The Modern Refinery: An Expert Report on New Trends in
Petroleum Processing Equipment Design

Introduction

The global petroleum refining industry stands at a historic inflection point. It is tasked
with the dual challenge of meeting a projected peak in global liquids demand within
the next decade while simultaneously navigating the profound, long-term pressures of
the global energy transition.' This complex operating environment is forcing a
fundamental re-evaluation of the technologies and processes that have defined the
industry for generations. Consequently, the design of refinery equipment is
undergoing its most significant transformation in decades. No longer a discipline of
incremental, isolated improvements, modern equipment design has become a holistic
and strategic response to a set of powerful, interconnected macro-drivers that are
reshaping the very architecture of the refinery.

This report provides an exhaustive, expert-level analysis of the new trends in
petroleum refining equipment design, with a specific focus on separators, pumps,
compressors, heat exchangers, air coolers, filters, and chemical injection packages.
The central thesis of this analysis is that innovations in these hardware categories
cannot be understood in isolation. Instead, they are the physical manifestation of four
overarching industry-wide forces: the pervasive integration of digital technologies
(Industry 4.0); the non-negotiable mandate for sustainability and decarbonization; the
relentless pursuit of efficiency through process intensification; and the deployment of
advanced materials to unlock new performance frontiers.

The objective of this report is to dissect the impact of these macro-drivers on every
critical piece of refinery hardware. It will delve into the engineering principles behind
new equipment designs, analyze their operational and economic implications, and
explore how they are enabling the refinery of the future—a facility capable of
co-processing biofuels, capturing carbon, and integrating into a burgeoning hydrogen
economy. This analysis is intended to serve as a strategic guide for technical and



executive decision-makers, providing the nuanced understanding required to navigate
the technological shifts that will define the next era of petroleum refining.

Section 1: The New Design Paradigm: Macro-Drivers Reshaping
Refinery Equipment

Before examining specific equipment innovations, it is essential to understand the
foundational forces that are fundamentally altering the principles of refinery
equipment design. These four macro-drivers—Digitalization, Sustainability, Process
Intensification, and Advanced Materials—are not independent trends but a convergent
set of pressures and opportunities. Their interplay defines the modern design
paradigm, shifting the focus from optimizing individual components to engineering
integrated, intelligent, and sustainable plant-wide systems.

1.1 The Digital Refinery: The Rise of Industry 4.0

The most transformative force is the shift from analog, manual, and reactive
operations to a digitally native ecosystem. Industry 4.0 is not merely about adding
software; it involves embedding intelligence into the physical asset base, creating a
cyber-physical system where data drives decisions and automates actions.?

A core element of this transformation is the Digital Twin, a virtual, high-fidelity model
of a physical asset or an entire process unit that is continuously updated with
real-time data.’ This virtual replica allows engineers to simulate operating scenarios,
test process changes without real-world risk, optimize performance against economic
targets, and train operators in a safe environment.’ The case study of Cosmo Qil's
crude distillation unit (CDU) provides a compelling proof point: by implementing a
process digital twin for real-time optimization (RTO), the company achieved annual
savings of over $2.3 million per unit with a payback period of less than one year.’

Powering these digital twins and other optimization efforts are Artificial Intelligence
(Al) and Machine Learning (ML). Refineries are deploying AlI/ML algorithms to
analyze vast datasets from thousands of plant sensors. These models can predict



equipment failures with high accuracy, optimize energy consumption in real-time, and
even accelerate the discovery of new catalyst formulations and reaction conditions.®
This allows refiners to push beyond the performance limitations of mature control
strategies like Proportional-Integral-Derivative (PID) and Model Predictive Control
(MPC), unlocking new levels of efficiency that were previously unattainable.”

The foundation of this digital ecosystem is Pervasive Sensing and the Industrial
Internet of Things (lloT). The proliferation of low-cost, robust wireless
sensors—monitoring everything from vibration and acoustic signatures to corrosion
rates and temperature—enables the automatic and continuous collection of
equipment health data.’ This "pervasive sensing” infrastructure eliminates
time-consuming manual data collection rounds and provides the rich data stream
necessary for predictive maintenance models, enabling early fault detection and
preventing costly unplanned downtime.? However, the path to full lloT adoption is not
without obstacles. Significant challenges related to data quality and uncertainty, the
lack of widespread communication standards, and the immense cybersecurity risks
associated with connecting critical infrastructure to wireless networks currently
hinder large-scale deployment.™

Finally, digitalization enables new operating models, such as Remote Operations and
Connected Services. Cloud-based platforms and lloT connectivity allow a central
pool of domain experts to monitor the performance and health of critical equipment
across multiple global sites in real-time. This provides local teams with immediate
access to high-level expertise and reduces the need for on-site specialists, optimizing
maintenance resources and improving decision-making.?

1.2 The Sustainable Refinery: Navigating the Energy Transition

Sustainability has evolved from a corporate social responsibility initiative into a core
business driver, mandated by stringent environmental regulations, pressure from
investors focused on Environmental, Social, and Governance (ESG) criteria, and
shifting market demand for cleaner energy products. Consequently, equipment design
is now inextricably linked to the refinery's environmental performance.

The primary focus is on Decarbonization and Emissions Reduction. Equipment is
no longer designed solely for production but also for its role in minimizing the
refinery's carbon footprint. This is most evident in the development and integration of



technologies for Carbon Capture, Utilization, and Storage (CCUS), which are designed
to capture CO2 from major emission sources like process heaters and hydrogen
plants.” Beyond CCUS, this driver influences the design of equipment to minimize
fugitive emissions and promotes the integration of renewable energy sources, such as
solar and wind, to power refinery operations, thereby reducing Scope 2 emissions."

