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Abstract

A central problem in chemical engineering (and several related areas) is evaluating the
correct sequence of unit operations, their design aspects, and the continuous optimization
of their operations to efficiently convert input materials to final products. The numerous
decisions to be made at each problem-solving stage renders this problem combinatorically
complex. In this work, we propose a hybrid, artificial intelligence-based multi-level
framework to perform fast, efficient, and reliable flowsheet design and optimization. We
build upon the previously proposed SFILES-based text representation of flowsheets to
incorporate additional contextual details in the extended SFILES framework using
hypergraph representations. We discuss our eSFILES framework using the well-known
hyrdodealkylation (HDA) process.

Keywords: process design; flowsheet prediction; artificial intelligence; computer-aided
flowsheet synthesis

1. Introduction

Process flowsheet synthesis and design is a challenging task that involves identifying the
correct set of unit operations and their optimal sequence that enables the conversion of
input materials to desired output products, while considering energy consumption,
environmental impact, safety, operability, and many more. The goal of synthesis is to
identify the tasks, the operations that will perform these tasks, and their sequence to
determine the flowsheet. The goal of design is to add operational and equipment details
to the flowsheet so that the process can be verified, optimized, built, and operated. The
size of the synthesis problem varies with the number of tasks and the number of
alternative operations for each task. The complexity of the design problem is related to
matching the tasks and their associated operations with design parameters so that the
designed process matches the desired process specifications. The design parameters are
further optimized to obtain a sustainable process design.

Model-based methods are usually used for the synthesis and design stages. Although, in
principle, the synthesis, design and optimization steps could be performed
simultaneously, the current practice is to solve them separately due to the size and
complexity of the resulting mathematical problem. The challenge here is how does one
incorporate issues, such as, economics, environmental impacts, operability, safety, and
sustainability in the early stages of process synthesis and/or design (Tula et al., 2017).
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Computer-aided approaches using Al-inspired methods combined with fundamental
concepts offer several advantages over purely data-driven methods, which may lead to
infeasible flowsheets, or purely model-based methods, which may run into difficulties in
the numerical solution step due to the complexity of the models used.

To facilitate the development of such hybrid Al-based approaches combining process
knowledge with computational algorithms, an appropriate flowsheet representation is
needed that is concise, complete, and accurate. The SFILES representations developed by
(D’ Anterroches, 2005), (Bommareddy et al., 2011), and (Tula et al., 2015) was the first
step in this direction, and has been shown to have various applications, such as, flowsheet
autocompletion (Vogel et al., 2022), piping and instrumentation diagram generation
(Hirtreiter et al., 2022), and flowsheet pattern mining (Zhang et al., 2019). The SFILES
strings represent correctly and consistently a wide range of process flowsheets, involving
typical operations found in chemical and biochemical processes. Note that, like the
SMILES strings for a molecule, a parser is needed to convert SFILES strings to the actual
process flowsheet diagrams. As originally developed, a process flowsheet is first
represented by a set of process groups, which are similar to the functional groups that
represent a molecule. The process group representation is then converted to a SFILES
representation. Unlike the molecular representation with SMILES, several additional
details need to be considered. For example, information about the number of chemicals
and their effect on the system behavior; the direction of flow-paths for reactants, products,
inerts, solvents, etc. need to be tracked; and, start and end of the process need to be clearly
marked. These additional issues give opportunities for a symbolic Al-based intelligent
system (Venkatasubramanian & Mann, 2022) need to be incorporated to the current
process synthesis-design methods such that the application of SFILES to represent
process flowsheets as well as its use in computer-aided process synthesis and design can
be extended.

The objective of this paper is to present a hybrid multi-level Al framework for fast,
efficient, and reliable flowsheet synthesis and design taking into account concepts and
theory on chemical process development, together with the knowledge and data for
hundreds of process flowsheets that are known already. We present an extended SFILES
representation (eSFILES) based on SFILES of process flowsheets ((D’Anterroches,
2005); (Bommareddy et al., 2011); (Tula et al., 2015)) and the annotated hypergraph
representation, developed originally to study networks in organic chemistry (Mann &
Venkatasubramanian, 2023). We highlight selected developments where we illustrate the
hierarchical eSFILES representation framework for any chemical process flowsheet, also
suitable for process synthesis, design, and innovation (Tula et al., 2015). Namely, we
propose a three-level, extended SFILES framework where the lowest level contains
flowsheet connectivity information which could be used to generate text-based flowsheet
representations like SFILES but with additional information; the middle level contains
additional details on process groups and streams providing information necessary
information for process synthesis (superstructure-based optimization or process group
based enumeration and test); and the top level contains process operational data in terms
of design parameters for process simulation and innovation through optimization and
intensification. At the core of our approach lies a hypergraph representation of flowsheet
(Mann & Venkatasubramanian, 2023) that represents process groups as hyperedges and
streams as nodes with annotations indicating contextual information.



