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Chapter 1
Optimization and its importance for chemical
engineers: challenges, opportunities,
and innovations

Abstract: This chapter delves into the critical role of mathematical optimization in
chemical engineering, exploring the challenges and opportunities that shape process
design, operation, and control. The intricate complexity of chemical processes, charac-
terized by numerous variables, nonlinearity, high dimensionality, and uncertainty,
poses significant challenges for optimization. Advanced optimization techniques, in-
cluding mixed-integer nonlinear programming, dynamic optimization, and stochastic
optimization, are essential for addressing these complexities.

This chapter presents substantial opportunities for improving optimization effi-
ciency, promoting sustainability, fostering innovation, and providing robust decision
support. By optimizing resource allocation, production scheduling, and energy utiliza-
tion, chemical engineers can achieve cost savings and operational improvements. In-
corporating sustainability metrics into optimization models aids in minimizing envi-
ronmental impact and enhancing resource efficiency. Furthermore, optimization
fosters innovation by enabling novel process configurations and advanced control
strategies, driving technological advancements in the field.

The chapter also explores future directions in optimization within the context of
circular economy, artificial intelligence (AI), and Industry 4.0. Integration of circular
economy principles, advancements in AI and machine learning, and digitalization are
revolutionizing chemical engineering processes. Multi-objective and multi-scale opti-
mization approaches are increasingly crucial for addressing the complexity of mod-
ern chemical engineering systems. Collaborative and interdisciplinary research is em-
phasized as a key driver of innovation, enabling the development of cutting-edge
optimization techniques and tools.

Thus, this chapter highlights how optimization in chemical engineering is evolv-
ing to meet the demands of efficiency, sustainability, and innovation, paving the way
for transformative changes in the industry.
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1.1 Introduction

Since the beginnings of chemical engineering, there has been a need to develop pro-
cesses that meet certain established objectives under certain conditions. This problem
of attaining an objective (minimizing or maximizing an objective function), subject to
a set of conditions (constraints), is what we know as optimization problem. Initially,
the objectives to meet were primarily economic, but this has evolved over time. Now-
adays, numerous aspects, encompassing efficiency and sustainability, must be taken
into account in the design of a chemical process. In this regard, optimization has been
a fundamental tool for solving countless problems within the field of chemical engi-
neering. From process design, plant location, and material selection to maximizing
production, minimizing waste and resource utilization, and even in process control,
optimization is a major tool in the field, and this chapter delves into the fundamental
role that optimization plays in the realm of chemical engineering and how its applica-
tion influences every aspect of this discipline. However, it is also important to note
that while optimization has helped to innovate the industry, as we know it today, the
emergence of increasingly complex optimization problems within the field has also
driven the development of various optimization techniques, leading to very sophisti-
cated tools that are used today [1].

With the advent of Industry 4.0 and the integration of digital technologies, optimi-
zation has taken on an even greater significance. Through the utilization of advanced
algorithms, machine learning, and real-time data analytics, chemical engineers can
fine-tune processes, optimize resource utilization, and enhance overall operational
performance like never before. Furthermore, optimization plays a crucial role in pro-
moting sustainability within the chemical industry. By optimizing processes to mini-
mize energy consumption, reduce emissions, and maximize resource efficiency, chem-
ical engineers contribute to the global effort toward a more environmentally friendly
and sustainable future. Whether it is through the development of greener production
methods, the implementation of circular economy principles or the design of eco-
friendly products, optimization serves as a driving force in fostering a more sustain-
able chemical industry.

In this chapter, we will discuss some of the historic facts that allowed the develop-
ment of the optimization as a field. Then, some of the commonly used optimization
techniques in the field of chemical engineering will be reviewed and some concrete
examples of application in the area will be given. The importance of optimization in
driving innovation, enhancing competitiveness, and addressing the complex chal-
lenges of the modern chemical industry will be discussed as well as its role in shaping
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the future of chemical engineering in the era of Industry 4.0 and sustainability. Addi-
tionally, we will discuss emerging trends such as digital twins, predictive mainte-
nance, and autonomous systems, which further underscore the vital role of optimiza-
tion in optimizing processes and decision-making in the dynamic landscape of the
chemical industry. By embracing optimization as a strategic imperative, chemical en-
gineers can unlock new opportunities, mitigate risks, and lead the way toward a more
prosperous and sustainable future for the industry and society as a whole.

1.1.1 History of optimization

The history of mathematical optimization is a journey marked by the relentless pur-
suit of efficiency, precision, and optimal solutions across diverse domains of science,
engineering, and industry.

The origins of mathematical optimization date back to ancient civilizations,
where early mathematicians grappled with problems of allocation, logistics, and re-
source management. From the ancient Greeks’ study of geometric optimization to the
optimization challenges faced by Renaissance-era architects and engineers, the quest
for optimal solutions has been a recurring theme throughout history. However, it was
not until the late nineteenth and the early twentieth century that mathematical opti-
mization began to emerge as a distinct field of study. With the advent of linear pro-
gramming (LP) in the mid-twentieth century, spearheaded by luminaries such as
George Dantzig and John von Neumann, optimization took a giant leap forward, offer-
ing powerful tools for solving complex optimization problems with linear constraints.
The subsequent decades witnessed an explosion of research and innovation in mathe-
matical optimization, fueled by advancements in computer science, algorithms, and
numerical methods. Today, mathematical optimization stands at the forefront of sci-
entific and technological progress, playing a critical role in fields as varied as opera-
tions research, finance, engineering design, logistics, and data science [2]. Next, we
embark on a journey through the rich tapestry of the history of mathematical optimi-
zation, tracing its evolution from ancient origins to contemporary applications.

