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Abstract 17 
The contents of this article are based on the results of discussions the corresponding author has had since 18 
2015 with the co-authors, who are members of academia and industry in Europe, on the scope and 19 
significance of chemical and biochemical engineering as a discipline. The result is a multi-layered view 20 
of chemical and biochemical engineering where the inner-layer deals with the fundamental principles 21 
and their application; the middle-layer deals with consolidation and expansion of the principles through 22 
a combination of science and engineering, leading to the development of sustainable technologies; and 23 
the outer-layer deals with integration of knowledge and collaboration with other disciplines to achieve a 24 
more sustainable society. Through this multi-layered view several important issues with respect to 25 
education, research and practice are highlighted together with current and future challenges and 26 
opportunities.  27 
 28 
Introduction 29 
Industrial chemical technology revolutionized the modern world in the 20th Century, and now in 30 
combination with industrial biotechnology it is set to do the same in the 21st Century. Underpinning these 31 
developments is the discipline of chemical and biochemical engineering (C&BE). The discipline applies, 32 
among others, the fundamental principles of thermodynamics, reaction stoichiometry and kinetics, 33 
biochemistry and cell biology as well as transport phenomena together with the laws of conservation of 34 
mass, energy and momentum to create better materials, products and processes that are useful to society. 35 
In other words, at a technical level chemical and biochemical (C&B) engineers work with unit operations 36 
(be it at industrial scale, pilot scale, micro-scale or nano-scale) for the purposes of chemical and/or 37 
biochemical synthesis followed by downstream separations, which are all based on phenomena such as 38 
thermodynamics, reactions (chemical, biochemical, or thermal conversions), transport (mass, heat and 39 
momentum). In this way, C&B engineers solve problems related to synthesis, design, analysis, 40 
implementation, operation-control, optimization, etc., of chemical and biochemical processes needed to 41 
manufacture the products required by society. This implies that the scope and significance of C&BE is 42 
potentially enormous. In a given case, the scope is defined by the raw materials that can be converted to 43 
the desired products through the corresponding manufacturing processes where resources such as energy 44 
are consumed, water is used and the environment is affected. Nevertheless, the conversion of the 45 
resources to products is in all cases incomplete and therefore the issue of recycle and regeneration of 46 
resources becomes increasingly important and urgent (Negro et al., 2018). Over the past decades, as the 47 
demand for better and more versatile products and their corresponding flexible manufacturing processes 48 
has increased, so has the need for increased knowledge on related topics that is perhaps not well 49 
understood in the context of application of C&BE based technologies but are nevertheless very important. 50 
Moreover, society currently faces grand challenges like climate change, growing global population and 51 
resource limitations that require innovative solutions regarding the way products and services are 52 
provided. In this way, C&BE is also an evolving discipline. 53 
 54 
Historically, chemical engineering came into existence more than a century ago by synthesizing the 55 
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fundamental scientific disciplines of chemistry, physics and mathematics with mechanical engineering 56 
competences required for industrial processes and contributing, thereby, to the world’s economic 57 
progress (Wei et al., 1979). Indeed, while chemical engineering has made enormous contributions as a 58 
discipline (and profession), it has also embraced rapid and dynamic technological changes and has 59 
frequently been at the center of emerging new developments (Butz and Tauscher, 2002).  Today, perhaps 60 
more than at any other time in history, we face formidable challenges (Negro et al., 2018). But these 61 
challenges also represent  unique opportunities such as exploring and exploiting new abundant resources 62 
(Wang and Krupnick, 2015); substituting and/or improving the exploitation of resources in current use 63 
(Christensen et al., 2008); delivering sustainable solutions related to energy (Chu and Majumdar, 2012), 64 
water (Gleick, 2016), environment (Allen et al., 2018) and food (Papargyropoulou et al., 2014); 65 
contributing to avoid danger and risk, for example, climate change (Monastersky, 2013) or accidents 66 
(Brunaud et al., 2019) and, optimizing the operation, distribution and safety of manufacturing processes 67 
(Grossmann, 2005). 68 
  69 
The objective of this paper is to present a multi-layered view of chemical & biochemical engineering, 70 
through which its scope and significance, as well as its future role can be better understood. This view 71 
highlights the important outcomes of chemical and biochemical engineering as a discipline as well as a 72 
profession. The inner core fundamental layer involves process-product related activities where 73 
application of the fundamental concepts of C&BE help to design, build and operate manufacturing 74 
processes that convert specific raw materials to desired products. The middle interface consolidation 75 
layer involves resources-efficiency related activities where improved understanding of the concepts and 76 
combination of science and engineering lead to the development of new technologies that when applied, 77 
lead to more sustainable engineering solutions. The outer unifying layer involves society-challenges 78 
related activities where industrial development helps to address challenges that when resolved would 79 
lead to a more sustainable society. Here, integration of knowledge, such as ideas, disciplines etc., play a 80 
major role. The main issues, challenges and opportunities at each level are discussed with respect to 81 
education, research and practice related to each layer.  82 
 83 
The Multi-layered View 84 
The multi-layered view is shown in Figure 1, where three inter-connected layers are highlighted. The 85 
concept can be understood through the following logic; Horizontal - left: input of resources to the system, 86 
right: outcome in terms of conversion to products; Vertical - bottom: (intellectual) input from C&BE, 87 
top: impact on the system due to increased knowledge and available products. Layers – innermost: core 88 
topics defining the discipline, outermost: topics that define the contributions of C&BE to society. 89 
 90 
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 91 
Figure 1: The multi-layered view of chemical and biochemical engineering (note: increasing details of 92 
the same resources (raw materials and utilities such as energy and water) are considered, moving from 93 

