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In order to achieve net-zero emissions until 2050, it is of utmost
importance to improve the energy efficiency and thereby
reduce the greenhouse gas emissions in the chemical industry.
As distillation processes are accounting for the majority of all
fluid separations, they are an important target for potential
improvements. Although other separation technologies might
be a favorable alternative, distillation is not generally an energy-
intensive technology and advanced distillation process
concepts, exploiting heat pumps, thermal coupling, as well as
solvent- and membrane-assisted hybrid processes, may enable
significant improvements regarding energy efficiency. The
current article summarizes recent developments regarding the
synthesis and design of energy-efficient distillation processes
and points out future needs and directions for developments to
foster the systematic evaluation and application of these
advanced distillation process concepts.
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Introduction

Distillation is one of the oldest-known fluid separation
technologies with continuous distillation columns being
applied for more than 200 years [1]. Owing to its ro-
bustness and reliability, distillation has maintained its
status as the most widely applied fluid separation process
in industry, with ten thousands of distillation columns in
operation, accounting for more than 90% of all fluid se-
parations [2,3]. Besides the quantity of industrial appli-
cations, also the technological maturity of distillation is
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considered to be the highest in respect to other thermal
separation processes, with especially the fundamentals
of mass transfer and equipment design being very well-
understood [4]. Yet, being the predominant fluid se-
paration technology that is driven by thermal energy,
distillation is accounting for a large fraction of the energy
requirement in the chemical industry [5]. Being con-
sidered as a process that provides only limited thermo-
dynamic efficiency, it is oftentimes conjured as outdated
technology that provides little room for improvement
and that could and should be replaced by less energy-
intense technologies, such as membrane separations, in
the near future [5].

However, as recently pointed out by Agrawal and
Tumbalam Gooty [3], the growing belief that distillation
processes are generally more energy-intense than other
separation technologies and that research on distillation
processes is no longer required is misleading researchers
and decision-makers alike into a misconception that
fundamentally builds on the focus on the heat of eva-
poration or the reboiler duty of distillation columns as
indicative of the actual energy requirement. The latter
should rather be analyzed by conceptualizing a distilla-
tion column as a heat engine, which transforms the heat
duty of the reboiler into separation work, while si-
multancously providing heat for further usage at the
condenser temperature [6], which can and should be
utilized to minimize the required energy. This can be
accomplished in multiple ways, either utilizing it directly
through heat integration with other equipment, or by
application of heat pumps that effectively allow for
electrification of distillation columns [7]. Equipment-
integrated distillation processes, such as heat-integrated
distillation columns (HIDiC) and dividing wall columns
(DWC), as well as hybridization of distillation with other
separation processes, are other means for process in-
tensification that can lead to significant improvements in
energy efficiency [8]. Following the definition of Franke
and Gorak [9], “hybrid separation processes are defined
as combination of at least two different unit operations in
different apparatus which contribute to the separation
task,” and as such include, for example, extra-
ction—distillation and heteroazeotropic distillation pro-
cesses.

While the design of simple distillation columns and
simple column sequences is covered by a variety of
classical textbooks [4,10], subject of lectures on

www.sciencedirect.com

Current Opinion in Chemical Engineering 2023, 42:100985


http://www.sciencedirect.com/science/journal/22113398
mailto:mirko.skiborowski@tuhh.de
https://www.sciencedirect.com/journal/current-opinion-in-chemical-engineering/special-issue/10NT0VRX7ZW
https://doi.org/10.1016/j.coche.2023.100985
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coche.2023.100985&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coche.2023.100985&domain=pdf

2 Model-based process design

conceptual design and fluid separations, as well as easily
commenced by established process flowsheeting soft-
ware, more advanced concepts, such as heat-pump-as-
sisted, heat-integrated and thermally  coupled
distillation, as well as hybrid distillation processes, of-
tentimes provide more sustainable solutions [11e].
Consequently, these options should be part of process
synthesis and design, for the generation of feasible
flowsheet variants and their optimization. The current
article provides a concise overview and review of the
recent efforts to support the synthesis and design of
energy-efficient distillation processes, providing some
perspective on future developments, needed to fill
the remaining gaps. The need for such methods and
advanced distillation concepts is highlighted by several
recent review and perspective articles that discuss the
various concepts for improving the energy efficiency of
distillation processes [12,13]. The current review fo-
cusses on the efforts for providing the respective
synthesis and design methods, confined to nonreactive
separations and research articles published in the last
five years. The interested reader is referred to the
textbook on Reactive and Membrane-Assisted Separa-
tions [8] as well as the recent review papers on design
and optimization of advanced reactive distillation pro-
cesses [14,15].