Intelligent Process Flowsheet Synthesis and Design using Extended SFILES 223
Representation

2. Current state of flowsheet representation: SFILES

A text-based representation for chemical flowsheets reported by (Tula et al., 2015) is
called simplified flowsheet input line entry scheme (or SFILES) analogous to the
SMILES representation for molecules. Such a representation offers a concise way of
representing flowsheets and could also facilitate not only storage of flowsheets, but also,
enumeration, analysis, and deployment for interactive text-based algorithms process
synthesis, design, and simulation of a given flowsheet. (Tula et al., 2015) developed
separate rule-based algorithms for process synthesis and design, whose solutions were
not added to SFILES strings. The underlying idea behind SFILES is to identify analogous
process components similar to a SMILES string as follows —
e  represent processes as process groups akin to functional groups in molecules.
e represent process flow streams akin to chemical bonds in molecules.
e represent various connections, recycle streams, and branching of streams akin to
branching in molecules.
e unlike SMILES, SFILES need special unidirectional input nodes and output
nodes that indicate the start and end of a process flowsheet, through special
characters ‘i’ and ‘o’, respectively.
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Figure 1: (a) HDA process flowsheet, (b) the various process groups, (c) the
corresponding SFILES string, (d) HDA process represented by process groups. In the
above subplots, the abbreviations refer to — mixture of hydrogen, methane (HM); mixture
of benzene, hydrogen, toluene, biphenyl, methane (BHTPM); mixture of benzene,
toluene, biphenyl (BTP); benzene (B); biphenyl (P); toluene (T); purge gas (purge). The
hypergraph was generated using Wolfram Mathematica and algorithmic implementation
would be done in Python.

We use the well-known hydrodealkylation (HDA) process to illustrate the basic concepts
and the new developments. First the process flowsheet is represented by a set of process
groups retrieved from the database (the process group representation is shown in Fig 1b)
and the parser is used to generate the SFILES string (shown in Fig 1c). The reader is
referred to (Tula et al., 2015) for detailed examples on SFILES generation.

3. Extended SFILES (eSFILES)

Hypergraph: The hypergraph representation of the HDA process is shown in Figure 1(d).
While this new SFILES representation offer numerous benefits, there is scope for further
improvement and incorporation of additional details that would aid in intelligent process
flowsheet synthesis and design. The new information that, when incorporated, would
generate additional, more complete information in the flowsheet representation such as:
e information on incoming/outgoing streams for each process group explicitly,
especially when multiple streams enter or leave a process group.
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e the minimum data needed to completely define a material and/or energy stream.
¢ information on driving force for the process groups indicating the ease/difficulty
of conversion/separation.
e ability to systematically generate superstructure of flowsheet and enumerate
valid alternatives aiding in the design problem.
Towards this end, we propose the extended SFILES (or eSFILES) representation that
provides a framework for incorporation of this information in a hierarchical manner and
further details on this are presented in the subsequent sections.

Hierarchical framework: A hierarchy is needed to efficiently organize process
knowledge needed for different applications and to guide users to select, retrieve, and/or
collect the data needed for a specific application. Namely, the eSFILES hierarchy has
three levels of information -- first at the lower level, information needed to only represent
the flowsheet (connectivity); next, at the middle-upper level, introduce additional details
such as driving force and mixture composition that helps to establish the material and
energy flows; and finally, the top level that contains information on composition and
material/energy balance that would be need to solve a flowsheet among other
applications. The eSFILES hierarchy is shown in Figure 2.
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Figure 2: eSFILES framework with three levels of hierarchy