inner to outer layers). 94 
 95 
In Figure 1, moving from left to right adds material, economic and societal value. That is, from resources 96 
(raw materials as well as utilities such as energy and water) higher valued products are obtained (inner-97 
layer); considering demand and availability of these same resources,  the products are further improved 98 
and the processes become more efficient (middle-layer); adding also considerations (for the same 99 
resources) such as resource location, type, recovery, etc., the optimal products with lowest wastes and 100 
controlled environmental impacts, etc., are obtained at various scales (plant, industrial parks, country, 101 
region, etc.). To obtain these incremental improvements, a better understanding of the concepts that lead 102 
to new technologies is needed. Moving from bottom to the top of the figure, input of knowledge leads to 103 
problem solutions. That is, fundamental knowledge of C&BE helps to design, build and operate the 104 
manufacturing process (inner-layer); combination of science and engineering gives a better 105 
understanding that leads to the development of sustainable technologies (middle-layer); integration of 106 
knowledge from different disciplines providing new ideas and data sources contribute to sustainable 107 
development of society (measured in terms of institutions, industry, ecology, etc.).  108 
 109 
These layers are strongly interactive, that is, demand from the outer layers require increased know how 110 
from the inner layers to meet them.  For example, as the need for structured products like food, detergents, 111 
cosmetics, etc., grows, as pointed out by Cordiner (2004) and Hill (2004), the numerous operational steps 112 
involved with the processing of these products provide opportunities as well as challenges to find better, 113 
more reliable and innovative alternatives (Zhang et al., 2016). First, however, the involved phenomena-114 
microstructure-property-process relations need to be understood sufficiently through focused 115 
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experimental work and subsequent experiment-based process analysis. The fundamental understanding 116 
gained together with experimental evidence could then be used to conceptualize and derive mathematical 117 
models for faster and more reliable process development. Also, as one moves from the inner layers to 118 
the outer, the scope and significance of the problems tackled, the solutions found and the knowledge 119 
required broadens. Therefore, the three layers together highlight aspects of incremental education, 120 
research and practice, as well as the impact on our society and on the global environment. Note that even 121 
though a topic or keyword is not listed in a specific layer, it does not mean they are not used in that layer. 122 
For example, the terms “resources” and “science & engineering” are listed in the core and middle layers, 123 
respectively, to highlight their key-roles in employing the fundamental principles as well as consolidation 124 
and expansion of the scope and significance of C&BE. Also, to find innovative solutions and to minimize 125 
the ecological impact and/or to maximize the societal benefits, even though resources such as energy, 126 
water, material, etc. are needed, human resources are also needed to develop technologies, methods, 127 
tools, etc., to design, construct and operate the processes and to distribute and/or supply the manufactured 128 
products. Similarly, the developments from the inner layers help to achieve sustainable industrial 129 
development and to educate-train the stake-holders by addressing the grand challenges through 130 
appropriate interdisciplinary and/or multidisciplinary approaches.   131 
 132 
Inner core fundamental layer: processes and products 133 
At the fundamental level, C&BE involves the conversion of specific raw materials to desired chemicals-134 
based products through appropriate processing routes while also utilizing resources such as energy, 135 
water, materials, man-power, etc. to achieve the desired objectives. However, successful development of 136 
a desired chemical or biochemical product requires an economically feasible manufacturing process and 137 
vice versa. For best success, both the product and the process should be optimal.  To achieve this, the 138 
knowledge input is process engineering that may include aspects of chemical kinetics; transport 139 
phenomena; unit operations; process integration; control and many more. Adjacent areas such as organic 140 
chemistry, analytical sciences, biology, mechanical engineering must also be drawn on, as appropriate. 141 
The connection between the product and the process is highlighted through Figure 2 (Zhang et al., 2016), 142 
where in addition to the traditional product-process connection, the application of the product for 143 
performance evaluation is considered, for example, use of a solvent for solvent-based separation or use 144 
of a solvent for product delivery, for instance, in delivery of an insect repellant as a liquid lotion. Note 145 
that the objective of the process is to produce the product defined by its molecular structure (for single 146 
species products), purity, state, etc., while the objective of the product is to deliver its functions (product 147 
application). The objective of product design, in this case, is to identify the molecular structure (for single 148 
species products) with the desired properties.  149 
 150 
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 151 
 152 
Figure 2: Relationships between product-process design and product design-product application. The 153 
dashed lines indicate the link between the design and application problems (Zhang et al., 2016). 154 
 155 
Middle interface layer: science and engineering 156 
Raw materials and economically feasible processing routes are no longer sufficient to launch a successful 157 
product-process. Use of resources such as energy and water need to be optimized together with efficient 158 
management of raw materials supply-demand, economics, products distribution and environmental 159 
impacts. Safety issues, both related to risk avoidance for plant workers as well as for the neighborhood, 160 
is also of increasing concern.  Innovative solutions for service provisions therefore need to be determined. 161 
This requires additional knowledge in terms of the integration of science and engineering leading to the 162 
development of innovative solution approaches to process integration and intensification as well as new 163 
ways to manage supply chains and to monitor economic, ecological and societal impacts of 164 
manufacturing processes and product use. The outcome could be sustainable technologies in terms of a 165 
reduced ecological footprint together with greater societal benefits while maintaining profitability. The 166 
inputs from fundamental sciences, the rational use of computational tools and focused experimental 167 
validation need to play important roles at this level. The improved understanding of the phenomena at 168 
all scales (including the core layer) need to be considered and integrated in order to be able to optimize 169 
the production processes such that significantly improved innovative solutions are obtained, employing 170 
new and more efficient unit operations. The combination of science and engineering in product-process 171 
development needs to play a key role, where increasing scientific focus may lead to smaller equipment 172 
sizes while increasing engineering focus may lead to larger scales of sustainable technologies. For 173 
example, in the area of micro-structured products,  the key to success is to first identify the desired end-174 
use properties of a micro-structured product at the small-scale, and subsequently to control product 175 
quality and production efficiency by manipulating the microstructure formation at the process scale 176 
leading not only to a novel product but also to less waste and lower energy consumption (Charpentier, 177 
2003). 178 
 179 
 180 
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Outer unifying layer: improved social benefits 181 
It is expected that within the next 20 years, the population on earth would stabilize to around 9 billion 182 
(Pereira et al., 2010); requiring 6-7 times increase of world GDP; which will require 5-6 times increase 183 
of existing production capacities for most commodities (steel, chemicals, lumber, etc.); 3.5 times increase 184 
in energy demand (7 times increase in electricity demand); very large increase in water demand. Costs 185 
related to CO2 emissions are estimated to be 7 GTC/yr to 26 GTC/yr (Vooradi et al., 2018) together with 186 
concomitant increase in knowledge requirement. Therefore, in the outer layer, the grand challenges 187 
(http://www.engineeringchallenges.org/challenges.aspx) in terms of availability of resources and raw 188 
materials need to be reconciled with sustainable development of society 189 
(https://sustainabledevelopment.un.org/). An alternative way to meet the sustainable development goals 190 
is to focus on improving the quality of manufactured products (or related services), which as a result 191 
would drive down the need for quantity while also ensuring that society (the consumer) gets to at least 192 
maintain their current quality of life and comfort.    193 
 194 
To achieve this objective, a larger vision of the true needs of society with respect to the limited 195 
availability of resources needs to be implemented. With respect to C&BE, this requires integration of 196 
chemical and biochemical engineering know-how together with other disciplines (e. g., sociology, ethics, 197 
political sciences, economics) and with many of the main actors (such as decision makers and decision 198 
influencers) of society. Prausnitz (2007) has emphasized this aspect together with the special role of the 199 
human dimension in C&BE. The outcome is a set of optimal products generating minimum wastes and 200 
consuming less resources (raw material, energy, water, etc.) through more sustainable processes, that 201 
contributes to the education, training and practice of C&BE, and thereby, to sustainable development of 202 
society.  203 
 204 
Interaction between layers 205 
Referring to Figure 1, the application of C&BE and the associated challenges identify opportunities and 206 
help to set targets for improvements in education, training and practice. To achieve these targets, science 207 
and engineering needs to come together to develop techniques, methods and tools through which 208 
sustainable and innovative products-processes can be designed and/or developed in the middle layer. 209 
However, to develop the techniques of the middle layers, the available knowledge in the core layer in 210 
terms of theory, concept and data need to be enhanced. The movement is from the core layer to the outer 211 
layers with feedback towards the inner layers for adjustment and/or refocus of targets. For example, 212 
education gives the C&B engineer knowledge to practice and understand the fundamentals, which they 213 
employ for research in the middle layer to develop new techniques, which they employ in practice in the 214 
outer layer for the sustainable development of society. However, as the needs of society change, the 215 
fundamental concepts and the targets from the inner layers also need to be adjusted. Note also that 216 
education, research and practice may be applied at all layers, depending on the level or type of the 217 
institutions at which they are conducted. That is, the desires (targets) placed on C&BE on the outer layer 218 
for expected improved social benefits are related to the technical and economic constraints placed by the 219 
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middle layer as well as the understanding of the fundamental principles in the core inner-layer. This 220 
means all three layers are interconnected as any desire or constraints from the outer and/or middle layers 221 
respectively, could influence the scientific requirements placed on the inner layer while any development 222 
in the inner layer influences the outer layers and their ability to fulfil the constraints and/or desires.  223 
 224 
Education 225 
The key question in C&BE education is what skills, outcomes and knowledge are needed for the three 226 
cycle (BSc, MSc and PhD) education program in the subjects of C&BE. One option for the case of BSc 227 
and MSc degrees could be that the actions in the core layer of Figure 1 be linked to the core curriculum 228 
(for example, BSc), while the middle and outer layers could be linked to the advanced (related to the 229 
inner-core topics) and/or specialization topics not included in the inner-core (for example, an extended 230 
BSc or MSc).  What is necessary is that C&BE students understand the basic concepts, scope and 231 
significance of the middle as well as the outer layers.  One way to incorporate the additional knowledge 232 
from the outer layers into C&BE education is through design and/or evaluation projects, where concepts 233 
such as ethics, sustainability, sustainable development and/or circular economy are included. The PhD 234 
degree on the other hand is concerned with mainly research and development at all layers based on the 235 
knowledge gained at the BSc and MSc levels, posing of new problems, addressing of current challenges 236 
and/or exploring available opportunities. An important issue is the depth of knowledge gained at each 237 
layer. The outcomes of the BSc and MSc education are knowledge and understanding; engineering 238 
analysis; design and practice; investigations; transferrable skills; and ability to solve problems. 239 
Therefore, topics from the middle and outer layers of Figure 1 are needed as a complement to the core 240 
curriculum. In this regard, the use of virtual laboratories (or innovative pedagogies) to cope with the 241 
growing number of students, combined with a lack of adequate pilot-scale educational facilities is an 242 
alternative worth considering. The drivers for developing a virtual laboratory are highlighted in Figure 243 
3. Innovative pedagogical techniques that currently exist should be employed, both to motivate the 244 
younger generation that is keen on using new technologies as well as to benefit from a renewed content 245 
that addresses more explicitly their needs (adequate use of tools such as process simulators, data bases, 246 
social media, remote or distant learning, etc.).  247 
 248 
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 249 
Figure 3: The drivers for developing a virtual laboratory 250 

