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ABSTRACT: The sociopolitical events over the past few years led to
transformative changes in both the energy and chemical sectors. One of the
most evident consequences of these events is the significant focus on
sustainability. In fact, rather than an engaging discussion within elite social
circles, the search for sustainability is now one of the hard requirements
investors impose on companies. The concept of sustainability itself has
developed since its inception, and now it encompasses environmental as well
as socioeconomic aspects. The major players in the energy and chemical sectors
seem to embrace these changes and the related challenges; in most cases,
tangible ambitious goals have been proposed. For example, bp aims “to become
a net zero company by 2050 or sooner, and to help the world get to net zero”.
Although tragic events such as the war in Ukraine directly affect global supply
chains, leading to some reconsiderations in medium-term industrial and political
strategies, trends and public demands seem determined to pursue ambitious sustainable goals, as tangible as the European Union’s
“Fit for 55” climate package, approved on May 12, 2022, which effectively bans internal combustion engines for new passenger cars
and light commercial vehicles from 2035. These trends will likely lead to profound changes in both the chemical and energy sectors.
While some predictions may miss the target, speculating about upcoming challenges and opportunities could help us prepare for the
future. This is the purpose of this brief Perspective.

■ INTRODUCTION
Both the energy and chemical sectors face unprecedented
challenges and a very uncertain socioeconomic landscape. The
COVID-19 pandemic had a strong effect in lowering, in the
short to medium term, the global demand for fuels and some
commodities, although selected specialty chemicals were in
high demand during the pandemic.

Acute environmental awareness is now reshaping major
consumer sectors; for example, the automotive industry is
poised to see growth of shared ownership, automation, and
electrification. The resultant reduction in demand for gasoline
will affect the future of refineries.1 In the United Kingdom,
sales of new gasoline/diesel cars will be banned by 2030,2 and
the European Union will follow suit, having recently banned
internal combustion engines for new passenger cars from
2035.3 Research investments in refineries will continue, at least
for some time, with the expected bulk of the investment
targeting mostly carbon capture and hydrogen electrolysis until
2050, with perhaps only 5% of the investment on improving
plant efficiency.4

Although the demand for jet fuels will likely remain high, the
reduction in refining capacity will have a domino effect on the
availability of raw materials for the petrochemical industry.
Compounded by increased consumers’ requests for bioderived
materials, these changes will encourage industry to invent

alternative processes to satisfy the global demand for specialty
chemicals such as surfactants. Perhaps, in the medium term,
the end of the availability of cheap hydrocarbon-based raw
materials will allow alternative bioderived products, often
considered more expensive, to become competitive.5,6

Even though widespread adoption might be delayed by the
current high inflation rates,7 producing specialty chemicals
from bioderived sources, combined with the expected energy
transition, will contribute to high levels of decarbonization,
required to achieve both the 2015 Paris Agreement and the
Sustainable Development Goals put forward by the United
Nations. Achieving these ambitious goals is critical for the
survival of individual companies, if not of entire industrial
sectors. It is perhaps telling that the concept of sustainability
itself has evolved since its inception, and from a discussion
piece in intellectual circles, it has become a yardstick for which
boards of directors are expected to measure up to.8
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It is also telling that the major energy companies recognize
and align their strategies with these needs. According to their
websites, bp aims “to become a net zero company by 2050 or
sooner, and to help the world get to net zero”;9 Chevron
strives “to protect the environment, empower people, and get
results the right way”;10 for Saudi Aramco “the circular
economy is a pragmatic concept that can provide direction for
a sustainable future”;11 ExxonMobil is “committed to
producing the energy and chemical products” needed by our
society while “protecting our people, the environment and the
well-being of the communities where [they] operate ”;12 Shell
aims to “reduce the carbon intensity of the energy products
[they] sell by 100% by 2050”;13 TotalEnergies has the
ambition to “be a world-class player in the energy transition”;14