Energy-efficient distillation for single splits
When analyzing the energy efficiency of separation
processes, it is important to compare them on a common
basis. This can be done best by relating the minimum
(reversible) work for the separation (Win ) to the actual
separation work (WW,) in order to compute a thermo-
dynamic efficiency

n= u./min
Wy (1)

The difference between the real separation work and
the minimum work contributes the exergy loss, which
summarizes all inefficiencies inside the actual separation
equipment (internal loss) and in any auxiliary equipment
(external loss), such as heat exchangers, pumps, com-
pressors, and valves. Tumbalam Gooty et al. [16°¢] re-
cently presented a thorough analysis of the energy
efficiency and possible improvements for distillation of
(nearly) ideal binary mixtures. They provide a rough
guideline for designing energy-efficient distillation
units, pointing out various means to reduce internal
losses (e.g. feed conditioning and intermediate heat
exchangers) and external losses (e.g. multi-effect dis-
tillation [MED] and heat pumps). Figure 1 illustrates
some of the major results of the analysis for the separa-
tion of a benzene—toluene mixture, for which the results
illustrated in the figure indicate that distillation can

reach internal efficiencies in the range of 60-70% for
feed compositions with 20-60 mol% benzene.

When utilizing the heat from the condensation and
keeping approach temperatures in the heat exchangers
at AT =~ 10K external efficiencies exceeding 40% can be
realized. These do, however, drop below 20% for dilute
feed streams or in general, in case of larger A7 and
wasting the condenser heat duty to the environment. In
case of high internal efficiencies, heat-pump-assisted
distillation, in the form of mechanical vapor recompres-
sion (VRC), is an extremely promising option for direct
heat integration, resulting in efficiencies of more than
30%, assuming a A7 = 10K and a compressor efficiency
of 85%. The analysis of Tumbalam Gooty et al. [16°¢] is
in line with and extends previous results presented by
Cussler and Dutta [17] and Blahusiak et al. [18], who
also provided some comparison with alternative separa-
tion processes, such as extraction, absorption, and
membrane separations.

The application of heat pumps provides large potential
for reducing the energy requirement in the chemical
industry in general and distillation processes in specific
[19]. The recent study of Chavez-Valesco et al. [20¢]
performed a systematic comparison of heat-pump-as-
sisted distillation configurations with multistage mem-
brane separation processes, showcasing a superior energy
efficiency of the distillation processes for separations
with high product recovery and (moderately) high pu-
rities. The large improvement potential by means of
heat-pump-assisted distillation is also shown by in-
dustrial simulation studies [21¢], indicating severe en-
ergy savings, but also highlighting the economic burdon
of large-scale heat pumps. Practical limitations, which
still limit the application ranges of large-scale heat
pumps [22], as well as operability and safety considera-
tions, should always be considered in addition to the
evaluation of energy efficiency, which has to be com-
bined with an economic evaluation to warrant relevant
designs. The latter especially becomes evident for the
HIDiC concept, in which a compressor is integrated
between the rectifying and stripping section, in order to
operate the stripping section at elevated pressure and
allow for heat transfer between both sections along the
individual section height. Thereby, the HIDiC provides
even further potential for energy efficiency improve-
ments by combining heat-pump-assisted distillation
with diabatic distillation. The review paper of Fang et al.
[23] provides a thorough overview of the research status,
technical issues, and simulation and optimization studies
for the HIDIC, for which so far only a single industrial
implementation has been reported [24]. Notably, the
latter is not an equipment-integrated, but a discretely
heat-integrated setup, for which the design methodology
was reported by Wakabayashi et al. [25]. Despite the
potential benefits of the highly integrated HIDIiC, there
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Energy efficiency for the distillation-based separation of a binary benzene-toluene mixture, at ambient pressure, for different feed compositions,
assuming an ideal heat exchange between the feed and product streams, following Tumbalam Gooty et al. [16¢¢]. The individual curves present the
internal efficiency of the distillation column, as well as external efficiencies with approach temperatures of 10 K or 20 K in the reboiler and condenser,
as well as the use of mechanical VRC with an approach temperature of 10 K and extra heat transfer to compensate for different heat duties for

condensation and evaporation.

are important limitations that need to be considered in
design and evaluation, such as balancing heat and mass
transfer and changing vapor loads along the column
height. The basic requisite of an appropriate alignment
of the internal temperature profiles has further been
pointed out by Shenvi et al. [26].