Energy Efficiency as a Design Mandate is a direct consequence of the sustainability
push. Since energy consumption is a primary source of both operating costs and
greenhouse gas emissions, new equipment is increasingly specified and evaluated
based on its energy performance.’ This has led to a greater emphasis on advanced
heat integration using tools like pinch analysis, the specification of high-efficiency
motors and drives for rotating equipment, and the adoption of new process
technologies, such as advanced membranes and reactive distillation, that are
inherently less energy-intensive than their conventional counterparts.'

The principles of the Circular Economy and Waste Minimization are also beginning
to influence design philosophy. This involves designing processes and equipment that
minimize waste generation, promote the recycling and reuse of materials (such as
water and spent catalysts), and replace hazardous chemicals with greener
alternatives like ionic liquids or supercritical CO2.° This holistic approach aims to
create closed-loop systems that reduce the refinery's overall environmental impact
and can turn waste streams into valuable byproducts.

1.3 The Intensified Refinery: Doing More with Less

Process Intensification (PI) represents a fundamental shift in chemical engineering
design. It is a strategy that targets dramatic, order-of-magnitude improvements in
process efficiency, safety, and sustainability by developing radically smaller, more
compact, and more efficient equipment.’ Instead of optimizing existing unit
operations, Pl seeks to rethink them entirely.

The key principles of Pl include reducing the number of distinct processing steps,
increasing the intrinsic efficiency of each step, integrating multiple functions (such as
reaction and separation) into a single piece of equipment, enhancing heat and mass
transfer rates, and improving reaction kinetics.'

This has led to a focus on Modular and Compact Design. The industry is moving



towards developing smaller, standardized, and modular production units. These
"plug-and-play" modules can be fabricated off-site and assembled quickly, offering
greater flexibility and shorter project timelines compared to the construction of
massive, monolithic plants.® Microreactors, some the size of a credit card, represent
an extreme example of this principle, offering exceptionally high heat and mass
transfer rates that enable faster, more controlled, and safer chemical reactions.’

The economic drivers for Pl are compelling. By combining multiple units into one and
making equipment smaller, Pl directly targets reductions in both capital and operating
expenditures. Case studies of Pl technologies like Dividing-Wall Columns (DWCs)
demonstrate capital cost (CAPEX) reductions of 20-30% and operating cost (OPEX)
reductions of 25-30% compared to conventional multi-column arrangements.” This
powerful economic incentive is accelerating the adoption of intensified equipment in
both new-build and retrofit projects.

1.4 The Material Revolution: Enabling New Performance Frontiers

Breakthroughs in materials science are providing engineers with new tools to design
equipment that can withstand more extreme operating conditions, resist corrosion,
and deliver higher performance with greater reliability.

Advanced Catalysts are at the heart of refining. The design of heterogeneous
catalysts has become increasingly sophisticated, moving towards multifunctional
materials with precisely engineered active sites and tailored porosity.? This allows for
enhanced efficiency and selectivity in critical refining reactions like
hydrodesulfurization, hydrocracking, and catalytic cracking. Nanostructured catalysts,
such as nanoparticles and nanowires, offer exceptionally high
surface-area-to-volume ratios, while microporous materials like zeolites provide
shape-selectivity, enabling more precise control over reaction pathways.®

For the construction of equipment itself, designers are deploying High-Performance
Alloys and Composites. In the highly corrosive and high-temperature environments
of reactors and heat exchangers, standard steels are often inadequate. Advanced
materials such as duplex stainless steels, titanium, and nickel-based superalloys (e.g.,
Inconel, Monel, Hastelloy) are now commonly specified for critical applications.™
Looking forward, emerging materials are poised to push performance boundaries
even further. High-entropy alloys (HEAs), which are complex solid solutions of multiple



principal elements, show exceptional promise for corrosion and wear resistance.”®
Ceramic matrix composites (CMCs), which combine ceramic fibers with a ceramic
matrix, are being targeted for the most extreme environments, such as furnace radiant
tubes and other high-temperature components, offering superior strength and
stability at temperatures where even superalloys fail.”?

Finally, Functional Coatings are being applied to equipment surfaces as a
cost-effective way to enhance performance and durability. A major area of
development is in anti-fouling coatings for heat exchangers. Thin-film coatings based
on fluoropolymers (Teflon™), silicones, and ceramics create low-surface-energy,
non-stick surfaces that prevent the buildup of fouling deposits.” This maintains high
thermal efficiency, extends operating cycles between cleanings, and significantly
reduces maintenance costs.?” Similarly, advanced corrosion-resistant coatings are
used to protect vessels, piping, and other components, extending their service life and
ensuring mechanical integrity.?

The convergence of these four drivers creates a new reality for equipment design.
Digitalization is the nervous system that enables the control and optimization of highly
complex, intensified equipment. Sustainability goals provide the impetus for adopting
these more efficient technologies. Process intensification delivers the smaller, more
integrated hardware. And advanced materials provide the physical means to operate
these new systems reliably under more demanding conditions. This symbiotic
relationship means that modern equipment can no longer be viewed as a standalone
piece of hardware. A smart pump is a data node in a plant-wide predictive
maintenance system; a dividing-wall column is a highly integrated process unit that
requires a digital twin for effective control. This shift from designing "equipment"” to
engineering "integrated systems" represents the most fundamental change in the
refinery design paradigm.

Furthermore, this new paradigm can invert the traditional financial justification for
technology adoption. Historically, new technology often meant higher CAPEX, justified
by long-term OPEX savings. However, many modern Pl technologies, such as DWCs
and compact heat exchangers, explicitly reduce CAPEX by combining multiple units
into one, making the project cheaper to build and cheaper to run.” This "CAPEX-OPEX
inversion" lowers the financial barrier to modernization and makes the decision to
adopt these technologies a more immediate and compelling strategic imperative.

Section 2: Innovations in Separation and Fractionation Equipment



Separation and fractionation processes, particularly distillation, are the heart of the
refinery and its largest energy consumer. As such, they are a primary target for
innovation driven by the macro-trends of process intensification and sustainability.
The traditional, energy-intensive designs that have dominated for decades are now
being challenged by highly integrated and efficient alternatives.