 251 
Another key issue is how to equip C&BE students to adapt to innovative technologies that may come 252 
from areas outside of the scope of C&BE. That is, how to widen the C&BE curriculum with non-253 
traditional topics such as: life science related topics (biochemical engineering, molecular biology and 254 
genetic engineering; pharmaceutical engineering; biomedical engineering; product engineering; material 255 
engineering; environmental engineering); interdisciplinary fields (energy and fuel engineering; 256 
membrane science, aerosol, colloids and interface, organometallic chemistry; catalysis); and 257 
management related to advanced technology (operations management; change management; knowledge 258 
management) without sacrificing the core or fundamental topics from the inner layer?  As the C&B 259 
engineers increase their knowledge and abilities, they are moving to the outer layers, gaining expertise 260 
in a wider range of disciplines. For example, they can increase their core competences in sciences related 261 
to separation; mixing of solids, gaseous and liquid materials; and transforming materials to more useful 262 
forms with the help of energy and/or catalysts, be they biogenic or non-biogenic. With this expertise the 263 
C&B engineers should be able to design and operate industrial plants and play an important supportive 264 
role in a wide range of other sectors, from manufacturing to mining and health care, for example. 265 
 266 
With respect to non-technical skills C&B engineers need to develop skills in ethics, business, and 267 
administration that can help them, for example, in project management, budgeting, and economics. Also, 268 
ability to work as part of teams in multicultural and diverse environments needs to be developed. 269 
Adaptation is an important skill in a rapidly changing society and C&B engineers should have the ability 270 
to handle different situations as well as respond to emergencies, if necessary. In general, courses on 271 
process and plant design, combined with or without product design, are well suited to meet these types 272 
of learning objectives. Further enhancing of the fundamentals is very important, especially across the 273 
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different disciplines of chemical engineering as emphasized by Wu and Prausnitz (2019) on the particular 274 
role thermodynamics plays in connection to chemical engineering. 275 
 276 
Research 277 
Research activities are needed in every layer. Scientific advances in the inner core topics could provide 278 
a better understanding of the underlying principles leading to increased availability of data, more reliable 279 
theory-models and therefore, the development of more flexible model-based methods and tools. This in 280 
turn could increase the scope and significance of C&BE. The objective of research activities in the outer 281 
layer is to understand the needs of the key societal stakeholders and to translate them to specific targets 282 
for development. In the middle and core layers, the objectives are to develop and apply techniques and 283 
technologies to realize the targets through appropriate combination of science and engineering, and new 284 
developments and understanding of the fundamental principles. That is, in the outer layer, the focus could 285 
mainly be on tackling the global challenges to ensure the sustainable survival of people (9+ billion) on 286 
earth with an acceptable standard of living by, for example, improving the standard of living and safety 287 
with minimal environmental and health impacts. Therefore, concepts such as sustainability, circular 288 
economy and resource recovery need to be integrated into product development, process design and 289 
retrofit activities, to name a few. 290 
 291 
In the middle layer the established targets from the outer layer could result in the following 292 
developments/trends for technologies, which by no means is an exhaustive list, and also is not listed in 293 
terms of any priority: 294 