Shortcut-based screening methods for
process and molecular design

While some of the previously described studies on the
energy efficiency are based on rigorous simulations, most
of them build on shortcut calculations, especially the
well-known Underwood equations [16ee 1820 27]. Al-
though these rely on assumptions of constant relative
volatility (CRV) and constant molar overflow (CMO),
which limit their applicability to mixtures with (almost)
ideal vapor-liquid equilibria, they do allow for an ex-
tensive screening of alternative process configurations,
which mandate computationally efficient calculations,
especially for multicomponent separations. This is illu-
strated in the comparative study of Ramapriya et al. [28],
who evaluate accuracy and computational effort for a
shortcut screening and a detailed simulation-based op-
timization for the separation of a quaternary mixture.

Even for binary splits, a variety of alternatives can be
evaluated, as, for example, illustrated by Cui et al. [29],
who present an enumeration-based framework for the
evaluation of wvarious MED  processes. For

multicomponent distillation for the separation of zeo-
tropic mixtures, much progress was made in recent years
in the group of Rakesh Agrawal, resulting, for example,
in an enumeration-based global optimization method for
the determination of the best-possible thermally cou-
pled process configuration with minimum heat duty [30]
or total exergy loss [31]. The nonlinear programming
approach was further extended to include pressure var-
iation and heat integration between reboilers and con-
densers of the different columns in the evaluation of the
configuration with the lowest heat duty [32¢]. Such
methods enable a systematic and efficient screening of a
vast number of process options, and do furthermore
support initialization and optimization of rigorous design
models, as, for example, illustrated in the work of Li
et al. [33].

Another promising application area of shortcut models is
in computer-aided molecular and process design
(CAMPD) of solvents for chemical separations. Such
solvent-assisted distillation processes are important al-
ternatives for narrow-boiling and azeotropic distillation
processes [18]. The recent reviews of Gertig et al. [34]
and Chai et al. [35] provide an excellent overview of
CAMPD methods for separation solvent design. As il-
lustrated in Figure 2, CAMPD methods build on an
integrated approach, which applies property prediction
methods to evaluate candidate molecules, for example,
from a predefined database, by evaluating some metric
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Figure 2
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lllustration of the interplay of the individual aspects of CAMPD.

quantifying process performance, such as solvent or en-
ergy requirements, seeking the optimal solvent and
process. So far, process intensification and advanced
distillation processes have received little attention as
an integral part of CAMPD, especially for the screening
of large-solvent databases or the optimization of a mo-
lecular design.

The application of computationally efficient shortcut
methods allows for the screening of several thousand
molecules, but requires accurate property predictions, as
well as thermodynamically sound shortcut models,
which avoid CMO and CRV assumptions for distillation.
The development of property prediction methods,
which as illustrated in Figure 2 is an essential element of
CAMPD, has recently gained significant traction due to
the impact of machine learning [36]. One of several in-
teresting developments in this research area allows for
the prediction of thermodynamically consistent activity
coefficients and the respective Non-Random-Two-Li-
quid-Modell (NRTL) parameters based on a natural
language processing model [37¢]. On such a basis, a
variety of pinch-based shortcut methods can be applied
for the evaluation of distillation-based separation pro-
cesses, such as extraction—distillation, extractive, or
heteroazeotropic distillation processes [38]. As illustrated
by Skiborowski [39,40] these shortcut methods can also
be used to screen heat-pump-assisted, heat-integrated,
and thermally coupled distillation configurations for the
separation of nonideal mixtures, enabling the con-
sideration of process intensification, as illustrated in
Figure 2. For extraction—distillation processes, the group
of Andre Bardow has demonstrated the applicability of

such a combination, including predictive life cycle as-
sessment [41] and basic heat integration [42¢]. For ex-
tractive distillation processes, so far, only iterative
CAMPD strategies are applied, using structural and
property constraints to narrow down the search space,
while finally applying rigorous simulation or optimiza-
tion to evaluate the process performance of few re-
maining molecules [43,44]. To the best of the
author’s knowledge, heteroazeotropic and membrane-
assisted distillation processes have so far not been con-
sidered in CAMPD at all, despite their prospect for
energy-efficient separations.