and, for ENI, “sustainability means contributing to a socially
just energy transition that guarantees access to energy for
everyone, while protecting the environment”.15 While these
statements respond to environmental regulations,16 achieving
such goals requires overcoming several multilevel hurdles: for
example, when communities display economic optimism
toward the fossil fuel industry, they tend to support the status
quo;17 environmental regulations can yield different outcomes
on different sectors;18−20 sustainable strategies require stable
environmental regulations to be effective;21 and developing
new bioderived commodities necessitates compromises regard-
ing the use of arable land and other resources.22 These
examples show that technological innovation is more and more
entangled with social perception, economics, and policy
making.

While the challenges faced by the energy and materials
sectors are not trivial, the chemical engineering profession is
known for its ability to rapidly adapt and innovate.23 For
example, via the entropy generation minimization approach,
process engineers achieved savings in CO2 emissions in excess
of 15%.24 It is widely recognized that this profession has
enabled several energy transitions in the past, as shown
schematically in Figure 1.25

However, to continue to succeed, we need to prepare for the
imminent challenges.

In order to prepare, the analysis shown in Figure 1 could be
contextualized with recent energy outlooks.26 For example, to

explore possible implications of the energy transition, bp
considered three scenarios, identified as “accelerated”, “net
zero”, and “new momentum”, toward exploring possible
implementations of existing technologies to reduce CO2
emissions. Of note, the report was developed before the start
of the 2022 war in Ukraine, and it did not contemplate
emergent technologies. The implementation of existing low-
carbon technologies is expected to enable a decrease in the
share of fossil fuels and an increase in renewable energies as
primary sources, combined with an increase of up to ∼50% of
final energy consumption in the form of electricity by 2050
(see Figure 2). Of note, the accelerated and net zero scenarios
expect that ∼90% of the new vehicle sales will be pure battery
electric or plug-in hybrids by 2050. In the same time frame, the
demand for low-carbon hydrogen is expected to increase to
280−450 mt per annum to satisfy difficult-to-electrify sectors
such as iron and steel manufacture. An increase of the share of
renewables as primary energy sources for more than 50% is
expected by 2050 in the accelerated scenario, which will lead to
a diversification of the fuels available in the market.
Nevertheless, even though the share of fossil fuels will decrease
during the transition, the growth in standards of living,
combined with population growth, will lead to an increase in
primary energy demand. This is shown in Figure 3, where the
portfolio expected by 2050 is compared to that of 2019: the
use of coal will likely decrease, but that of natural gas can
increase in the same time frame.

To prepare for the upcoming transformations, chemical
engineering education will have to rapidly adapt, potentially
embracing and leveraging new complementary disciplines.
Already in 2007, Prausnitz warned that, even though the task
of chemical engineers is to advance knowledge and invent/
improve product and processes, in the postmodern world,
these tasks cannot be achieved without paying attention to
cultural needs, which include sustainability.27 Focusing on the
energy transition and related challenges, it is important to
recognize that environmental implications differ country by
country, as local decisions strongly depend on “energy
endowments”. Traditionally, for example, the electricity ladder
follows a somewhat prescribed path, which starts from fossil
fuels and gradually transitions to nuclear and renewables.28 To
handle geographical and societal differences, we advocate that
elements related to social studies, environment, and economics
should enrich chemical engineering education.

The remainder of this Perspective summarizes a few possible
research and educational activities that could address future
challenges and opportunities in the materials and energy
sectors. These few examples primarily reflect the research
interests of the authors and provide broad perspectives. It is
hoped that individual researchers will use these examples as
possible inspiration rather than as firm guidelines for future
research.