• Use of industry 4.0 technologies of AI, machine learning and big data in improving 295 
manufacturing operations with the aim of reducing resource usage and improved production 296 
efficiencies (Venkatasubramanian, 2019). To this end concepts such as digital twins, hybrid-297 
modeling techniques, novel sensors that are currently under development should receive more 298 
attention (Rosen et al., 2015). To achieve appropriate rather than indiscriminate application of 299 
data science, awareness of digital technologies amongst chemical engineers should be fostered; 300 
project activities should also be undertaken using conscious decisions to balance first principles 301 
and data driven methods (Piccione, 2019). 302 

• Development of flexible and smart manufacturing technologies so that manufacturing plants can 303 
be “re-tooled” to produce multiple products and change production (Kang et al., 2016) as 304 
preferences and desires from the outer layer change.  Concepts such as disposable reactors 305 
(Glindkamp et al., 2010), micro reactors (Rossetti and Compagnoni, 2016) as well as non-306 
invasive measurement techniques such as image analysis (Forte et al. 2019) and tomography 307 
(Tapp et al., 2003) currently under development in the inner layer could enable this movement. 308 

• Innovative and efficient processing through intensification that can significantly reduce the 309 
energy and resource demand are concepts that are already developed (Tian et al. 2019), but their 310 
industrial implementation need to increase. Process intensification is a promising technology that 311 
can lead the way towards more sustainable process alternatives. 312 



11 
 

• Better management of sources of energy in terms of harvesting, storing and using renewable 313 
sources of energy is necessary. Electrification by taking advantage of intermittent renewable 314 
energy sources, such as solar and wind; energy storage in the form of chemicals can contribute 315 
to balancing supply and demand if chemical processes could be run even periodically. In this 316 
context electricity storage in the form of chemical bonds (hydrogen, ammonia, methanol, and 317 
dimethyl-ether) is an opportunity and a challenge. Another option is to consider transformation 318 
of chemical and electrical energy not only for fuel cells but also for innovative alternatives such 319 
as redox flow batteries.  320 
 321 

In the core layer, the constraints from the middle layer and desires (targets) of the outer layer require 322 
fundamental research results from the core layer, for example (not listed in any priority): 323 
• Conversion of raw materials through chemical- and/or bio-catalysis using new synthesis paths, 324 

which can give important commodity chemicals at reduced energy and/or increased atom efficiency 325 
should always have high priority. For example, use of green electrons in electro-chemical 326 
conversion of water, CO2, and N2 into fuels and base chemicals like hydrogen, carbon monoxide, 327 
methanol, di-Methyl-ether, light olefins and ammonia (Van Geem et al. 2019). 328 