1.1.1.1 Pre-Christian times

Although everyday problems inherent to preservation and development of civilization
were not explicitly formulated as optimization problems, such problems have always
been solved by considering an objective or multiple objectives as guideline. Therefore,
the origins of mathematical optimization can be traced back to antiquity, where early
civilizations faced practical challenges that require efficient allocation of resources
and optimal decision-making. In the pre-Christian era, diverse civilizations across
Mesopotamia, China, the Indus Valley, Mesoamerica, and Persia demonstrated a re-
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markable utilization of optimization principles in various domains despite the ab-
sence of formalized mathematical frameworks [3].

In ancient Egypt, architects and engineers employed geometric techniques to opti-
mize the construction of pyramids and other monumental structures. Mathematicians
such as Euclid and Archimedes made significant contributions to geometry and me-
chanics, and Euclidean geometry provided a rigorous framework for studying geomet-
ric optimization problems, including the determination of optimal shapes and config-
urations for various engineering and architectural applications. In the Indus Valley
civilization, urban planners showcased a sophisticated understanding of optimization
by meticulously organizing cities like Mohenjo Daro and Harappa to maximize effi-
ciency in transportation, sanitation, and trade.

The Babylonians were renowned for their advancements in mathematics, notably
applied optimization techniques to enhance agricultural practices. Similarly, the Qin
dynasty in ancient China employed optimization concepts in urban planning endeav-
ors, strategically designing city layouts to optimize defense, commerce, and social co-
hesion [4–5]. Meanwhile, the Maya civilization in Mesoamerica harnessed advanced
mathematical concepts to optimize agricultural production, leveraging intricate irri-
gation systems and celestial-based agricultural calendars [4].

1.1.1.2 Middle Ages

The Middle Ages witnessed significant developments in the field of mathematical opti-
mization. In medieval Europe, the legacy of ancient Greek and Roman knowledge was
preserved and enriched by scholars such as Boethius, Alcuin of York, and Gerbert of
Aurillac, who played key roles in transmitting mathematical and scientific texts from
antiquity to the medieval era. While mathematical optimization per se was not a dom-
inant focus of medieval scholarship, the principles of geometry, arithmetic, and alge-
bra laid the groundwork for practical applications in architecture, engineering, and
commerce [6].

One notable area of optimization during the Middle Ages was the design and con-
struction of Gothic cathedrals, architectural marvels characterized by their soaring
spires, intricate vaulted ceilings, and a vast number of stained glass windows. Master
builders and craftsmen employed geometric and structural optimization techniques
to achieve architectural grandeur while ensuring structural stability and load-bearing
capacity. In the realm of agriculture, medieval farmers employed heuristic techniques
to maximize crop yields and manage land efficiently, despite the limitations of medie-
val agricultural technology [7]. Additionally, medieval guilds and merchant associa-
tions applied optimization principles in commerce and trade. By coordinating produc-
tion, distribution, and pricing strategies, these organizations sought to maximize
profits and minimize risks, contributing to the economic prosperity of medieval cit-
ies [8].
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In the Islamic world, mathematicians advanced the study of algebra, geometry,
and trigonometry. One of the most enduring legacies of medieval Islamic mathematics
is the development of algebra, the systematic approach to problem-solving, advocated
by scholars like Al-Khwarizmi, who in his seminal work “Al-Kitab al-Mukhtasar fi
Hisab al-Jabr wal-Muqabala” (The Compendious Book on Calculation by Completion
and Balancing) paved the way for the emergence of calculus and algebraic optimiza-
tion methods in subsequent centuries [6].

1.1.1.3 The Renaissance period

Renaissance scholars such as Leonardo da Vinci, Luca Pacioli, and Niccolò Tartaglia
embraced the principles of mathematical rigor and empirical observation, applying
them to a wide range of disciplines, including art, architecture, mechanics, and com-
merce. Renaissance geometers such as Johannes Kepler and René Descartes developed
new geometric methods and techniques, laying the groundwork for the modern field
of analytic geometry.

One of the most significant advancements during the Renaissance period was the
development of techniques for solving algebraic equations and systems of equations.
Mathematicians such as François Viète, Rafael Bombelli, and Girolamo Cardano intro-
duced new methods for solving polynomial equations, including the famous cubic
and quartic equations. These algebraic techniques provided powerful tools for solving
optimization problems in fields such as commerce, engineering, and astronomy, pav-
ing the way for the emergence of calculus and modern optimization theory [9].

Navigators and cartographers utilized mathematical algorithms and celestial ob-
servations to optimize sea routes, reducing travel time and enhancing maritime com-
merce [10]. Renaissance-era military commanders, inspired by mathematical theories
of geometry and calculus, devised strategic formations and maneuvers to optimize
troop deployment and battlefield tactics. Treatises on military engineering and fortifi-
cation, authored by scholars like Niccolò Machiavelli, provided insights into the stra-
tegic application of optimization principles in warfare, influencing military tactics for
centuries to come [11].