2.1 Distillation Columns: Beyond Conventional Design

Conventional distillation is notoriously inefficient and can account for 30-40% of a
refinery's total energy consumption.” The fundamental design of the atmospheric
distillation unit (ADU), the first major processing step, has remained largely
unchanged for over 70 years, presenting a significant opportunity for disruption.”’

Dividing-Wall Columns (DWCs) are the most prominent example of process
intensification applied to distillation. A DWC effectively integrates two or more
conventional distillation columns into a single shell by inserting a vertical partition wall
in the middle section of the column.*? This configuration allows a multi-component
feed to be separated into three or more high-purity product streams within a single
unit. By preventing the remixing of intermediate streams that occurs in conventional
multi-column sequences, DWCs achieve significantly higher thermodynamic
efficiency.*® The economic and environmental benefits are substantial. Multiple
studies and industrial applications have demonstrated that DWCs can reduce capital
investment by 20-30% and lower energy consumption by up to 40% compared to
equivalent conventional designs.” This powerful combination of CAPEX and OPEX
savings leads to a dramatic reduction in the total annualized cost (TAC) of the
separation, with one analysis showing a 51% TAC reduction for an aromatics
separation plant.** The payback period for such a retrofit can be as short as two
years, making it one of the most financially attractive modernization projects available
to a refiner.*

Reactive Distillation is another powerful Pl technology that integrates chemical
reaction and separation into a single vessel. This is particularly advantageous for
equilibrium-limited reactions, such as esterification or etherification. As the reaction
proceeds within the column, the products are continuously separated by distillation,
which shifts the reaction equilibrium and drives the conversion to near completion.'



This single-unit approach leads to improved product yields and selectivity, reduced
energy consumption, and lower capital costs compared to a conventional setup
involving a separate reactor followed by a distillation train.™

The complexity of these intensified columns necessitates the use of Advanced
Process Control and Modeling. Designing and operating a DWC or a reactive
distillation column optimally is nearly impossible with simple heuristics. Rigorous
process simulation software is essential during the design phase to determine the
optimal column geometry, feed locations, and energy balances.*' For real-time
operation, these units rely on advanced process control (APC) systems, often guided
by a digital twin, to manage their highly coupled, nonlinear dynamics and maintain
operation at the most profitable point.’

Even in more traditional units, innovation is occurring. In Vacuum Distillation, used to
process the heavy residue from the ADU, the primary goal is to lower the operating
pressure to reduce boiling points and prevent thermal cracking of the valuable heavy
molecules.* Modern vacuum column designs increasingly replace conventional
distillation trays with high-performance structured packing. This packing material
offers a much lower pressure drop per theoretical stage, which allows the column to
operate at a deeper vacuum. The result is improved separation efficiency, leading to
higher yields of valuable vacuum gas oil (VGO) and increased overall plant
profitability.*

The clear and compelling economic case for these technologies signals a major shift
in how refiners should view their separation units. They are no longer just a necessary
cost center but a primary lever for de-bottlenecking operations and boosting
profitability. The rapid payback period for a DWC, for example, reframes the upgrade
not as a long-term efficiency project but as a near-term, high-return investment. This
progress, however, is built on a symbiotic relationship between the physical (the
intensified column) and the digital (the advanced control system). The operational
complexity of a DWC makes advanced digital tools a prerequisite for its successful
implementation, creating a technology "package deal" where the adoption of process
intensification drives a parallel investment in digitalization.

Metric Conventional Dividing-Wall Benefit of DWC | Sources
Sequence Column (DWC)
(Two-Column)




Capital
Expenditure
(CAPEX)

Baseline

20-30% Lower

Significant
upfront project
cost savings by
combining two
shells, reboilers,
and condensers
into one unit.

Energy
Consumption
(OPEX)

Baseline

25-40% Lower

Substantial
reduction in
operating costs
due to higher
thermodynamic
efficiency and
elimination of
remixing effects.

Total
Annualized
Cost (TAC)

Baseline

Up to 51% Lower

The combined
effect of lower
CAPEX and
OPEX leads to a
dramatic
improvement in
overall process
economics.

33

Payback Period

N/A

~2.1 years

Exceptionally
fast return on
investment for a
major capital
project, making
it a highly
attractive
upgrade.

34

Table 1: Techno-Economic Comparison: Conventional Distillation vs. Dividing-Wall

Column (DWC)

2.2 Multiphase Separators: Compact and Efficient Designs

Separators are ubiquitous in refineries, used to separate different fluid phases—such




as oil, water, gas, and solids—from process streams. Modern designs are focused on
increasing separation efficiency while dramatically reducing the equipment's footprint
and weight.

High-G-Force Centrifugal Separators are a key innovation for liquid-liquid and
liquid-solid separation. Companies like GEA are engineering high-speed disc stack
centrifuges that generate extremely high gravitational forces, enabling the rapid and
efficient separation of tight emulsions (e.g., oil and water) and the removal of fine
solids, such as catalyst fines from FCC slurry oil.*® These units are designed for
maximum robustness and reliability, featuring corrosion-resistant materials like duplex
and super duplex steels, and are engineered for fully automated, 24/7, unsupervised
operation. Their compact design makes them ideal for space-constrained
applications, particularly on offshore Floating Production, Storage, and Offloading
(FPSO) vessels.*

A more radical innovation is the Inline Separation System. These devices are
designed to be the same diameter as the pipeline they are installed in and contain no
moving parts.’” They use the fluid's own momentum, often by inducing a swirl or
vortex, to create a centrifugal field that separates the phases. For example, in an
oil-water-sand mixture, the denser sand and water are forced to the outer wall of the
pipe, where they can be drawn off, while the lighter oil continues through a central
pipe. These systems offer exceptional separation efficiency—often exceeding 90% for
oil-water separation and 98% for sand removal—at a fraction of the capital cost of
traditional, large-footprint gravity settling vessels.®” Their simplicity and lack of moving
parts also translate to lower maintenance requirements.