• Separation principles that can discover new ways to separate chemicals from difficult separation 329 
problems at reduced and/or low energy consumption, high separation efficiency, minimal use of 330 
external separating agents that are energy intensive, and/or extract important new ingredients from 331 
plants or biomass should continue to attract attention of researchers. Combining more than one 332 
separation technique into hybrid operations where each technique performs at its highest efficiency 333 
is an option worth investigating. 334 

• Selection and design of functional materials that can have a reduced maintenance or replacement 335 
requirements, substitute the function of multiple materials and/or address any un-satisfied need of 336 
the outer layer (Cheng et al., 2011) are important for discovery of new processing routes and/or 337 
separation principles. Use of ionic liquids as environmentally acceptable separation agents and 338 
MOFs (Metal Organic Frameworks) and COFs (Covalent Organic Frameworks) for gas separations 339 
are alternatives worth investigating along with membranes.  340 

• Better understanding of the phenomena and the domain system involving complex chemical and 341 
biochemical systems is necessary to develop more comprehensive modelling of the process (Klatt 342 
and Marquardt, 2009) and the associated properties of chemicals and materials. Of particular 343 
interest are the modelling of properties of structured products, solids and polymers; multiphase 344 
operations with complex chemical systems, such as electrolytes; as well as the complexity of living 345 
systems and the difficulties in understanding them. 346 
 347 

Practice 348 
Fundamentally, industry rewards and exemplifies the benefits of C&BE by translating the discipline to 349 
value – and offering interesting and challenging careers to motivated individuals who pursue employment 350 
in the field. The mechanism for such value creation is exemplified in the various layers of Figure 1, 351 
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starting with the outer layer: identifying which grand challenges it needs to address to achieve sustainable 352 
industrial development and thereby, improving circularity. Industry is ideally placed to do so by drawing 353 
on the skills from the inner layers, since it will have the economic and ecological insights and remit to 354 
ensure that important technologies are adopted in economically viable ways, thereby ensuring sustainable 355 
development. The combination of science and engineering to help develop commercially successful 356 
technology, in a sense, is the very definition of industry’s remit, in addition to maintenance of its existing 357 
operations.  To achieve this goal, at the innermost layer, skills such as handling of resources, feasibility 358 
of products, economic feasibility, etc., will need to be developed. In doing so, industry will of course 359 
link to both academic and government institutions to: a) set developmental challenges; b) identify 360 
collaboration opportunities to make efficient use of limited resources; c) encourage transfer technology; 361 
d) identify and share the capability challenges needed by practicing C&B engineers. It is also important 362 
to point out that in the next decades, increasing industry-industry partnerships are to be expected as well, 363 
especially in supply chain, mirroring the need for a greater set of organizational relationships within any 364 
company. The demand from the world’s ever-growing population is towards more socially responsible 365 
corporations, which may be a factor that should be considered by the players from the industrial sectors.   366 
 367 
Table 1 lists forms of industrial practice in terms of what they do or use, what they need or consume and 368 
what they give to society or results. It can be noted that the different types of industrial practices are 369 
connected to each other. That is, the result (what they give) from one layer is used as input by another. 370 
The manufacturing companies will produce products that society needs using technologies developed by 371 
engineering companies and where equipment designed-developed by equipment companies are 372 
employed. Also engineering companies use tools developed by software companies as well as research 373 
results from academia. The services of consulting companies are needed by all other companies. The 374 
objective for all of them, however, should be to achieve sustainable development and/or circularity.  375 
 376 
Several routes could be followed in order to achieve the above objectives. C&BE subject to constraints 377 
(recycling and re-use of matter and energy, sustainable and safe processes, intelligent and personal 378 
products, full techno-commercial evaluations including real-world issues like tax laws, environmental, 379 
health and safety regulations) implies a top-down approach, which points to upstream scientific and 380 
technological developments. In a complementary way, a bottom-up research could also be considered 381 
for methodological and paradigm developments, in order to tackle the future challenges.  Innovation will 382 
be the result from both approaches. To encourage diversity, gender issues must also be tackled.  383 
 384 
 385 
  386 
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Table 1: Forms of industrial practice and their activities 387 
Practice form (type of 
company) 

What they do or use What they need or 
consume 

What they give to 
society or results 

Manufacturing Apply production 
technologies 

Resources (material, 
utility, human-power) 

Manufactured products 
that society needs 

Engineering  Use technics, methods, 
data 

Resources (human-
power) 

Production 
technologies for 
manufacturing 

Equipment Design-develop 
production equipment 

Resources (material, 
utility, human-power) 

Equipment for 
manufacturing industry 

Software Develop knowledge 
(theory, concepts) 
based tools 

Resources (human-
power)  

Tools with 
implemented methods 
and data 

Consulting Solve problems using 
the needed data, 
methods & tools to 
help apply-develop 
technologies 

Resources (human-
power), knowledge 
(theory, concepts, data) 

Problem solutions 
(technology, methods, 
tools) 

 388 
 389 
Perspectives 390 
The scope and significance of C&BE is enormous and it is not the objective of this article to provide a 391 
comprehensive list. However, perspectives on a few selected topics that we think have attracted current 392 
attention and could also be important in future are discussed briefly. It is important to note that the way 393 
in which industrial plants are built and operated in the C&BE sector is changing due to concepts such as 394 
disposable reactors and micro reactors (Roberge et al., 2008) allowing far more flexibility in the 395 
manufacturing process. Conversion of batch to continuous processing is steadily becoming more routine. 396 
Combining these concepts with the emerging fields of 3-D printing and functional materials allow for 397 
smart manufacturing practices to be established. Moreover, the influence of industry 4.0 (Kolberg and 398 
Zühlke, 2015), which encapsulates concepts of big data and artificial intelligence is changing the goal 399 
post of efficient process operations (Piccione, 2014). Figure 4 shows the engineering challenges in the 400 
next 10 years. According to this figure the relevance of various digital applications (model-based 401 
approaches) today and in 2025 are demonstrated with a score showing how they will become more 402 
important in the coming years (Keller, 2018). Specific activities to help bridge chemical engineering and 403 
data science are available (Piccione, 2019). 404 
 405 
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 406 
Figure 4: Industry 4.0 relevance in the next 10 years (Keller, 2018) 407 