Implementation of hierarchical framework: The concept of hypergraphs is introduced
to incorporate multi-level hierarchy of information with eSFILES. A hypergraph is a
generalization of a graph where each edge is not limited to connecting only two vertices
but could connect any number of vertices. Mathematically, a hypergraph consists of a set
of hyperedges and vertices where each hyperedge consists of a non-empty subset of
vertices. In addition, each vertex has a hyperedge-specific annotation indicating a
predefined contextual information. The flexibility of hyperedges to connect more than
one node and ability to have hyperedge-specific node annotations offers several
advantages for flowsheet representation. Further details on the annotated hypergraph
framework and its various applications in reaction engineering are presented in (Mann &
Venkatasubramanian, 2023).

For instance, for the HDA process, the equivalent flowsheet hypergraph representation is
shown in Figure 1(d) where each process group is represented as a colored hyperedge,
process streams are represented as vertices, and the vertices have hyperedge-specific
‘in’/‘out’ annotations indicating the incoming/outgoing nature of the process streams for
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a corresponding process groups. Moreover, recycle streams are indicated with an
additional annotation ‘rec’ wherever applicable for the process streams. Figure 1(b)
shows each process group as a hyperedge which essentially is a set of named vertices
where the names (or annotations) indicate the streams' nature.

The three levels of information in the eSFILES framework is shown for the ‘toluene
recovery' process group in Figure 3. In Figure 3(a), only the hyperedge representing the
process group along with participating streams as vertices and role-specifying annotations
are shown. In Figure 3(b), additional information for the entire process group (or
hyperedge) such as driving force and stream (or vertex)-specific information such as mass
fraction and composition is shown. Finally, information on design aspects and necessary
information required for additional analyses such as mixture analysis, reaction analysis,
and pure component properties are presented in Figure 3(c). Though the three levels in
eSFILES are only shown for a process group brevity, the same could be done for an entire
process using the same approach.

bottom bottom property 1 bottom
property 2

reflux nass fraction reflux reflux
T

process constraints . reaction analysis
design specifications mixture analysis

property 3

B R B . B
top top top

reflux reflux reflux
(a) (b) (c)
Figure 3: (a) Distillation column hyperedge with additional annotations. The
corresponding  text-based  representation  for  this  process  groups s
BTP(in)>dI>B(out,top,reflux)TP(out,bottom,reflux), (b) the driving force, material
compositions, reflux rate, and conversion indicated as hyperedge attributes (for process
groups) and hyperedge-specific node attributes (for streams) (c) the design parameters,
properties, and constraints are represented as additional meta information.

Application of the eSFILES in sustainable process design: (Tula et al., 2017) proposed
a 3-stages sustainable process design method consisting of 12 hierarchical steps. Stage-1
consists of steps 1-4 where the process synthesis problem is solved. Stage-2 consists of
steps 5-9 where the base case process design problem is solved. Stage-3 consists of steps
10-12 where the base case design is further improved to find innovative and more
sustainable alternatives. The original multi-stage method of (Tula et al., 2017) now
retrieves the necessary data from the stored hypergraph. Also, different alternatives for
stage-3 can easily be generated through different alternatives of the hypergraph, allowing
the user to generate and analyze multiple alternatives as well as store the information for
future use without having to repeat any of the previously solved steps.

4. Conclusions

The concept of hypergraph has been used to extend the original SFILES concept to
multiple levels to store as well as retrieve information related to process synthesis, design,
and innovation. In this way, an existing interactive multi-stage method has been made
more intelligent and efficient through the adoption of an available Al method for
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sustainable process design. Therefore, the eSFILES-based framework for process
synthesis and design incorporates a combination of artificial intelligence-based methods
and well-known chemical engineering knowledge incorporated through an intelligent
system facilitating fast, correct, and consistent decision-making related to process
synthesis and design.

Current and future work involves the development of an extended manuscript providing
more details of the eSFILES, its adoption in the multi-stage sustainable process design
method, and its application in several case studies. In particular, we plan to provide
rigorous examples to demonstrate the usability of eSFILES for new process flowsheets
and also use them to address real challenges such as provide flowsheet alternatives,
perform process intensification, and flowsheet property prediction based on the text-
based flowsheet representation using a natural language framework similar to molecular
property prediction (Mann et al., 2022) and chemical product design (Mann et al., 2023).
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