1.1.1.4 Seventeenth–nineteenth centuries

During the seventeenth century, mathematicians such as Pierre de Fermat, Blaise Pas-
cal, and John Wallis developed new methods for finding maxima and minima of func-
tions, laying the groundwork for the calculus of variations and optimization theory.
The development of differential calculus allowed for the rigorous analysis of optimi-
zation problems involving continuously varying quantities, opening new avenues for
mathematical exploration and practical applications.
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The eighteenth century saw the consolidation of optimization principles and tech-
niques into a coherent mathematical framework, driven by the work of mathemati-
cians such as Leonhard Euler, Joseph-Louis Lagrange, and Carl Friedrich Gauss. La-
grange formalized the study of constrained optimization with the introduction of
Lagrange multipliers, providing a powerful tool for solving optimization problems
subject to equality constraints. Meanwhile, Euler and Gauss made significant contri-
butions to the calculus of variations, extending the principles of differential calculus
to the optimization of functionals and integral quantities. These developments laid
the foundation for the modern theory of optimization and its applications in physics,
engineering, and economics [12].

The nineteenth century witnessed the confluence of mathematical optimization
with the burgeoning fields of industrialization, transportation, and urban planning.
Engineers and economists applied optimization principles to solve practical problems
such as optimal resource allocation, production planning, and transportation logistics.
The development of numerical analysis, probability theory, and statistical methods
paved the way for the development of optimization algorithms such as gradient de-
scent, genetic algorithms (GAs), and simulated annealing, further expanding the scope
and applicability of optimization techniques.

The centuries spanning from the seventeenth to the nineteenth witnessed re-
markable advancements in the field of mathematical optimization, driven by the con-
vergence of mathematical theory, technological innovation, and practical application
[3]. Through the pioneering efforts of mathematicians, engineers, and economists, op-
timization principles became essential tools for solving complex problems in science,
engineering, and industry, laying the foundation for the modern era of computational
optimization.

1.1.1.5 Twentieth century

One of the most significant milestones in optimization in the twentieth century was
the development of LP, which revolutionized decision-making processes and resource
allocation in diverse fields. In 1947, George Dantzig introduced the simplex method, a
powerful algorithm for solving LP problems, laying the foundation for the widespread
adoption of optimization techniques in industry, logistics, and economics. LP enabled
businesses to optimize production processes, transportation networks, and supply
chains, leading to significant improvements in efficiency, productivity, and profit-
ability.

The field of operations research emerged as a distinct discipline in the mid-
twentieth century, driven by the need to apply mathematical and scientific methods
to solve complex problems in military planning, logistics, and management [13]. Dur-
ing World War II, mathematicians and engineers such as John von Neumann, Norbert
Wiener, and George B. Dantzig pioneered operations research techniques to optimize

6 Juan Gabriel Segovia-Hernández et al.



military operations, including troop movements, supply distribution, and strategic
planning. After the war, operations research found applications in civilian sectors
such as manufacturing, telecommunications, and healthcare, becoming an essential
tool for optimizing business processes and decision-making.

The advent of digital computers in the mid-twentieth century revolutionized the
field of optimization, enabling the development of powerful algorithms for solving
complex optimization problems with unprecedented speed and accuracy. In the 1950s
and 1960s, researchers such as George Dantzig, John Kemeny, and Harold Kuhn made
significant advancements in computational optimization techniques, including the re-
vised simplex method. Their work paved the way for the automation of optimization
processes and the solution of large-scale optimization problems. It is important to
note, however, that the interior-point method was later introduced by Narendra Kar-
markar, and the branch-and-bound algorithm was developed by Alisa Land and Ali-
son Doig [14].

The latter half of the twentieth century witnessed further advancements in opti-
mization theory and algorithms, driven by the rapid progress in computer science,
numerical analysis, and mathematical modeling. Nonlinear programming (NLP), inte-
ger programming, dynamic programming (DP), and stochastic optimization emerged
as prominent subfields of optimization, addressing a wide range of optimization prob-
lems with nonlinear, discrete, and uncertain characteristics. The development of opti-
mization software packages such as AMPL, GAMS, and MATLAB provided researchers
and practitioners with powerful tools for modeling, solving, and analyzing optimiza-
tion problems in diverse domains [15].

The twentieth century was a transformative period for mathematical optimiza-
tion, characterized by the development of novel theories, algorithms, and applications
that revolutionized science, engineering, economics, and industry. From the emer-
gence of LP and operations research to the advent of modern computational optimiza-
tion techniques, the achievements of the twentieth century laid the foundation for the
continued evolution of optimization in the twenty-first century and beyond [14].

1.1.1.6 Twenty-first century

The twenty-first century has witnessed unprecedented advancements in the field of
mathematical optimization, driven by the convergence of computational power, algo-
rithmic innovation, and interdisciplinary collaboration. From the optimization of
complex systems in transportation and logistics to the design of efficient algorithms
for machine learning and data analysis, optimization techniques have become indis-
pensable tools for addressing the challenges of the modern world [14].

One of the defining features of optimization in the twenty-first century is the pro-
liferation of large-scale optimization problems with diverse constraints and objec-
tives. With the exponential growth of data and the complexity of real-world systems,
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researchers and practitioners are confronted with optimization challenges of unprece-
dented scale and complexity. Optimization techniques such as mixed-integer program-
ming, metaheuristic algorithms, and stochastic optimization have emerged as essential
tools for tackling these challenges, enabling the solution of large-scale optimization
problems in diverse domains [16].