 408 
Likewise, digitalization has been an integral part of C&B development in the past decades be it the use 409 
of “digital” process controls as opposed to “pneumatic” controls; the development of process simulations; 410 
process synthesis and other tools in the domain of process systems engineering (PSE). These 411 
developments are now part of the standard set of “tools” that C&B engineers use routinely in their day-412 
to-day work. With computing power still doubling roughly every few years, as predicted by Moore’s law 413 
(Schaller, 1997), the  speed and reliability of  PSE methods & tools continue to improve, allowing C&BE 414 
engineers to solve problems of increased complexity at higher fidelity in real time. In addition, Industry 415 
4.0 and the big data concepts are becoming ever more prominent in the domain of  C&BE.  416 
(Venkatasubramanian, 2019; Piccione, 2019).  417 
 418 
The perspectives of C&BE are highlighted through the following two issues and their discussions in 419 
terms of opportunities and challenges.  420 
 421 
Current scope & significance of C&BE 422 
 423 
Products and their manufacturing processes (core) 424 
The main questions here (related to chemicals-based products) are what to make, when or why to make 425 
it and how to make it? The first two questions are related to the products and the last question is related 426 
to the associated process. Even though the chemicals-based products and their manufacturing processes 427 
are related, the education, research and practice do not always address the same issues. Using the 428 
classification of chemical products by Cussler & Moggrige (2001), Table 2 highlights the main reasons. 429 
It can be noted that until recently, most of the C&BE activities were focused on the production of 430 
commodity chemicals where process is the key. With the expansion of C&BE to molecular and functional 431 
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products and chemicals-based devices, the scope and significance of C&BE education, research and 432 
practice related to products and their sustainable processes have also increased.  433 
 434 
Table 2: Types of chemicals-based products and their characteristics (adapted from Cussler & 435 
Moggridge, 2001) 436 
Characteristics Product types 

Commodity-based Molecule-based Microstructure-based 
Key issue Cost Speed Function 
Basis for success Unit operations Chemistry Microstructure 
Risk of failure Feedstock Discovery Science 

 437 
 438 
Other issues that could also play a major role in defining the scope and significance of C&BE are briefly 439 
highlighted below: 440 

• The challenge is to design and develop novel and innovative chemical products of better quality 441 
and longer durability and the opportunity is the need for these products some of which can be 442 
developed through integrated experiment and model-based techniques, leading to reduction in time 443 
and cost in their development (Liu et al., 2019; Zhang et al., 2018).  444 

• Interest in bio-based economy through new bio-catalytic processes converting biomass to valuable 445 
raw materials is increasing rapidly (van Dam et al., 2005). Direct biological production through 446 
genetically modified cells and protein engineered enzymes is showing promise, while, combined 447 
hybrid biochemical and chemical transformations continues to be attractive (Davy et al., 2017; 448 
Sanford et al., 2016; Woodley 2019). 449 

• The separation and conversion of by-products needs to be strengthened, in particular, in bio-based 450 
productions with inspiration from traditional chemical engineering processes. Also, the 451 
introduction of intensified process designs and the introduction of separation technologies to 452 
capture secondary by-products of value which are currently discarded, need to be considered 453 
(Atasoy et al., 2018).  454 

 455 
Resources (middle) 456 
The main questions to ask here are which resources to use, for what purpose and how sustainable are 457 
they? Not counting the manpower resources, as Figure 5 highlights, C&BE uses two types of resources 458 
– a) those that are converted to useful chemicals-based products through a specific processing route, for 459 
example, crude oil or biomass; and b) those that are needed to operate the processing routes, for example, 460 
energy (fossil fuel, solar, wind-power, etc.), water and material (metals, catalysts, solvents, etc.). Choice 461 
of the processing route and the form of resource are important issues (see below) that are the subject of 462 
much research, but not so much in education and practice. There is actually a third type of resources – 463 
the human resource, the development of which is related to education and their use is related to practice. 464 
 465 
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 466 
Figure 5: Use of resources by C&BE 467 

 468 
Other issues that could also play a major role are briefly highlighted below: 469 
• Fundamental transition from fossil to alternative sources of energy over the next decades through 470 

increased use of green energy sources and increased energy efficiency has started (Dresselhaus and 471 
Thomas, 2001).  Moreover, the improvement of energy usage through a combination of renewable 472 
and non-renewable resources need to be further investigated (Agrawal et al. 2019) in particular the 473 
storage and management of energy. Since the global energy and mobility still rely on oil derivatives, 474 
the efficient usage of these resources through the introduction of hybrid technologies or the complete 475 
elimination of its use in some sectors (such as automobile industry) will allow the remaining 476 
resources to be stretched (Ediger et al., 2007). 477 

• Even though competition for existing material and energy resources would remain, the supply chain 478 
issues related to water will need to be carefully monitored. The management of water resources 479 
through designing processes to be water efficient and recovery of water through recovery 480 
technologies implicitly as a part of the engineering process design (Glieck, 2016). Opportunities for 481 
environmentally efficient acquisition of materials such as rare earth metals and their efficient use, 482 
recovery and recycle needs to be investigated (Binnemans et al., 2013).  483 