Across all separator types, there is a strong trend towards Advanced Materials and
"Smart" Operation. Equipment is being constructed from materials highly resistant to
the corrosive and erosive nature of many refinery streams to ensure long service life.*
In parallel, the concept of the "smart" separator is emerging. Alfa Laval, for instance,
is developing separators with integrated sensors and adaptive control logic that can
"self-adjust" their operating parameters in real-time to adapt to changing feed
conditions, thereby maintaining optimal separation performance dynamically.*® This
represents the application of the digital macro-driver to separation technology,
moving from static design to intelligent, responsive operation.

Section 3: Advancements in Fluid Handling and Pressurization



Systems

Pumps and compressors are the prime movers of the refinery, responsible for
transporting fluids and creating the pressure needed for chemical reactions.
Innovation in this area is heavily focused on improving reliability to maximize uptime,
enhancing energy efficiency to reduce operating costs and emissions, and integrating
digital intelligence to enable predictive and optimized operation.

3.1 Pumping Technology: The Rise of Smart and Sealless Systems

The most significant trend in industrial pumps is the integration of Smart Technology
and Digitalization. Modern pumps are no longer just mechanical devices; they are
intelligent data nodes. They are increasingly equipped with a suite of embedded loT
sensors that monitor key performance indicators in real-time, including vibration,
bearing temperature, pressure, and flow rate." This continuous stream of data is fed
into Al and ML-powered predictive maintenance platforms. These algorithms can
detect subtle anomalies that precede a failure, allowing maintenance to be scheduled
proactively, thus preventing catastrophic breakdowns and costly unplanned
downtime.* The value of this approach lies not just in the marginal energy savings
but, more critically, in the risk mitigation and revenue protection offered by maximizing
the reliability of critical services.

Digital Twins for Pumps are also being deployed. A digital twin creates a virtual
model of the physical pump and its associated system, which can be used to simulate
performance under different conditions, analyze operational data to identify
inefficiencies, and optimize control strategies without any physical risk to the plant."

Energy Efficiency remains a key design driver. The use of Variable Frequency
Drives (VFDs) is becoming standard practice. VFDs allow for precise control over the
pump motor's speed, enabling the pump's output to be perfectly matched to the
process demand. This avoids the energy waste associated with running a pump at full
speed and throttling its discharge, leading to significant energy savings and a reduced
carbon footprint."

To enhance reliability and safety, particularly when handling hazardous or corrosive



fluids, there is a growing adoption of Sealless and Multiphase Pumps. Magnetic
drive pumps transmit torque from the motor to the impeller via a magnetic coupling,
completely eliminating the need for a dynamic mechanical seal—one of the most
common points of failure and leakage in traditional pumps." This sealless design
offers superior containment and dramatically reduces maintenance requirements. In
upstream and offshore applications,

multiphase pumping systems are a game-changing technology. These specialized
pumps are designed to handle a commingled stream of oil, gas, and water directly
from the reservoir, transporting it to a central processing facility. This can eliminate
the need for costly, heavy, and space-intensive separation equipment at each
individual wellhead, simplifying field architecture and improving project economics.*

Finally, Advanced Materials and Manufacturing are pushing the boundaries of
pump performance. The use of advanced composites, specialty alloys, and durable
coatings enhances resistance to corrosion, erosion, and wear, extending the pump's
service life in harsh refinery environments." Additive manufacturing (3D printing) is
also making an impact, enabling the creation of complex, hydraulically optimized
pump components (like impellers) and facilitating the on-demand fabrication of spare
parts, which reduces inventory costs and shortens repair times."

3.2 Compressor Technology: Efficiency, Reliability, and Oil-Free Operation

Compressors are essential for a wide range of refinery processes, from providing
high-pressure hydrogen for hydrotreating to compressing hydrocarbon gases in
catalytic reforming and FCC units.*® Modern design trends mirror those in pumping
technology, with a strong focus on reliability, efficiency, and process purity.

A maijor sustainability- and process-driven trend is the move toward Oil-Free
Compressor Technology.* In traditional lubricated compressors, a small amount of
oil can be carried over into the compressed gas stream. This oil can contaminate and
poison sensitive downstream catalysts, reducing their activity and lifespan, which in
turn hurts the efficiency and profitability of critical units like hydrotreaters and
reformers. Qil-free designs eliminate this risk, protecting the multi-million dollar
investment in advanced catalyst systems. Furthermore, they prevent the
environmental contamination associated with oil leaks and the disposal of oily
condensate. This critical role in enabling advanced refining processes often justifies



the higher initial capital cost of oil-free technology. Key innovations enabling this shift
include:

e Water-Injected Compressors: These use water instead of oil as the coolant and
sealant, providing clean, oil-free air or gas.*

e Advanced Bearing Technologies: Non-contact magnetic bearings and air foil
bearings levitate the compressor rotor, eliminating the need for oil lubrication and
creating a frictionless operation.*?

e Improved Sealing Techniques: Advances in dry gas seals and other sealing
technologies have improved the reliability and efficiency of oil-free designs,
preventing leakage of either process gas or contaminants.*

Like pumps, compressors are being equipped with Digital Integration features. The
use of Al and loT for real-time condition monitoring and predictive maintenance is
enhancing operational reliability and allowing for performance optimization.*?
Similarly, to improve

Energy Efficiency, modern compressors are increasingly paired with high-efficiency
motors and VFDs to modulate output based on process demand, minimizing energy
consumption.*’ Different types of compressors continue to be selected for specific
duties based on their operating characteristics. High-pressure reciprocating
compressors are often preferred for hydrogen services like hydrotreating and
hydrodesulfurization, while rotary screw and large-scale centrifugal compressors are
used for processes like catalytic reforming and flare gas recovery.“°

Section 4: Evolving Thermal Management Technologies

Thermal management is fundamental to refinery operations, with heat exchangers
being the primary equipment for recovering and reusing energy, and air coolers used
for rejecting low-grade heat to the atmosphere. Innovations in this domain are
focused on maximizing thermal efficiency, minimizing physical footprint, combating
the persistent problem of fouling, and integrating intelligence for optimized
performance.