The rise of machine learning and data-driven decision-making has fueled the de-
mand for optimization techniques that can handle uncertainty, nonlinearity, and
high-dimensional data. In recent years, researchers have developed novel optimiza-
tion algorithms, tailored to the unique characteristics of machine learning models
such as deep learning networks, reinforcement learning algorithms, and probabilistic
graphical models. These advancements have enabled the optimization of machine
learning models for tasks such as classification, regression, clustering, and reinforce-
ment learning, leading to significant improvements in predictive accuracy, scalability,
and efficiency.

The integration of optimization techniques with emerging technologies such as
cloud computing, big data analytics, and Internet of things (IoT) has further expanded
the scope and applicability of optimization in the twenty-first century. By harnessing
the power of distributed computing platforms and real-time data streams, researchers
and practitioners can solve optimization problems in dynamic and uncertain environ-
ments, optimizing resource allocation, scheduling, and decision-making in real time
[17]. Applications of optimization in areas such as smart cities, renewable energy sys-
tems, healthcare delivery, and financial services are transforming industries and im-
proving the quality of life for people around the world.

In addition to its applications in science, engineering, and industry, optimization
has also found new frontiers in interdisciplinary research and education. Collabora-
tions between mathematicians, computer scientists, engineers, and domain experts
are leading to groundbreaking advancements in optimization theory, algorithms, and
applications. Interdisciplinary programs and initiatives are fostering the development
of the next generation of optimization researchers and practitioners, equipping them
with the knowledge and skills needed to address the complex challenges of the
twenty-first century.

The twenty-first century has seen remarkable advancements in the field of math-
ematical optimization, driven by the convergence of computational power, algorith-
mic innovation, and interdisciplinary collaboration. From the optimization of com-
plex systems in transportation and logistics to the design of efficient algorithms for
machine learning and data analysis, optimization techniques are playing an increas-
ingly important role in addressing the challenges of the modern world. By harnessing
the power of optimization, researchers and practitioners are shaping the future of sci-
ence, engineering, and society in the twenty-first century and beyond (Figure 1.1).
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1.2 Optimization techniques in chemical
engineering

In chemical engineering, the application of mathematical optimization techniques en-
compasses a broad spectrum of challenges encountered in the design, operation, and
optimization of chemical processes. Each type of optimization technique offers unique
strengths and capabilities, making them suitable for different types of problems en-
countered in the field, such as linear or nonlinear problems, discrete or continuous,
constrained or unconstrained, static or dynamic, single objective or multi-objective,
and deterministic or stochastic. By leveraging these diverse capabilities of the optimi-
zation techniques, chemical engineers can address a wide range of complex chal-
lenges and drive innovation in process design, operation, and control [18].

1.2.1 Deterministic optimization techniques

Mathematical programming was defined by Dantzig and Thapa (1997) as the branch
of mathematics that deals with techniques for maximizing or minimizing an objective
function, subject to linear, nonlinear, and integer constraints on the variables. Mathe-
matical programming involves the study of the mathematical structure of optimiza-
tion problems and proposes methods to solve these problems.

LP, for instance, provides a powerful framework for optimizing processes with lin-
ear relationships between variables. Its ability to efficiently handle large-scale problems
makes it well-suited for tasks such as production planning, supply chain optimization,
and resource allocation. LP techniques are particularly valuable in situations where de-
cision variables can be represented as continuous quantities and constraints can be ex-
pressed as linear equations or inequalities [19].

NLP extends the principles of LP to problems with nonlinear objective functions
or the feasible region is bounded by nonlinear constraints. This allows NLP techni-
ques to address a wider range of optimization problems encountered in chemical en-
gineering, including those involving nonlinearity in reaction kinetics, thermodynam-
ics, or material balances. Applications of NLP in chemical engineering span reactor
design, process optimization under nonlinear constraints, and parameter estimation
for mathematical models [20].

Mixed-integer linear programming and mixed-integer nonlinear programming
(MINLP) techniques are essential for handling optimization problems with discrete
decision variables. These techniques are commonly employed in chemical engineer-
ing for tasks such as equipment sizing, production scheduling, and process synthesis,
where decisions must be made on the selection and configuration of discrete compo-
nents or operating modes.
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DP is particularly well-suited for optimizing processes over multiple time periods
or stages. In chemical engineering, DP finds applications in dynamic optimization
problems involving time-varying constraints, such as the optimization of batch pro-
cesses, continuous processes with time-varying parameters, and the design of optimal
control strategies for chemical reactors and distillation columns [19].

1.2.2 Metaheuristic optimization techniques

Metaheuristic optimization is a family of approximate optimization and general-
purpose search algorithms. These methods are based on iterative procedures where
the search is guided under a subordinate heuristic by intelligently combining differ-
ent concepts to explore and properly exploit the search space. These methods are use-
ful when an exact method requires a considerable amount of time and resources, and
when a global optimum solution is not required and an approximate solution of satis-
factory quality is sufficient. In general, metaheuristic methods seem to be a generic
algorithm framework that can be applied to almost all optimization problems. Meta-
heuristic algorithms have two main components: intensification or exploitation and
diversification or exploration [21]. Diversifying the objective is to generate several sol-
utions or explore the search space in distant regions, while intensifying the objective
is to focus the search effort on a local region (exploiting the space), knowing that a
current good solution is found in this region. A reliable metaheuristic algorithm will
have an appropriate combination of these two components, thus guaranteeing accept-
able solutions close to the global optimum.

