P§-+IEA4§/PE)
di =] -
K 7-0.826 - Upax '

n € [1,N], (C.24)

is a function of the flow rates, density and maximum velocity according to Eq. (C.18).

The diameter of the sieve tray opening (dg) is usually between 3 mm and 8 mm and should
not violate

Loy 12 Y 12
—(— <do<m(——)"/". (C.25)
(3 ) g) (3 ) g)
Here, the diameter is set to 5 mm.
The height of one stage is set to
Ahg = 0.46m, (C.26)

which is the lower bound for a sieve tray column (Lo et al., 1983).

The height of the coalescence is calculated from correlations of Major & Hertzog (1955)
which are taken from Pilhofer (1981),

_— [R%
C.n 2Apn8(1 — 0.71/10g(R60,n)) 27
2479, Up, | 14.72y(nf)** (n)"2 "
Apug Apngd(]j4
Mixture Properties
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C. Non-equilibrium model

Drop diameter and diffusion coefficients represent characteristic properties of the investi-
gated mixture. The properties are obtained from single drop or pure component measure-
ments, or correlations.

The diameter of the single drop is taken from correlations of Kumar & Hartland (1982),

dT,n —a- ( U(:Z)Apndo )b(Apndg)g
do Y Y

The parameters a, b, and c are determined as a function of the Weber number,

)e. (C.28)

Wep, <2: a=1591;b=—0.068;c = —0.278, (C.29)
Weo, >2: a=1546:b=—0.021;c=—0.214. (C.30)

Here, a single diameter for the drops is assumed instead of a population of drop sizes. The
diffusion coefficient is calculated acording to correlations of Siddiqi & Lucas (1986),
M.

M,
l J

Mixing rules

Mixing rules are applied to determine properties for the binary mixture based on pure
component properties for the diffusion coefficients, molar mass, density, and viscosity.
For the diffusion coefficient, mixing rules from Wesselingh & Krishna (2006) are applied,

1432 . —x0 . 1430 .30 .
0 (PR 0 0T
0= D0 )T oy ), (C32)
x() .
—0 n,t
- Cc33
= (C33)
x° .
DL — (C.34)

n,j x° '+x;zl ;
5

n,i

Molar mass and density of the mixture are determined according to Poling et al. (2001)

C
My =Y x M;, (C.35)
i=1
C x0 M 1
0 n,l
— iy (C.36)
P ,; Mg pi

170

1P 216.73.216.36, am 18.01.2026, 21:01:01. geschlltzter Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186955036

The viscosity of the mixture is determined by the correlation of Grunberg & Nissan (1949),

C Cc C
1
logny = Y x5 logni+5 ¥ ). %45 G- (C.37)
i=1 i=1j=1
The matrix G summarizes non-idealites which allow to fit the viscosity with experimental
data. Here, non-idealities are discarded and the viscosity is described only by the viscosity
of water and solvent; the viscosity of the diluted solutes are discarded.
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