■ SOME RESEARCH OPPORTUNITIES
Building upon the tradition of successful impact due to
fundamental research (e.g., the internet is the result of U.S.
Department of Defense investments in the 1960s), it is argued
that decisive research investments will allow the community to
achieve the goals of the 2015 Paris Agreement.29 Quantitative
analysis of various pathways to achieve such goals indicate that
it will be essential to decarbonize the production and
utilization of energy.30,31 While the estimates for the
investments needed vary widely,32,33 according to Andrijevic

Figure 1. Schematic of past and projected energy source transitions,
indicating the trend from solid (wood and coal) to liquid (oil), to
gases (methane and now hydrogen). Reproduced with permission
from ref 25. Copyright 1995 Elsevier.
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et al.,34 such investments would amount to just a small fraction
of those injected by worldwide governments in response to the
COVID-19 pandemic [∼USD 12 trillion in October 2020]. To
put these sums in perspective, as of March 2022, estimates of
the cost of U.K. Government measures in response to the
COVID-19 pandemic range from £310 to £410 billion,35 while
the U.S. Inflation Reduction Act of 202236 has earmarked $369

billion for investments in “energy security and climate change”.
It also helps to remember that several perspectives,37 including
national policy documents from the United States,38 the
United Kingdom,39 and the European Union,40 manifest
concerns regarding costs related to climate policy. These
concerns should however be considered in a wide context.
Koberle et al.,41 for example, reviewing the relevant

Figure 2. Projected amount of energy generated by solar and wind (top left) and biofuels (bottom right); projected millions of electric vehicles sold
(bottom left) and (top right) projected demand for low-carbon hydrogen (blue and green) to 2050 according to three scenarios related to the
reduction of CO2 emissions: accelerated (blue bars), net zero (orange bars), and new momentum (gray bars). Data extracted from ref 26.

Figure 3. Primary energy demand by fuel: 2019 data compared to 2050 predictions for accelerated, net zero, and new momentum scenarios.
Modern renewables include wind, solar, geothermal, biofuels, biomethane, and modern biomass. Data extracted from ref 26.
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literature,42−44 concluded that cost estimates related to climate
mitigation do not include the economic benefits of avoided
impacts. In general, the estimated costs due to climate change
mitigation are based on the gross domestic product (GDP)
loss compared to no mitigation, which has been estimated as
2−6% of global GDP by 2100.45 On the other end, the avoided
economic losses achieved by stabilizing the global temperature
at 2010 levels46 have been estimated in 23% of the global GDP
by 2100.47 A consistent framework for comparing costs and
benefits could provide benchmarks for reframing climate
policies, for example, using “carbon dividend” instead of
“carbon tax” terminology,48,49 thereby achieving effective
public communication.50 In this landscape, Yang and Suh
conducted an interesting analysis regarding the lifetime costs
and benefits of age cohorts across countries.51 The results
show that, in general, generations born after 1960 will gain
benefits from climate change mitigation in lower income
countries, while in many high income countries the percent of
the existing population expected to enjoy net economic gains
from climate mitigation policies is low (see Figure 4). These
results are important for appreciating the challenges in building
consensus for climate policies, which we believe is essential to
achieve ambitious common goals.

Innovation occurs continually across the energy and
materials industries, and it ranges from incremental improve-
ments to disruptive discoveries. In recent years, strong
emphasis has been placed on data-driven innovation, building
on the enthusiasms gathered by initiatives such as “Industry
4.0”, as well as by success stories related to artificial intelligence
(AI),52,53 often via its machine learning (ML) offspring. This is
evident from press releases. Chevron, e.g., claims to use “AI
technology and data analytics to drive logistics, increase
efficiencies and lower costs”.10 Ahmad A. Al-Saadi, Senior Vice
President of Saudi Aramco, stated that, “Nations who
understand the power of transforming data into useful
knowledge will enjoy a strong and prosperous future.”11 But
how will the impressive developments in AI allow the energy

and chemical sectors to address the technical challenges posed
by their efforts to enable more sustainable operations? Some
technical challenges (e.g., asphaltene precipitation and hydrate
formation) have affected industry for decades; while ML
predictions could help mitigate some of the risks associated
with these phenomena, an exquisite fundamental under-
standing, at the molecular level, of the chemical mechanisms
at play remains critical to preventing the related environmental
and safety risks. Nevertheless, in the near future it will be
possible to harness ML, integrate it with a variety of cutting-
edge multiscale computational approaches (some of which are
already being implemented), and innovate various aspects and
processes relevant for both the energy and chemical sectors.54