Some ways to classify metaheuristic methods are: a) constructive methods, in
which an initial solution is started and components are added until a solution is built,
b) path-based methods, in which an initial solution is started and a local search algo-
rithm is used to iteratively replace it with a better solution, and c) population-based
methods, in which multiple starting points in the search space are used and evolve in
parallel. Metaheuristic optimization techniques, including simulated annealing, parti-
cle swarm optimization, and ant colony optimization, offer versatile tools for tackling
combinatorial optimization problems encountered in chemical engineering. These
methods are often used for optimizing network configurations, facility layouts, and
process synthesis problems, where the search space is large and discrete [22].

GAs and other evolutionary optimization techniques offer a robust approach to
solving optimization problems where traditional methods may struggle due to non-
convexity, discontinuity or high dimensionality. GA techniques are widely used in
chemical engineering for global optimization problems, such as process synthesis, op-
timization of complex reaction networks, and design of experiments, to explore large
design spaces [23].
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Stochastic optimization techniques are essential for addressing optimization
problems under uncertainty, which are prevalent in chemical engineering due to var-
iability in raw material properties, market conditions, and process disturbances. Sto-
chastic optimization methods consider probabilistic models of uncertain parameters
and optimize decision-making strategies to minimize risks and maximize expected
performance under uncertainty.

In mathematical optimization, deterministic and metaheuristic methods represent two
distinct approaches for finding optimal solutions (Figure 1.2). Deterministic methods fol-
low a predefined sequence of operations, ensuring reproducibility and guaranteeing the
optimal solution, if one exists. These methods, such as LP and branch and bound, offer
algorithmic precision and proofs of convergence, but can be computationally expensive
for large or complex problems, e.g., highly non-convex or non-differentiable functions.
These algorithms are best suited for problems with well-defined and continuous objective
functions and constraints [18]. In contrast, metaheuristic methods employ flexible, adap-
tive search strategies using probabilistic rules to explore the solution space and escape
local optima. Examples include GAs, simulated annealing, and particle swarm optimiza-
tion. While they do not guarantee finding the exact optimal solution, they aim to achieve
near-optimal solutions efficiently, making them scalable and suitable for large-scale or
real-time problems. Metaheuristics are particularly useful for complex, discontinuous or
poorly defined problems. However, some metaheuristics algorithms can also be computa-
tionally expensive due to the need to evaluate several potential solutions. In summary,
deterministic methods provide precision and reliability for exact optimization, whereas

Figure 1.2: Graphical interpretation of search methodology for metaheuristic and deterministic
optimization.
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metaheuristic methods offer flexibility and efficiency for tackling complex and large-
scale problems [20].

The selection of the most appropriate optimization technique depends on factors
such as the problem structure, computational requirements, and the presence of un-
certainty, highlighting the importance of understanding and applying a diverse set of
optimization tools in the field of chemical engineering. Mathematical programming
algorithms, which mainly constitute classical optimization, are based on rigorous
mathematical theory, derived from calculus, linear algebra, and other mathematical
fields. They can be classified as gradient-based or gradient-free, and work in a me-
chanical way without any random nature (very often called deterministic). These al-
gorithms tend to provide exact optimal solution, local or global, and will depend
heavily on the initialization of the problem as it can lead to a region of local optima in
which the algorithm will be unable to leave this region [18]. On the other hand, meta-
heuristic techniques involve randomness (stochastic), both in the randomness of
choosing starting points for the search and in the orientation of the search. Most mod-
ern metaheuristic methods are intended for global optimization, but unlike classical
optimization algorithms, these algorithms do not guarantee optimality. In turn, they
make a general exploration of the search space by using many initial points with rea-
sonable resource consumption, and generally offer a good quality solution that, de-
pending on the nature of the problem, could not be achieved with a classical ap-
proach.

1.2.3 Problem definition and formulation

The formulation of the optimization problem is a crucial task, and this will influence
whether the problem is tractable and solvable, how difficult it will be to solve and the
proper method of solution. Some considerations should be taken into account when
carrying out this task. The model equations, typically mass and energy balance, must
be based on the physical, thermodynamic and transport laws that govern the study of
chemical engineering, but it can include rules of thumb and other empirical relations.
The number of independent and dependent variables must be carefully chosen to get
the number of degrees of freedom, and the relationships between them should be re-
flected in the model. The nature of the variables and their interactions can give rise
to the initial nonlinearities and lead to mixed-integer problems as well as contribute
to the size of the problem. The definition of the constraints allows defining the feasi-
ble region and affects the choice of the optimal solution, but since these constraints
are design parameters and operating conditions in many of the problems, they also
ensure that the solution to the problem is technically feasible. The objective function
involves the optimization criteria. In chemical engineering, cost minimization or
profit maximization is typically used, and it is stated explicitly or implicitly as a func-
tion of the decision variables. It should be considered that the nonlinearity of the ob-
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jective function increases the complexity of the model [20]. In addition, if multiple op-
timization criteria are to be satisfied, the problem statement will end up in a multi-
objective optimization problem; environmental objectives are usually used in addi-
tion to economic objectives. The nature of the process or phenomenon being modeled
will also affect the type of the resulting problem. Continuous processes, whose param-
eters vary over time, are best modeled with multi-period or dynamic optimiza-
tion [24].