• The efficient cultivation of food and livestock, which enable the reduction of need for limited arable 484 
land available and the development of technologies to reduce the food waste through targeted 485 
application of process and materials technologies (Kummu et al., 2012). In parallel, analytics should 486 
play an increasing role in mapping occurrences of unwanted trace chemicals in our food and 487 
environment (for example, air and water) combined with their adverse health effects, which in turn, 488 
puts increasing demands on product formulation and their production process.  489 
 490 

Societal (outer) 491 
Based on Figure 5, the following question could be asked – is C&BE addressing the challenges related 492 
to climate change, energy, water and food or is it adding to the problem? Surely, as the Barcelona 493 
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Declaration from 2017 (Negro et al., 2018) outlined, we all have the responsibility to address these 494 
challenges. Some notable developments are highlighted below: 495 
 496 

• Strong demand for renewable energy sources and storage technology is an area of active interest 497 
to the society and must be addressed. This also means the adaptation of potential renewable energy 498 
technologies as well as storage technologies, which would benefit from government subsidies as 499 
well as support from the public, making their implementation easier.  500 

• Health-care demands new advanced instrumentation and materials, and the push for a bottom-up 501 
approach for improved early diagnosis and treatment of disease (Aguado et al., 2018). This push 502 
can also be used in moving from a treatment oriented medical system to a predictive and precision-503 
based early diagnostic system to allow the move towards prevention based medical systems. Here 504 
model-based approaches and data-driven tools developed within PSE discipline can facilitate 505 
future developments.  506 

• Sustainable production and distribution of food and other products becomes very important (Validi 507 
et al., 2014), especially considering the steady increase of the human population and the scarcity 508 
of resources in general. This has knock-on effects on energy usage, water usage as well as land 509 
usage. To this end from a societal point of view the holistic and complete management of the Water 510 
– Energy - Food nexus as well as the efficient management of land usage would be important.  511 

 512 

Future scope & significance of C&BE 513 
 514 
Improvements of processes based on current needs 515 
Energy related issues will continue to dominate research and development with C&BE (Vooradi et al. 516 
(2018). New routes to fuels, fine chemicals and pharmaceuticals that are all based on ‘green’ feedstocks 517 
would contribute to tackling the grand challenges of energy, water, food and environment. Waste and its 518 
hazards would also be minimised. Therefore, there is a need for systematic identification of optimal 519 
processing pathways that lead to more sustainable production processes and supply chains (You et al., 520 
2012). Achieve a state of clean, zero-waste producing processes in operation. The topics that could also 521 
play a major role are highlighted below: 522 
 523 

• Intensification of chemical and biochemical processes will provide the means to develop novel 524 
more sustainable process alternatives (Stankiewicz and Yan 2019). However, issues related to 525 
design and control of such multi-functional unit operations need to be addressed at different levels 526 
of aggregation, i.e., phenomena, task and unit operations levels through systematic approaches that 527 
allow identification of novel intensified alternatives (Tula et al. 2019). Rapid developments in lab-528 
on-a-chip technology could lead to (micro/nano) sensors and measuring devices as well as high-529 
speed analysis methods for single cell genomics, transcriptomic, and proteomics.  530 
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• New reactor concepts, and designs controlling reactions in space and time will lead to increased 531 
productivity, reduced waste, lower environmental impact and lower cost of manufacturing (Hessel 532 
et al., 2013). In this essence, combining flow chemistry approaches with PSE methods and tools 533 
could lead to interesting new developments. In this combined mind-set, flow chemistry and 534 
microchemistry would allow developments in reaction engineering, while PSE methods and tools 535 
would reduce the time, cost and resources for experiments by systematically reducing the search 536 
space of alternatives to be tested through a model-based approach. The routine availability of 537 
continuous manufacturing approaches for many unit operations and their integration could lead to 538 
additional flexibility operational flexibility. 539 

• Multi-scale modelling and optimization of phenomena from atomic scales into unit operations and 540 
supply chain management with side-by-side modelling and experimentation approaches need to 541 
play a leading role. In this context, for example, computational chemistry can be used to bring 542 
understanding at molecular level and assist in developing new products. This can be used to reliably 543 
develop new unit operation concepts for production and supply chains for distribution of such novel 544 
products. Thereby, reducing the experimental costs and efforts and leading towards a more rapid 545 
product development from concept to implementation. However, solving such problems requires 546 
development of innovative solution strategies in line with advances in computer science. 547 

 548 
Development of processes for future needs (products) 549 
Energy will continue to play an important role in the development of processes for the future. Energy 550 
demands and how they are supplied through sustainable conversion and storage technologies, such as the 551 
combination electrolyzers/fuel cells and new battery technologies with regard to large scale battery 552 
implementation to store renewable energy generated (for example, Redox flow batteries) will attract 553 
much attention, including the storage of large amounts of energy. The topics that could also play a major 554 
role are highlighted below: 555 

• New catalysts and technologies for enabling high-efficiency materials production, for example the 556 
development of direct process pathway to convert hydrogen peroxide to propylene oxide 557 
technologies, which was in principle enabled through the development of a new catalyst and related 558 
process technologies. In addition, recent developments in electrified methane reforming for greener 559 
industrial hydrogen production seem to be very promising (Wismann et al., 2019). Smart material 560 
assembly through molecular control will be a critical enabler for this theme. 561 

• Recovery/recycling of used product as precursor or source of raw material, which allows the 562 
realization of the zero-waste objective of circular economy (Geissdoerfer et al., 2017). 563 
Development of processes, approaching the ‘zero-waste’ target at minimum energy consumption 564 
(Straathof et al 2019). Use the concept of atomic economy in the development of new processes 565 
and in the re-design of existing technologies. Re- thinking processes based on the concept of 566 
circular economy, not only raw materials and products but also equipment and energy supply.    567 