Of particular importance is the development of deep learning
techniques for preventing and mitigating cyber attacks.55

To guide the discussion beyond AI, Figure 5 provides a
drastically simplified schematic for the integrated energy and
materials industries. This simplified view embeds the financial
concept of circular economy,56 as exemplified by the carbon
cycle. In the traditional implementation, the journey begins
with the production of hydrocarbons. Once extracted, the
hydrocarbons are transported to where they are used (e.g.,
energy production) or where they are transformed into useful
chemicals. The next step is the refinement, which includes
processing facilities such as natural gas processing plants. This
stage is essential for transforming hydrocarbons into
derivatives, specialty chemicals, plastics, and commodity
products used worldwide. One such product is isopropyl
alcohol, used to prevent the spread of viruses such as COVID-
19; another is poly(ethylene), which accounts for over 30% of
the plastics used worldwide in bags, bottles, hip replacements,
etc.57 To reduce the environmental impact, these products
should be reused, recycled, and, only when no other use is
possible, disposed of appropriately. This is not easy. Already in
2009, Hopewell et al.58 discussed some of the challenges faced
by those who seek to recycle plastics. The authors noted that
∼4% of world oil and gas production is used as feedstock for

Figure 4. Percentage of the existing population born after the break-even generation according to the “short-lived” net benefits as estimated by
Yang and Suh. Generations born before the break-even generation will experience net economic losses due to climate mitigation policies, while
generations born after the break-even generations will experience various levels of economic benefits. The results show a strongly heterogeneous
distribution across the world. Reprinted with permission from ref 51. Copyright 2021 Springer Nature.
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plastics, and that plastics are the raw materials for many
disposable objects we, as a society, enjoy and discard within a
year since they have been produced. To recycle these materials,
one needs to recognize that different materials have different
properties: thermoplastics (e.g., PET, PE, and PP) can be
mechanically recycled, while thermosetting polymers (e.g.,
epoxy resins) cannot be recycled so easily. Some plastics might
contain catalysts or dyes, which would make it difficult for such
materials to be reused. Hence, while much current research
efforts focus on the “upcycling” of polymers,59 polymeric
materials frequently undergo secondary recycling, according to
which they are used in products that do not require high-
quality materials, or quaternary recycling, according to which
they are used for energy recovery. One alternative is ternary
recovery, in which the plastics are depolymerized to their initial
constituents.60 To identify the optimal solutions, it would be
effective to implement the cradle-to-cradle principle in
designing plastic materials61 and to consider, already at the
design stage, the processes by which polymers can be collected,
separated, treated, and reused after their primary use.

At the end of the cycle in Figure 5, after products are used,
and potentially reused multiple times, different fluids and gases
are generated, one of which is CO2. These byproducts need to
be handled consciously to achieve the goals of the 2015 Paris
Agreement, and several strategies have been mapped
accordingly.62 These strategies require various combinations
of low-carbon-energy supplies, reduced energy use, efficient
operations, and CO2 removal. Although variations exist, all
approaches identified to achieve the goals of the Paris
Agreement require long-term sequestration of CO2 via
geological repositories.63 Although this final stage closes the
carbon cycle initiated with hydrocarbon extraction, it should be
noted that, in the realization shown in Figure 5, the cycle
would only close after millions of years, when and if the
sequestered CO2 is reduced to hydrocarbons.64