It is clear that, depending on these considerations and the nature of the problem,
the optimization algorithm should be selected for the problem posed, and although
there are currently many methods that allow solving complex and large problems, it
is advisable to simplify the problem as much as possible without losing the essence of
the modeled process or phenomenon.

Figure 1.3: Optimization methods.
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1.3 Relevance of optimization in chemical
engineering

Typically, the applications of optimization in chemical engineering address three sec-
tors: a) synthesis and design, which includes plant design, equipment design, material
design, heat exchange networks and material exchange networks, flow sheeting, etc.;
b) operation planning, which includes supply chains, scheduling, and real-time opti-
mization; and c) process control [25].

The classical optimization problem in chemical engineering is minimizing the en-
ergy consumption in chemical processes through energy integration and the design of
heat exchange networks (HENs). This problem has been researched for more than
50 years; the first proposed approach was the pinch point, which is based on thermo-
dynamics insights and heuristics. The second approach for HENs design is to formu-
late the synthesis as an optimization problem; the formulation presented in 1990 by
Yee and Grossman has been a benchmark that has led to multiple approaches to solv-
ing the problem of HEN design. Generally, this problem has been formulated as a
MINLP problem to model the existence or absence of an exchanger in the network.
These problems have been proposed to be solved sequentially, where the main prob-
lem is decomposed into several subproblems that are solved hierarchically or simulta-
neously; the advantage of this approach is the relatively easy solution and the disad-
vantage is that the solutions will be suboptimal [24]. Another method is to solve the
problem simultaneously where the general problem is solved in a single step. Al-
though this method leads to an optimal solution, the disadvantage is the resources ex-
pended for its solution.

Another important optimization problem in the field of chemical engineering is
reactor optimization, where the objective is to achieve the optimal performance for a
given chemical reaction in determining the type of reactor, operating conditions and
control [11, 26]. In the first instance, a heuristic approach was used to determine the
type and size of a reactor or a reactor network, while operating parameters and con-
ditions are optimized afterwards. But this approach is very limited due the countless
variables associated with the reaction systems. In the 1990s, the attainable region
method gained popularity. In this method, first an optimum or objective in the attain-
able region is identified and then the route to reach this point is determined. How-
ever, these methods yield solutions that are limited by the set of predefined reactors,
and are not good options for complex reaction networks. With the introduction of the
concept of superstructure, this optimization problem was proposed as an MINLP
problem, whose main drawback is that it is not easy to solve and often yields local
optima [13]. In this context, dynamic optimization has gained popularity, when com-
bined with other approaches such as the optimal reaction route and the electuary pro-
cess function.
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Other important examples of optimization applications in chemical engineering
are the fluid flow system design, which involves sizing and layout of pipelines, storage
tanks, and pump configuration – determining the best site for plant location, subject
to geographic and climatic conditions, communication and transportation infrastruc-
ture, transportation cost, and location of suppliers and buyers.

Planning production and scheduling are crucial tasks to cost reduction and are
interrelated, the result of the planning being the scheduling objective. The scheduling
problem has been addressed mainly through probabilistic models and stochastic opti-
mization techniques. These techniques, in combination with MINLP models, result in
robust approaches to accomplish this task. Probabilistic models use the probability
distribution to model uncertain parameters, but this is only possible and realistic
when historical data are available to propose the probabilistic models [13].

Process control has also been posed as an optimization problem for many decades
[27], which essentially consists of proposing the dynamic control structure between
manipulated and control variables in order to achieve certain objectives, which can
be economics, operational feasibility, safety, and product quality. In this case, the opti-
mization problem may be intractable without the use of decomposition methods.

An optimization problem that may be more challenging is the integration of pro-
cess design and process control, in which the most promising approach seems to be
mixed-integer dynamic optimization.

The relevance of optimization in the twenty-first century chemical engineering
extends far beyond these technical tasks. Optimization in the field of chemical engi-
neering has been extended to accomplish these essential tasks and also from a holistic
point of view, for different aspects such as efficiency, sustainability, safety, and inno-
vation.

Efficiency is intricately intertwined with optimization principles in chemical engi-
neering. In today’s global context, where resource conservation and energy efficiency
are paramount, optimization techniques serve as indispensable tools. Through the
meticulous application of advanced optimization methodologies, chemical engineers
can systematically enhance process efficiency [18]. This results in tangible benefits
such as reduced operational costs, minimized waste of raw materials, and stream-
lined energy consumption, all contributing to a more sustainable and competitive op-
erational model.

Whether conceptualizing novel facilities or modernizing existing ones, optimiza-
tion techniques guide engineers in designing the most efficient plant layouts, opera-
tional flowsheets, equipment, etc. By leveraging advanced optimization tools, engi-
neers can meticulously optimize equipment arrangement, select the most suitable
technologies, and orchestrate process flows to maximize productivity, while minimiz-
ing environmental footprints. This holistic approach to plant design not only enhan-
ces operational efficiency but also ensures adherence to stringent environmental reg-
ulations, reinforcing the industry’s commitment to sustainability.
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In sustainability, optimization emerges as a strategic imperative for the chemical
industry. With mounting pressure to minimize environmental impact and maximize
resource efficiency, optimization techniques offer a pathway to more sustainable op-
erations. By optimizing processes to curtail environmental burdens, such as minimiz-
ing the use of nonrenewable resources and maximizing the recyclability of products
and by-products, chemical engineers play a pivotal role in steering the industry to-
ward a more sustainable future.