4.1 Heat Exchangers: Compact, Intelligent, and Fouling-Resistant



The workhorse of refinery heat transfer has long been the Shell-and-Tube (S&T)
heat exchanger, valued for its robustness and ability to handle high pressures and
temperatures.” However, the industry is increasingly shifting towards various types of

Compact Heat Exchangers (CHEs), including plate-and-frame, welded plate
(plate-and-shell), spiral, and Printed Circuit Heat Exchangers (PCHEs)."

This shift is driven by the superior performance of CHEs. Due to their design, which
promotes highly turbulent flow and a true counter-current arrangement, CHEs can
achieve heat transfer coefficients up to five times higher than S&T exchangers for the
same duty.** This high thermal efficiency allows them to operate with very close
temperature approaches (as low as 3°C), enabling the recovery of low-grade heat
from streams that would otherwise be sent to cooling towers.** This directly translates
to significant energy savings and reduced emissions. Furthermore, for a given heat
duty, CHEs are dramatically smaller and lighter than their S&T counterparts, which
reduces material and fabrication costs, simplifies installation, and makes them ideal
for space-constrained retrofits or offshore platforms.**

The advent of Additive Manufacturing (3D Printing) is poised to revolutionize heat
exchanger design. 3D printing allows for the fabrication of incredibly complex and
optimized internal geometries, such as gyroids or lattice structures with integrated
micro-channels, that are impossible to create with traditional manufacturing
methods.” This enables the simultaneous optimization of heat transfer, fluid dynamics
(to minimize pressure drop), and structural mechanics (to reduce weight), resulting in
holistically superior equipment.

Another key trend is the development of Smart Heat Exchangers. By embedding a
network of 10T sensors to monitor temperature profiles, pressure drops, and vibration
in real-time, these exchangers provide a continuous stream of performance data.™
This data can be analyzed to detect the onset of fouling, enabling predictive
maintenance scheduling and real-time optimization of cleaning cycles.

The battle against fouling, which is the single greatest operational and economic
problem in thermal management, is being fought on multiple fronts. Fouling degrades
heat transfer, increases energy consumption, creates production bottlenecks, and
necessitates costly downtime for cleaning.” In response, there has been intense
development of

Advanced Materials and Anti-Fouling Coatings. High-performance alloys like



titanium and Inconel are used for services with severe corrosion potential.” More
broadly, advanced anti-fouling coatings are being applied to heat transfer surfaces.
These thin-film coatings, based on materials like fluoropolymers (Teflon™), ceramics,

or sol-gels, create an ultra-smooth, low-surface-energy (hydrophobic and
oleophobic) finish that prevents deposits from adhering.” Case studies have shown
that these coatings can extend operating cycles from months to years without
cleaning, saving over $1 million per exchanger in direct cleaning costs and delivering
even greater value through sustained production and energy efficiency.”’

Even within traditional S&T exchangers, innovation is occurring in Advanced Baffle
Design. Conventional segmental baffles force the shell-side fluid into a tortuous,
high-pressure-drop zigzag path with large dead zones where fouling can accumulate.
New designs, such as continuous helical baffles, guide the shell-side fluid into a
smooth, helical flow path along the length of the tube bundle.*® This approach
significantly reduces pressure drop, eliminates flow dead zones (thereby reducing
fouling), minimizes tube vibration, and improves the overall heat
transfer-to-pressure-drop performance, leading to a more efficient and reliable

exchanger.*®
Parameter Shell-and-Tube | Compact Heat Key Benefits of Sources
(S&T) Exchanger CHEs
Exchanger (CHE)
Thermal Baseline (Lower) Up to 5 times Enables greater 44
Efficiency higher heat heat recovery,
transfer lower energy
coefficient consumption,
and operation
with smaller
temperature
differences.
Footprint / Size Large and heavy | Significantly Lower capital i
for a given duty smaller and cost (materials,
lighter fabrication,
installation) and
ideal for retrofits
and offshore
applications.




Fouling Prone to fouling, | Higher Longer L

Resistance especially in resistance due operating cycles
low-velocity or to high between
dead zones turbulence cleanings,
created by which creates a sustained
segmental “self-cleaning" performance,
baffles. effect. Spiral and reduced

exchangers are maintenance
particularly costs.
effective for

fouling services.

Maintenance Bundle pulling Can be easier to Lower overall 44
required for clean (e.g., maintenance
mechanical plate-and-frame | costs and
cleaning can be ), but some downtime.
labor-intensive. welded designs

require chemical
cleaning.
Smaller surface
area reduces
cleaning time
and chemical
volume.

Capital Cost Baseline (can be Often lower total More 44
very high for installed cost for | cost-effective
high-alloy equivalent or way to achieve
materials or superior thermal | high levels of
high-efficiency performance. heat recovery
designs). and energy

efficiency.

Typical Workhorse for Pre-heaters, 18

Applications high-pressure, condensers,
high-temperatur | reboilers, and
e services. duties with

close
temperature
approaches.
Spiral

exchangers for
heavy fouling
slurries (e.g.,
FCC bottoms).




Table 2: Performance and Cost-Benefit Analysis: Shell-and-Tube vs. Compact Heat
Exchangers

4.2 Air Coolers: Innovations for Efficiency and Specialized Applications

Air-cooled heat exchangers (ACHEs), or air coolers, are critical for rejecting heat in
locations where cooling water is scarce or expensive.*” While the fundamental
principle remains the same, innovations are being driven by the need for higher
efficiency and specialized applications.