In each of the stages broadly identified in Figure 5,
aggressive research and development programs have con-
tributed to the long-term success of both the energy and
chemicals industries for many generations. Prior innovations

have led to, e.g., identifying previously unknown hydrocarbon
reservoirs,65 producing unconventional hydrocarbons such as
shale gas,66 reducing the risks associated with production67 and
transport,68 new energy-efficient separation processes (e.g.,
membrane separations),69,70 new catalytic processes,71 and
process intensification.72 Despite frequent changes in priorities
due to the fast-changing socioeconomic landscape, as
demonstrated by the high level of attention to hydrogen
production and utilization that has affected the energy industry
over the past 12−24 months,73 research in the various stages
summarized in Figure 5 remains critical. Some possible
examples, which reflect the authors’ current personal interests,
are listed in Table 1. These examples focus on computational
approaches, although there is no doubt that technological
progress can only be achieved when experiment, theory, and
computation are joined synergistically.

However, would these rather conventional lines of research
be sufficient to enable the successful transition of these sectors
to a more sustainable future?

It is argued here that responding to the societal quests for
sustainable development implies major shifts in the structure of
both the energy and materials industries. This is perhaps more
strongly evident in two examples: (1) the sensational push for
enabling the hydrogen economy and (2) the implementation
of circular cradle-to-cradle concepts within the manufacture of
new materials.112−114 Both examples could be seen as attempts
to shorten the realization of the circularity in the carbon cycle.
Perhaps, then, one could extrapolate and suggest that the
transformation of the energy and materials industries we are
witnessing could substitute the giant cycle summarized in
Figure 5 with several smaller cycles, adapted to local realities.
Such local solutions would differ depending on the availability
of resources and the local demands; as these local solutions
would vary with time, a truly agile industry will be necessary.
Perhaps tools such as those developed for the optimization and
scheduling of industrial processes115−117 could be helpful in
guiding the implementation of this new realization of global
industries. With this in mind, in Table 2 some research
opportunities which are more local compared to those
discussed in Table 1 are presented. The circular element is
discussed explicitly in Table 2, to highlight how fundamental
research could allow the community to achieve sustainable
development.

To confirm that innovative processes indeed reduce the
environmental impact compared to existing processes, it is
important to conduct assessments based on the life cycle of the
product, service, and/or process, as appropriate. The life cycle
assessment (LCA),168 which is becoming the prevailing tool
for this quantification, considers products from cradle to grave,
estimates the environmental impact over a variety of
categories, including but not limited to CO2-equivalent
emissions, and identifies the “hot spots”, which contribute in
large part to the environmental impact of a given
technology.125 Because of these attractive features, LCA
facilitates decision-making, although LCA results can be very
variable. For instance, the carbon footprint of electricity
generated from geothermal energy has been estimated to span
from ∼5 to ∼800 g of CO2 equiv/kWh.169 This variability is
due in part due to LCA methodological choices like the
definition of the system boundary but also to differing site-
specific conditions such as, in the case of geothermal energy
production, the composition of the geothermal fluid or the
depth of the geothermal reservoir.170 To overcome this

Figure 5. Schematic representing a drastically simplified view of the
integrated energy and materials industries, in which the concept of
circular economy is borrowed and integrated within the carbon cycle,
from hydrocarbon production, to storage, and reuse of the final
products, including CO2 geological sequestration. The ovals identify
possible fundamental research topics for each stage.
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variability, and to support local decision-making, accurate
location-specific data are required. Current research in the field
aims at developing simplified models171 and in conducting
global sensitivity analysis of entire LCA models and back-
ground inventories,172 which allow for the identification of the
most influential parameters in estimating the environmental
impact of a technology. Future developments should focus on
developing LCA models that account for environmental,
economic, and societal impacts of products, processes, and
services. It is argued that the life cycle sustainability assessment
lies at the intersection among the three aspects.173