Safety and regulatory compliance remain paramount considerations in chemical
engineering operations. Here, optimization serves as a critical tool to bolster safety
protocols and ensure adherence to stringent regulatory standards. By optimizing pro-
cesses to minimize operational risks and hazards, while concurrently guaranteeing
compliance with safety regulations, chemical engineers safeguard the well-being of
workers and local communities, fostering an environment of operational reliability
and regulatory compliance [25].

Innovation and competitiveness represent the lifeblood of success in today’s dy-
namic business landscape. Optimization strategies empower chemical companies to
enhance operational efficiency, trim production costs, and deliver superior-quality
products and services at competitive prices. By optimizing supply chain logistics and
operational workflows, companies bolster their resilience, adaptability, and respon-
siveness to market dynamics, ensuring sustained competitiveness in an ever-evolving
marketplace.

Encompassing multifaceted approaches that address the critical challenges and
opportunities shaping the modern chemical industry, from process design to supply
chain management, chemical engineers navigate the complex challenges of the con-
temporary industrial landscape.

1.4 Challenges and opportunities

In the field of chemical engineering, mathematical optimization presents both chal-
lenges and opportunities that shape the way processes are designed, operated, and
optimized. Understanding these dynamics is crucial for leveraging optimization tech-
niques effectively and addressing the complex demands of the modern chemical in-
dustry [2].

1.4.1 Challenges

– Complexity of models: Chemical processes often involve intricate interactions be-
tween numerous variables, parameters, and constraints. Modeling these systems
accurately can be challenging, leading to complex mathematical formulations
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that are computationally demanding to solve. Moreover, the integration of vari-
ous physical, chemical, and thermodynamic phenomena further increases model
complexity, making it difficult to capture all relevant aspects accurately.

– Nonlinearity: Many chemical processes exhibit nonlinear behavior due to phe-
nomena such as reaction kinetics, phase equilibria, and heat transfer. Nonlinear
optimization problems can be more difficult to solve than their linear counter-
parts, requiring specialized algorithms and computational techniques. Dealing
with nonlinearity introduces challenges such as multiple local optima, discontinu-
ities, and sensitivity to initial conditions, which can complicate the optimization
process and necessitate robust solution methods.

– High dimensionality: Optimization problems in chemical engineering often in-
volve a large number of decision variables, making the search space exponen-
tially large. Exploring this high-dimensional space efficiently presents significant
computational challenges, particularly for global optimization problems. The
curse of dimensionality exacerbates computational complexity as the number of
possible solutions grows exponentially with the number of decision variables,
leading to increased computational time and memory requirements.

– Uncertainty: Chemical processes are subject to various sources of uncertainty, in-
cluding fluctuations in raw material properties, market conditions, and process
disturbances. Accounting for uncertainty in optimization models adds another
layer of complexity and requires advanced stochastic optimization techniques.
Robust optimization approaches, scenario-based optimization, and probabilistic
programming are among the methods used to address uncertainty, but they often
entail increased computational overhead and complexity.

1.4.2 Opportunities

– Improved efficiency: Mathematical optimization offers the potential to enhance
the efficiency of chemical processes by optimizing resource allocation, production
scheduling, and energy utilization. By minimizing waste and maximizing yield,
optimization techniques can lead to significant cost savings and operational im-
provements. Advanced optimization algorithms, such as MINLP and dynamic op-
timization, enable the identification of optimal process configurations and operat-
ing conditions that maximize productivity and profitability.

– Sustainability: Optimization can play a crucial role in promoting sustainability in
the chemical industry by optimizing processes to minimize environmental im-
pact, reduce emissions, and conserve resources. Sustainable process design and
operation are increasingly important considerations for chemical engineers, and
optimization techniques can help achieve these objectives. By incorporating sus-
tainability metrics into optimization models such as carbon footprint, water
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usage, and waste generation, engineers can identify environmentally friendly sol-
utions that meet both economic and environmental objectives.

– Innovation: Optimization fosters innovation in chemical engineering by enabling
the exploration of new process configurations, the design of novel materials, and
the development of advanced control strategies. By pushing the boundaries of
what is possible, optimization techniques drive technological advancements and
facilitate the development of more efficient and sustainable processes. Optimiza-
tion-driven innovation often involves interdisciplinary collaboration between
chemical engineers, mathematicians, computer scientists, and domain experts to
tackle complex problems and develop cutting-edge solutions.

– Decision support: Optimization provides valuable decision support tools for
chemical engineers, helping them make informed decisions in complex and un-
certain environments. By quantifying trade-offs and analyzing alternative scenar-
ios, optimization models can guide decision-making and facilitate the identifica-
tion of optimal solutions. Decision support systems based on optimization
techniques enable engineers to evaluate the potential impact of different deci-
sions on key performance indicators, risk factors, and sustainability metrics, em-
powering them to make data-driven decisions that align with organizational goals
and objectives.

While mathematical optimization poses challenges in the field of chemical engineer-
ing, it also offers significant opportunities for improving efficiency, promoting sus-
tainability, fostering innovation, and providing decision support. By addressing these
challenges and leveraging the opportunities presented by optimization, chemical engi-
neers can drive progress and innovation in the industry while meeting the evolving
needs of society.