• Computational science to enable more developments of in silico techniques leading to “quality by 568 
understanding” of products and processes that rely on detailed, scalable quantitative descriptions. 569 
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In a related vein, sustainability requirements, especially with respect to environmental impact, keep 570 
increasing. It will be important to come up with frameworks that can be flexibly and quickly 571 
adapted in optimization methods.  572 

• New manufacturing and associated field techniques will be required to realize the potential of 573 
personalized health care. Electrochemical technologies which avoids the use of reagents to oxidize 574 
or reduce a raw matter and change them by electricity, avoiding the formation of undesirable by-575 
products and/or wastes. Nature inspired approach to reactor and catalysis engineering (Coppens 576 
2012) and more nature inspired chemical engineering leading to new design methodologies for 577 
sustainability (Trogadas and Coppens 2020) point to exciting new developments. A major 578 
challenge and opportunity here are to understand and learn from the living systems to develop these 579 
new and innovative design methodologies. 580 

 581 
Sustainable technologies 582 
Circular economy requires or is completely engaged and linked with circular engineering, especially to 583 
meet the societal grand challenges. In future, instead of using the concept of circular economy, it could 584 
be more relevant or appropriate to use the concept of the circular economy-engineering (especially in our 585 
case, the circular economy-C&BE).  586 
 587 
The topics that could also play a major role are highlighted below: 588 

• CO2 management including capture, conversion, utilization and storage, new (catalytic) 589 
chemistries, which can be integrated with concepts such as CO2 management. These concepts 590 
control the chemical reaction pathways at molecular level, aiming at 100% atom efficiency and 591 
zero waste. This could be aided by converting by products such as CO2 into secondary products or, 592 
or by transforming it into carbonates with later deep storage to prevent its accumulation on the 593 
surface of earth, provided no adverse effects are caused by the deep storage. 594 

• Feedstocks management, in particular, use of biological feedstocks through a combination of 595 
techniques - recycling of (communal) wastes and conversion of complex biomass feedstocks into 596 
chemicals, purification and desalination technologies for drinking water supply and recyclable 597 
construction materials (building, cars, etc.), to name a few, need to be studied (Clomburg et al 598 
2017; Sheldon 2014). 599 

• Energy management, such as affordable, robust, sustainable-across-the-entire-lifecycle solar 600 
power as probably the only likely long-term sustainable energy source for humanity needs more 601 
attention. At the same time sustainable management of all energy sources for optimal demand-602 
supply of energy should be incorporated with concepts such as circular economy, smart 603 
manufacturing and zero-emission. 604 

• Water management, in particular, supply and distribution of water for different needs and 605 
applications, such as, water that is safe for drinking, water for washing-cleaning, water for 606 
industrial manufacturing, water for heating-cooling and many more, needs urgent attention. While 607 
there is an abundance of water on earth, this availability is not uniform geographically and requires 608 
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further processing before use. Therefore, new technologies for energy efficient water treatment, 609 
reduction of fresh water demand, etc., allowing better management of water resources are needed. 610 

 611 
Conclusions 612 
 613 
Because of their broad interdisciplinary knowledge and their key role in developing, operating and 614 
managing the industrial pillars of society as well as their professional link to many sectors, chemical and 615 
biochemical (C&B) engineers are in a pivotal position to help society shape a sustainable future. As 616 
professional experts and active responsible citizens, they can provide guidance, information and 617 
leadership to a society that has to meet the grand challenges of this century. Their expertise will be an 618 
essential contribution to the necessary interdisciplinary effort that includes all actors of society. C&B 619 
interdisciplinary and multidisciplinary engineers are in a pivotal position to help society shape a 620 
sustainable future with the zero-waste and minimum energy consumption objectives of circular economy. 621 
They will be engaged in the future, in the design of the factory of the future with the use of industry 4.0 622 
technologies to improve manufacturing operations by reducing resources and energy usage and improved 623 
production, thus leading to the design of sustainable technologies, that is, circular economy-engineering.  624 
  625 
An important immediate activity is to define the grand challenges that society faces now, and hence to 626 
identify the main opportunities for C&BE. C&B engineers can exploit their services in education, 627 
industry or government to serve society – whether by finding sustainable (economic, social, ecologic) 628 
and/or technical solutions to the grand societal challenges; safeguarding the industrial economic base 629 
(products, processes, jobs) in competition with other regions and their geopolitical difference; or by 630 
promoting good engineering sense in the evaluation of new opportunities and challenges. By raising the 631 
recognition of the value engineers bring to society, young people will be motivated and encouraged to 632 
study and practice C&BE. Their conceptualization skills across many disciplines and ability to break 633 
problems down into unit operations and physicochemical processes will be sure to be value adding. 634 
 635 
As experts in the management of mass flows, energy efficient operations as well as the management of 636 
supply chains and the interactions between man and nature the impact of C&B engineers should not be 637 
restricted to shaping a sustainable industrial system, but should reach far into planning and implementing 638 
future smart cities and regions as well as providing strong support to the health care of the future. They 639 
should be in a position to influence the decision makers as well as help make important decisions on 640 
issues such as education policy, research directions, environmental and safety regulations, resources 641 
management and many more. It should be noted that while techno-economic solutions can be found to 642 
make a desired product and its manufacturing process more sustainable, unless the decision makers 643 
restrict the demand or production rate, the product might still become unsustainable because of increased 644 
consumption and consequent depletion of resources.  645 
 646 
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Finally, we hope we have given a global view of C&BE, which the reader may interpret differently at 647 
specific geographical locations. We expect the educators and practitioners of C&BE to use the multi-648 
layered view to find the balance of topics at each level that suits best their particular needs and 649 
background at their geographical location.  650 
 651 
 652 
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