This need for reconciling aspects related to economics, the
environment, and society is strongly reminiscent of Prausnitz’
recommendations from ∼15 years ago,27 according to which
the chemical engineers of the 21st century should follow not
only Athena (representing fundamental science) and Hercules
(technological innovations), but also Nausica (societal needs).
To achieve ambitious sustainable goals, training and education
should also evolve. For example, the energy mix implemented
by each country depends on the level of development and,
perhaps to a minor extent, on the resource endowments.174,175

Jianchao et al.176 reviewed policies in place in the G7 countries
as well as in China toward promoting the energy transition and
found that the approaches vary among these countries, as they
depend on the country-specific system, economy, technology,
and behavior. New approaches are required to enable a
transition that limits global warming, secures socioeconomic
development, and promotes social inclusion. Recognizing that
these goals need to be harmonized, Vanegas Cantanero,177 for
example, proposes to adopt existing technologies that improve
the efficiency, affordability, and reliability of energy systems
(areas where engineers can certainly lead the efforts) while also
promoting citizens’ participation in policy making, boosting
transparency, accountability, and trust. Clearly, merging
elements of social and economic sciences with engineering
education is essential to achieving these goals.

The community at large demands a transition to sustainable
solutions. As the energy and materials sectors enter a
transformative stage, trained professionals proficient in
STEM (science, technology, engineering, and mathematics)
disciplines, but also able to consider societal needs, will be
highly sought after to make informed decisions in concert with
the wide community. Stanford University has announced the
launch of the School of Sustainability,178 and several
institutions are developing interdisciplinary master’s-level
programs, for example, the M.Sc. in Global Management of
Natural Resources, offered by University College London,179

which developed from the European research consortium
ShaleXenvironmenT,180 and the M.S. in Sustainability: Energy
and Materials Management, soon to be offered by the
University of Oklahoma.

■ CONCLUDING REMARKS
Much research and innovation has been embedded in the
energy and materials industries since their inception, enabling
their lasting success. What will then be the different impetus
that will enable these sectors to embrace the transformation
imposed by the current, fast-transforming socioeconomic
landscape? In the authors’ opinion, three aspects are critical:

1. Within each stage of Figure 5, research will enable
innovative sustainable and renewable solutions. This ranges
from more renewable energy in the “production” stage, to the
manufacture of new chemicals and materials that will enableT
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fast cooling of electrochemical devices (e.g., batteries) to
efficiently store renewable solar and wind energy, notoriously
intermittent, in the “derivatives” stage, etc.

2. A few, selected, research needs are listed in Table 1. The
success of these research propositions depends on the
integration of experimental and computational techniques.
Machine learning is becoming attractive and effective; once
provided with sufficiently large and reliable data sets, ML will
enable fast progress. Nevertheless, in our opinion, a
fundamental understanding of the fundamental mechanisms
responsible for macroscopic observations remains essential for
achieving transformative solutions.

3. As both the energy and the chemicals sectors seek to
become more sustainable, opportunities will open up for
embedding the cradle-to-cradle approach in the design of new
products, materials, and processes. A few examples are
provided in Table 2. The identification of sustainable solutions
is only possible when an analysis is conducted within the life
cycle of a technology, a product, or a service, which
encompasses economic, environmental, and societal footprints.
Such comprehensive analysis is becoming essential for
achieving and maintaining the social license to operate.

Although the challenges ahead might seem formidable,
chemical engineers are able to identify opportunities in
challenging times. Any successful effort toward achieving a
sustainable future will lead to spectacular benefits for the whole
society. Different solutions might be optimal in different
geopolitical and social environments. This could lead to
bespoke, localized solutions, which could pose an additional
challenge to integrated industries as we know them today. To
facilitate the transition, the environmental, social, and
economic impacts of these local solutions should be carefully
assessed. Certainly, education will play an enormous role.
Because future challenges encompass technical, social,
economic, and environmental aspects, training should provide
seamless integration of these disciplines, perhaps via
interdisciplinary undergraduate, master’s, and Ph.D. level
programs, which will bring to fruition the vision Prausnitz
shared at the beginning of the 21st century.
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