High-Performance Architectures, often inspired by challenges in other industries
like high-power electronics, are influencing ACHE design. This includes the
development of reimagined heat sink architectures that use advanced 3D fin
geometries and integrated vapor chambers to dissipate very high heat fluxes much
more effectively than traditional finned-tube designs.

Hybrid and Solid-State Cooling technologies represent a more futuristic trend.
Hybrid air coolers combine conventional dry finned-tube sections with an adiabatic or
evaporative wet section that is activated only during periods of high ambient
temperature. This allows the cooler to achieve higher cooling capacity and lower
process fluid temperatures than a purely dry cooler, while still minimizing water
consumption.®® Emerging

solid-state cooling technologies, such as thermoelectric or elastocaloric systems,
offer a potential paradigm shift. These technologies use solid materials to create a
cooling effect without any moving parts (like compressors) or environmentally harmful
refrigerants, promising higher potential efficiencies and greater reliability.>*

For the harsh refinery environment, Specialized and Ruggedized Designs are
essential. A key application is the cooling of outdoor electronic control cabinets that
house sensitive PLCs and control systems. High-performance thermoelectric
enclosure coolers are being deployed for this purpose. These solid-state devices can
provide reliable cooling while maintaining the high NEMA/IP rating of the cabinet,
protecting the electronics from dust, moisture, and corrosive gases. These units are
often ruggedized to military standards (Mil-Std-810) to ensure they can operate
reliably in extreme desert or coastal environments.>

A niche but powerful innovation is LNG Cold Energy Integration. In refineries or



adjacent terminals that import Liquefied Natural Gas (LNG), the immense cold energy
released during LNG regasification can be harnessed. Instead of being wasted, this
cold energy can be used to chill an intermediate fluid (like a water-glycol mixture),
which is then circulated to cool the intake air for the refinery's gas turbines. Colder,
denser intake air significantly boosts the power output and efficiency of the gas
turbine, with the cooling being achieved at a fraction of the energy cost of a
conventional mechanical refrigeration system.*®

Section 5: Modernization of Purification and Dosing Systems

While large-scale units like distillation columns and reactors often receive the most
attention, the reliability and efficiency of a refinery depend heavily on auxiliary
systems for purification and chemical treatment. In these areas, the key trends are
towards greater precision, automation, and durability to reduce manual intervention,
minimize operating costs, and improve process control.

5.1 Filtration Systems: Precision, Automation, and Durability

Filtration is a critical but often underappreciated process that occurs at numerous
points in a refinery. It is essential for removing solid and liquid contaminants to protect
downstream equipment, ensure product specifications are met, and prevent catalyst
deactivation. Key applications include crude oil desalting, feedstock filtration before
entering the CDU, and the removal of catalyst fines from hydroprocessing and FCC
unit product streams.”’

To combat the high maintenance load and downtime associated with cleaning or
replacing filter elements, the industry is moving towards Automated Self-Cleaning
Filters. Especially in high-debris services like cooling water or raw water intake,
systems that use automatic backwashing or mechanical scraping to clean the filter
elements in-situ are becoming standard.>® These systems operate continuously,
initiating a cleaning cycle based on a differential pressure trigger without interrupting
the main process flow, thereby eliminating the need for manual intervention and
duplex filter arrangements.



The choice of Advanced Filter Media and Types is also evolving to meet more
demanding separation challenges:

e Coalescing Filters are specifically designed to remove fine, entrained liquid
droplets (e.g., water or oil) from gas or liquid hydrocarbon streams. By promoting
the agglomeration of these fine droplets into larger ones that can be separated
by gravity, they play a crucial role in preventing corrosion and improving the
efficiency of downstream processes.*’

e Membrane Technologies represent the high-end of filtration, offering
molecular-level separation. Advanced polymeric or ceramic membranes are being
developed for highly specialized applications, such as purifying hydrogen
streams, separating CO2 from flue gas, or producing ultra-pure water.’

e Advanced Materials are replacing traditional metallic filter media. There is a
clear trend towards using polymeric filters, which are lightweight, inherently
corrosion-resistant, and can be tailored to specific chemical compatibilities and
filtration efficiencies.” For the most aggressive applications, such as the
treatment of hot, oily wastewater,
ceramic membranes (made from materials like silicon carbide or zirconia) offer
superior thermal and chemical stability.*”

Finally, Air Filtration is recognized as critical for protecting large, expensive rotating
equipment. Gas turbines and large process air compressors are highly susceptible to
damage from airborne contaminants like dust, salt (in coastal environments), and
corrosive gases (like H2S). Modern air inlet filtration systems are sophisticated,
multi-stage designs that may include inertial separators, high-efficiency particulate
air (EPA) filters, and beds of molecular adsorbents to remove gaseous contaminants.
These systems are essential for ensuring the reliability, availability, and long service
life of this critical machinery.®°

5.2 Chemical Injection Packages: From Manual to Automated Precision

Chemical injection packages are used throughout the refinery to dose precise
amounts of specialty chemicals into process streams. These chemicals perform vital
functions, including inhibiting corrosion and scale formation, breaking emulsions in
desalters (demulsifiers), and preventing foaming in distillation columns (antifoams).®’
The dominant trend in this area is the shift from rudimentary, manually-adjusted



systems to highly automated and intelligent packages.

Smart and Automated Systems are revolutionizing chemical dosing. The modern
chemical injection package is a "smart" system equipped with advanced sensors, data
analytics capabilities, and remote monitoring and control.®' Instead of dosing
chemicals at a constant, conservative rate, these systems operate in a closed loop.
Real-time process data (e.g., flow rate, water content, pH) is used to automatically
and continuously adjust the chemical injection rate to the precise level required. This
"sense and respond" approach optimizes chemical usage (reducing a significant
OPEX), improves the effectiveness of the treatment program, and provides valuable
data for process diagnostics.?