Design and optimization of energy-efficient
distillation-based processes

According to Scopus, the number of publications on
process design and optimization for distillation-based
processes shows an increasing trend (average annual
publications for a 5- year period from 1998, 2008, and
2018) for heat-pump-assisted (1—>3—24), thermally cou-
pled (5—11—35), and hybrid distillation processes
(16—28—90) alike in recent years. While the number of
publications exceeds the scope of the current review,
most of these publications focus on a specific application
and the analysis of few selected process configurations.
These do however extend to highly integrated process
configurations, such as heat-pump-assisted 4-product
DWC [45] or heat-pump-assisted extractive DWC [46].

As indicated in the recent review on extractive DWC by
Czarnecki et al. [47], most studies apply a simulation-
based optimization that either builds on an iterative
approach or the use of a metaheuristic, especially
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lllustration of a superstructure for phenomena-based process synthesis with a general distribution network and a number of specific types of building
blocks in accordance with Kuhlmann et al. [64] (left) and reinforcement learning approach for process synthesis using an artificial neural network (ANN)
as agent and a process simulator as learning environment, as, for example, illustrated by Géttl et al. [68].

evolutionary algorithms. Despite the different methods
for process optimization, there have been little efforts for
a comparative evaluation on a common basis so far. A
comparison of a shortcut-based evaluation, as well as an
iterative simulation-based optimization and a simulta-
neous optimization-based design of a superstructure
model for a DWC, is reported in the article of Walter-
mann and Skiborowski [48]. A very interesting approach
that combines an iterative approach for DWC optimi-
zation with a genetic algorithm for the optimization of a
superstructure of heat-pump-assisted distillation was
recently presented by Miao et al. [49]. The design of
arbitrary DWC for 3- and 4-product separations can also
be performed efficiently by means of mathematical
programming methods, as, for example, illustrated by
Waltermann et al. [50]. This also enables the compara-
tive evaluation of energy-integrated extractive and het-
eroazeotropic distillation processes [51]. For the latter,
topology-based initialization [52] concepts can effec-
tively overcome challenges in the initialization of the
complex process configurations and the highly nonlinear
models.

Among the different membrane processes, especially
vapor permeation and pervaporation have received con-
siderable attention in distillation-based hybrid processes.
The recent review paper of Liu et al. [53] provides a
concise overview of recent advances for these hybrid
processes, which due to the absence of membrane
models in most process simulators, require tailored
models for process design and optimization. These
membrane-assisted distillation processes do however
bear the potential to improve the energy efficiency while
reducing the need for heat integration [54¢]. Yet, as

pointed out for heat-pump-assisted distillation [21], en-
ergy efficiency needs to be aligned with a techno-eco-
nomical assessment for membrane-assisted distillation
processes [54]. Similar to other azeotropic distillation
processes, such techno-economic optimization can be
performed effectively by means of superstructure opti-
mization in combination with metaheuristics, as, for ex-
ample, illustrated by Chia et al. for different hybrid
configurations [55] and a comparison with extractive
distillation [56]. Such hybrid optimization methods are
also of particular interest for a final evaluation of po-
tential solvents from CAMPD, for which solvent selec-
tion and energy integration can be evaluated
simultaneously [57].

Generative process synthesis tools

The previously addressed screening and process design
methods all build on the definition of a suitable process
configuration or a unit operation-based superstructure
that allows for certain structural variations. However, in
recent years, several generative methods for the synth-
esis of intensified processes have been proposed, which
show interesting prospects to support engineers in pro-
cess synthesis [58]. These methods either build on a
general structured workflow supported by different
specialized tools [59], or utilize superstructure-based
process synthesis combined with a certain level of ab-
straction. Especially, the Generalized Modular Frame-
work [60ee] which was recently illustrated for the
synthesis of DWC [61] and extractive distillation pro-
cesses [62], as well as building block-based process
synthesis methods on the individual phase-level [63,64]
bear the potential to automatically generate energy-ef-
ficient intensified distillation processes. The latter was
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also illustrated for the synthesis of work—heat exchanger
networks [65]. An illustration of a general state-space
superstructure for a phenomena-building block-based
process synthesis is illustrated in Figure 3 (left). Note
that the more general superstructure models either re-
quire special initialization and solution strategies [64], or
the application of global deterministic optimization
[63,65], in order to solve the complex optimization pro-
blems. Both require additional effort and a considerably
larger computational load, when compared with in-
dividual process optimization problems referred to in the
previous section.