1.5 Where are we going?

In the era of the circular economy, artificial intelligence (AI), and Industry 4.0, the
trajectory of mathematical optimization in chemical engineering is undergoing pro-
found transformations, and is poised to revolutionize processes toward sustainability,
efficiency, and intelligence [1]. Several key trends and directions shape the evolution
of optimization in this context, each contributing to a holistic approach to process de-
sign, operation, and control:
– Integration of circular economy principles: Mathematical optimization is increas-

ingly playing a pivotal role in facilitating the transition toward a circular econ-
omy within chemical engineering. Optimization models are being meticulously
crafted to optimize resource utilization, minimize waste generation, and maxi-
mize the reuse, recycling, and recovery of materials and energy. Incorporating
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constraints related to material flows, recycling technologies, and lifecycle assess-
ments, these frameworks aim to design processes that are not only environmen-
tally sustainable but also economically viable in the long term.

– Advancements in AI and machine learning: The fusion of AI and machine learn-
ing techniques with optimization methodologies is unlocking unprecedented pos-
sibilities for process optimization and control. AI-driven optimization algorithms,
including reinforcement learning and deep reinforcement learning, empower au-
tonomous decision-making and adaptive control strategies in chemical processes.
By harnessing data-driven insights, these techniques optimize process perfor-
mance, predict system behavior, and dynamically adapt to evolving operating
conditions in real time, fostering flexibility, responsiveness, and efficiency across
operations.

– Industry 4.0 and digitalization: The convergence of optimization with Industry 4.0
technologies such as the IoT, cyber-physical systems, and big data analytics is re-
shaping the landscape of chemical engineering processes. Optimization models
are seamlessly integrated with digital twins and real-time process monitoring sys-
tems to enable predictive maintenance, condition-based monitoring, and dynamic
optimization of production processes. This integration facilitates proactive deci-
sion-making, reduces downtime, and enhances overall process efficiency and reli-
ability.

– Multi-objective and multi-scale optimization: In response to the increasing com-
plexity and interconnectedness of chemical engineering systems, there is a grow-
ing emphasis on multi-objective and multi-scale optimization approaches. Optimi-
zation models are being refined to concurrently optimize multiple conflicting
objectives, such as cost, energy efficiency, environmental impact, and product
quality. Additionally, multi-scale optimization techniques are employed to harmo-
nize optimization across different levels of process hierarchy, from molecular-
level reactions to plant-wide operations, fostering holistic optimization strategies
that account for interactions and trade-offs at various scales.

Collaborative and interdisciplinary research: The future of optimization in chemical
engineering hinges on collaborative and interdisciplinary research endeavors that
amalgamate expertise from diverse fields, including mathematics, computer science,
chemistry, and economics. Cross-disciplinary collaborations engender the develop-
ment of innovative optimization techniques, algorithms, and tools tailored to the
unique challenges and opportunities of the circular economy, AI-driven process opti-
mization, and Industry 4.0 applications. By nurturing synergies between disparate dis-
ciplines, collaborative research initiatives accelerate the advancement of optimization
in chemical engineering, propelling transformative changes in the industry landscape
(Figure 1.4).

In summary, the trajectory of mathematical optimization in chemical engineering
unfolds amidst the integration of circular economy principles, advancements in AI
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and machine learning, digitalization of processes, multi-objective and multi-scale opti-
mization approaches, and collaborative interdisciplinary research endeavors. These
trends collectively redefine the paradigm of optimization in chemical engineering,
fostering the emergence of sustainable, efficient, and intelligent processes that reso-
nate with the demands of the contemporary economy and society.

1.6 Conclusions

This chapter has shown the transformative trajectory of mathematical optimization
within the realm of chemical engineering, emphasizing its key role in driving the in-
dustry toward sustainability, efficiency, and intelligence. The integration of circular
economy principles, advancements in AI and machine learning, digitalization through
Industry 4.0 technologies, and the adoption of multi-objective and multi-scale optimi-
zation approaches collectively redefine the landscape of process optimization. Fur-
thermore, the importance of collaborative and interdisciplinary research has been
underscored as a catalyst for developing innovative optimization techniques tailored
to contemporary challenges.

As we look to the future, several predictions emerge for the evolution of optimiza-
tion in chemical engineering. Optimization models will continue to evolve, integrating
more sophisticated constraints and variables to maximize resource efficiency and

Figure 1.4: Role of AI in chemical engineering optimization.
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minimize waste, ultimately leading to closed-loop systems that are both economically
and environmentally sustainable. The synergy between AI and optimization will
usher in an era of autonomous, self-optimizing chemical processes capable of real-
time adaptation to changing conditions, thereby enhancing process efficiency, reliabil-
ity, and responsiveness.

The integration of digital twins and real-time data analytics with optimization
frameworks will become ubiquitous, enabling predictive maintenance, dynamic pro-
cess control, and continuous improvement in production environments. The adoption
of multi-objective and multi-scale optimization will grow, facilitating comprehensive
optimization strategies that consider diverse factors such as cost, energy use, environ-
mental impact, and product quality across various levels of process hierarchy. Contin-
ued emphasis on collaborative research across disciplines will lead to groundbreaking
optimization methodologies and tools, addressing the complex and multifaceted chal-
lenges of modern chemical engineering.

Thus, the future of mathematical optimization in chemical engineering is poised
to be shaped by these emerging trends and innovations, driving the industry toward a
more sustainable, efficient, and intelligent future.
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