These systems are typically engineered and delivered as Modular, Skid-Mounted
Packages. This approach ensures the entire system—including tanks, pumps, piping,
and instrumentation—is pre-fabricated and tested in a controlled shop environment.
The resulting skid provides structural integrity, ensures safe operation, simplifies
transportation and on-site installation, and allows for a high degree of customization
and scalability to meet specific project requirements.*

At the heart of these packages are Advanced Pumping and Metering technologies.
High-accuracy, high-reliability metering pumps (often using plunger or diaphragm
designs) are essential for delivering the correct dose.?® An important innovation is the
use of

multipoint injection systems. These systems use a single, high-capacity pump to
feed a distribution manifold, with individual Injection Rate Control Devices (IRCDs)
controlling the flow to each separate injection point. This is often more cost-effective
and space-efficient than installing a dedicated pump for every injection location.®®

Enhanced Safety and Sustainability are also key design considerations. Modern
packages incorporate enhanced safety features like double-diaphragm pumps for
superior containment and integrated leak detection systems.® In line with the broader
sustainability trend, there is a growing demand for systems designed to handle more
eco-friendly, biodegradable chemical formulations.®® For remote locations without
reliable grid access, the use of solar panels to power the injection skid is an emerging
trend, creating self-sustaining, off-grid operation.®

The evolution of these systems demonstrates a shift in their perceived role within the
refinery. Filtration and chemical injection are no longer seen as passive, auxiliary
“necessary evils." Instead, by embedding intelligence and automation, they are being



transformed into proactive process control levers. A smart chemical injection skid is
an active component of the plant's control loop, and an advanced filtration system
can serve as a diagnostic tool. This evolution also changes the economic justification
for procurement. The decision is moving away from a simple comparison of initial
purchase price towards a more sophisticated Total Cost of Ownership (TCO) analysis,
where the higher CAPEX of a modern, automated system is clearly justified by the
substantial long-term OPEX savings it delivers through reduced maintenance, lower
chemical consumption, and improved reliability of the entire process unit.

Section 6: Equipment Design for the Refinery of the Future

The global energy transition is forcing refineries to evolve from single-purpose crude
oil processors into flexible, multi-faceted energy and chemical hubs. This
transformation necessitates a corresponding evolution in equipment design to handle
new feedstocks and produce new products. This section explores how equipment is
being adapted for three key pillars of the future refinery: biofuel co-processing,
carbon capture, and the integration of a hydrogen economy.

6.1 Adapting Equipment for Biofuel Co-Processing

Co-processing—the practice of feeding renewable feedstocks alongside traditional
petroleum streams into existing refinery units—is seen as a pragmatic, low-CAPEX
pathway for producing fuels with a lower carbon intensity.** The most common targets
for co-processing are hydrotreating and fluid catalytic cracking (FCC) units. However,
these bio-feedstocks (such as vegetable oils, animal fats, and pyrolysis oils) have
vastly different chemical properties than petroleum, posing significant challenges that
require specific equipment considerations.

6.1.1 Hydrotreater Modifications

Hydrotreaters are ideal for upgrading renewable feedstocks because they are



designed to operate with high hydrogen pressure, which is necessary for the
hydrodeoxygenation (HDO) reactions that remove oxygen from the bio-feed. However,
several challenges must be addressed:

e High Exotherm and Hydrogen Consumption: HDO reactions are highly
exothermic and consume significantly more hydrogen than traditional
hydrodesulfurization.®’

e Corrosion and Contamination: Bio-feedstocks can contain free fatty acids,
which are corrosive, and trace metals (e.g., phosphorus, sodium, potassium) that
can poison the hydrotreating catalyst.®” The HDO reaction also produces large
amounts of water and CO/CO2, which can create a corrosive environment (e.g.,
carbonate stress corrosion cracking) and affect recycle gas purity.**

For low co-processing ratios (typically <10%), the required equipment
modifications can be minimal. The primary change is often the installation of a
specialized, highly active HDO catalyst system, which may include a "guard bed" of
catalyst at the top of the reactor specifically designed to capture contaminants and
protect the main catalyst bed below.™

For higher co-processing ratios, more significant revamps may be necessary,
including:

e Upgraded Metallurgy: Portions of the reactor, piping, and heat exchangers may
need to be upgraded to more corrosion-resistant alloys to handle the increased
risk from acidic compounds and wet CO2 environments.**

e Enhanced Heat Management: The heat exchanger network and reactor quench
system may need to be modified to safely manage the high heat release from the
HDO reaction and maintain stable reactor temperatures.®®

¢ Increased Hydrogen Capacity: The refinery's hydrogen production and recycle
gas compressor capacity may need to be expanded to meet the higher
consumption rates.”

e Feed and Product Handling: New storage tanks, pumps, and potentially a
dedicated pre-treatment unit (e.g., a stripping column to remove poisons) may be
required for the bio-feedstock.®

6.1.2 Fluid Catalytic Cracking (FCC) Unit Modifications

The FCC unit is another potential destination for bio-oils, particularly those derived



from pyrolysis. The primary challenges are the bio-oil's thermal instability, high
oxygen content, and immiscibility with petroleum feeds like VGO.” Research and
pilot-scale tests have shown that co-processing is technically feasible, but requires
operational and minor equipment modifications:

e Separate Injection Nozzles: To prevent the unstable bio-oil from coking or
charring upon contact with the hot petroleum feed, it is often injected into the
FCC riser through separate, dedicated nozzles.”

e Specialized Catalysts: While standard FCC catalysts can be used, performance
is improved with specialized zeolite-based catalysts that are better able to handle
the oxygenated molecules and promote their conversion to hydrocarbons.”

e Feed Pre-treatment: In some scenarios, the bio-oil may undergo a mild
hydrotreating step before being fed to the FCC to improve its stability and reduce
its oxygen content, making it easier to process.”