Another promising effort for process synthesis are su-
perstructure-free methods that apply concepts from
machine learning. Besides the generation of process
flowsheets by means of genetic programming [66], very
interesting results have recently been presented for
flowsheet generation by different approaches for hier-
archical reinforcement learning [67°-69]. Similar to es-
tablished metaheuristics for process optimization, these
methods mostly build on a process simulator as learning
environment for the evaluation of proposed process de-
signs, as illustrated in Figure 3 (right). So far, these
methods have only been demonstrated for the genera-
tion of rather conventional configurations of classical unit
operations. However, they may as well be extended to
intensified processes in the near future and may poten-
tially be further integrated with the aforementioned
CAMPD methods. In that case, it is important to note
that as for the application of metaheuristics, convergence
of the process simulation and the consideration of con-
straint violations are important aspects to obtain (at least
locally) optimal solutions.

Conclusion and look ahead

As the recent work of Agrawal et al. [3,16] highlighted,
distillation is not necessarily inefficient and should not
be considered as an outdated technology. The rich his-
tory has rather provided a variety of options for process
intensification, especially in respect to mass and energy
integration, which have to be considered for a fair
comparison with alternative technologies that can also be
combined with distillation in hybrid separation processes
[8]. In order to design the most advanced and energy-
efficient distillation processes, process engineers should

® be able to analyze the (internal and external) energy
efficiency of distillation and separation processes in
general,

® be aware of the various advanced distillation process
concepts, including heat-pump- assisted distillation,
thermally coupled distillation, and hybrid distillation
processes,

® be aware and able to apply CAMPD methods for
solvent-assisted distillation-based processes,

® be able to apply optimization-based design methods
for a computationally efficient design of the resulting
integrated process configurations,

e considering them in the scope of an overall process-
wide integration.

The effective design of such advanced distillation pro-
cesses mandates advanced integrated knowledge in
thermodynamics, fluid separations, process intensifica-
tion, and systems engineering alike. While a variety of
publications illustrate the possibility to design such
processes by the help of flowsheet simulators in com-
bination with iterative methods or metaheuristics,
equation-oriented superstructure models and gradient-
based optimization methods are still less frequently ap-
plied, as they require dedicated model formulation and
initialization strategies that cannot easily be im-
plemented in established modeling, simulation, and
optimization software. These limitations may in the fu-
ture be overcome by open-source projects such as the
IDEAS (Institute for the Design of Advacned Energy
Systems) process modeling framework and PYOMO
(Python Optimization Modeling Objects) [70¢]. Never-
theless, numerically robust optimization of highly non-
convex and large-scale problems remains a challenge
that either requires sophisticated initialization and
modeling strategies or further advances in deterministic
global optimization, which is currently not directly ap-
plicable for such problems.

In order to harvest the full potential of the advanced
distillation process concepts, design methods for process
evaluation and optimization have to be extended to the
aforementioned generic process synthesis approaches,
enabling the identification of suitable process config-
urations without prespecification. Integrating these
methods with the astonishing recent advances in prop-
erty prediction, a completely new class of CAMPD
methods could be generated, which allows for the si-
multaneous design and synthesis of solvents and pro-
cesses.

While these processes should be optimized for energy
efficiency, process economics have to be included in the
evaluation and should be aligned by further metrics for
sustainability, controllability, and safety. Especially, the
operability of highly integrated processes can become a
challenge due to a reduced number of manipulated
variables and should be considered as an important cri-
terion during conceptual process design. Yet, the results
for DWC indicate that even highly integrated processes
can be properly controlled, given that a suitable control
structure is implemented, for which there are however
no easily applicable general rules available [71] Besides
the need for efficient tools that enable process engineers
to navigate the vast and complex space of process design
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alternatives, many of the highly integrated, but energy-
efficient options also still require experimental evidence,
which is severely lacking in open literature, as also
highlighted for the operation of DWC [71]. While Toyo
has built the first industrially applied (external) HIDIC
just a few years ago [25], a first multi-DWC pilot plant
was only built two years ago at a research facility at the
University of Ulm [72] and it was just announced that a
first industrial plant has been commissioned by DWC
Innovations in a refinery in Mumbai ((https://www.

commissioning-of-dual-dividing-wall-column-at-bpcl-
mumbai/) [accessed 23.11.2023]). Thus, although dis-
tillation is by no means a young technology, there is still
much room for innovation and research to foster the
implementation of energy-efficient distillation pro-
cesses, which bear large potential to decrease the energy
requirement in the chemical industry and support the
effort to reach climate neutrality until 2050.
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