For low blend ratios (e.g., <6%), extensive modifications to the main FCC reactor
and regenerator are generally not considered necessary.74

6.2 Designing for a Decarbonized Future: Carbon Capture and the Hydrogen
Economy

The long-term viability of refining is intrinsically linked to its ability to decarbonize.
This will require the large-scale deployment of equipment for both carbon capture
and the production of low-carbon hydrogen.

6.2.1 Carbon Capture and Storage (CCS)

Refineries have several large, concentrated sources of CO2 emissions (e.g., SMRs,
FCC regenerators, process heaters), making them prime candidates for CCS.

e Amine Treating Units for Post-Combustion Capture: The most mature and
widely deployed technology for capturing CO2 from flue gas streams is
solvent-based absorption using amines.”” A typical CCS plant consists of two
main columns: an
absorber, where the flue gas is contacted with a lean amine solution (e.g.,



monoethanolamine, MEA) that selectively absorbs the CO2, and a regenerator
(or stripper), where the CO2-rich amine is heated (typically with steam) to break
the chemical bond, releasing a pure stream of CO2 and regenerating the lean
amine for reuse.®® The primary design challenge for these units is the significant
energy penalty associated with heating the solvent in the regenerator.’™
Therefore, equipment design innovations are focused on developing advanced
solvents (like piperazine blends) that require less regeneration energy, and on
optimizing the process configuration (e.g., using multi-pressure strippers or flash
drums) to reduce the steam demand. A critical design consideration is integrating
the CCS plant with the refinery's existing heat network to utilize low-grade waste
heat for regeneration, thereby improving the overall economics.”

CO2 Compression and Pumping: After capture, the CO2, which is at
near-atmospheric pressure, must be compressed to a dense, supercritical fluid
for efficient pipeline transport and injection.® This requires a specialized,
multi-stage compression train. A common configuration involves a series of
integrally-geared centrifugal compressors to raise the pressure to an
intermediate supercritical state (e.g., >7.4 MPa), followed by a high-pressure
pump to boost the dense-phase CO2 to the final pipeline or injection pressure,
which can be as high as 13-20 MPa.** The design of these compressors and
pumps must account for the unique thermodynamic properties of CO2, and the
materials of construction must be selected to avoid corrosion in the presence of
any residual moisture.

6.2.2 The Hydrogen Economy

Hydrogen is already a critical utility in refineries, used for hydrotreating and
hydrocracking. The energy transition will dramatically increase its importance.

Increased Hydrogen Demand: Stricter fuel specifications and the processing of
heavier, more sour crudes are already driving up refinery hydrogen
consumption.” Co-processing biofuels will add significantly to this demand.

Shift to Low-Carbon Hydrogen: The future lies in transitioning from
conventional "grey" hydrogen (produced from natural gas via steam methane
reforming, or SMR, with CO2 emissions) to "blue" hydrogen (grey hydrogen with
the CO2 captured and stored) and "green" hydrogen (produced via electrolysis of
water using renewable electricity).™

Equipment Implications: This transition has profound implications for refinery



equipment. Producing blue hydrogen requires retrofitting existing SMR units with
large-scale amine treating and CO2 compression systems—essentially adding a
full CCS plant to the hydrogen plant.®” Producing

green hydrogen requires the installation of entirely new, large-scale electrolyzer
plants on or near the refinery site, along with the associated infrastructure for
handling purified water and high-voltage electricity.” Both pathways will also
require investment in high-capacity hydrogen purification systems (e.g., pressure
swing adsorption units) and potentially new storage and pipeline distribution
infrastructure to manage the increased volumes.”

This evolution points toward a new "Refinery as a Platform" model. The facility of the
future will not just process crude oil; it will be a flexible hub that co-processes
biomass, produces and distributes low-carbon hydrogen, and potentially offers
carbon storage services to neighboring industries. This creates a paradox: while the
long-term decline in fossil fuel demand threatens to "strand" traditional refining
assets, the refinery's existing infrastructure—its hydrogen plants, utility systems,
logistics networks, and real estate—makes it the most logical and cost-effective
location to build out the new energy systems for biofuels, hydrogen, and CCS.®° The
challenge for equipment design will be to manage this transition, balancing the need
to retrofit and adapt existing assets for new roles with strategic investments in the
new equipment required for a decarbonized future.

Section 7: Strategic Implications and Recommendations

The technological trends reshaping refinery equipment are not merely incremental
improvements; they represent a fundamental shift in how refineries must operate and
invest to remain competitive and viable through the energy transition. Understanding
the strategic implications of these trends and developing a clear roadmap for
modernization is critical for long-term success.

7.1 Techno-Economic Considerations: Balancing CAPEX, OPEX, and ROI

Investment decisions for new and upgraded equipment must be framed within a



robust techno-economic analysis that accurately balances Capital Expenditure
(CAPEX)—the upfront cost of acquiring long-term assets—and Operating Expenditure
(OPEX)—the ongoing costs of running them.*

Traditionally, a trade-off existed where lower CAPEX equipment often came with
higher long-term OPEX due to lower efficiency, higher maintenance needs, or reduced
reliability.”” Conversely, modern, high-performance equipment often required a higher
initial CAPEX, which was justified by significant OPEX savings over the asset's life.*

However, the current wave of innovation is challenging this paradigm. As highlighted
previously, certain process intensification technologies, such as Dividing-Wall
Columns and Compact Heat Exchangers, offer the rare advantage of reducing both
CAPEX and OPEX simultaneously.” This "win-win" scenario fundamentally alters the
investment calculus, making the adoption of these technologies a clear strategic
priority.

For other modern technologies, such as smart pumps or oil-free compressors, the
classic trade-off still holds, but the scope of the ROI calculation must be expanded.
The justification for a higher-CAPEX smart pump is not just the 5-10% energy savings
it might offer; it is the multi-million-dollar value of the unplanned shutdown it prevents
through predictive maintenance. Similarly, the value of an anti-fouling coating on a
heat exchanger includes not only the direct energy and cleaning cost savings but also
the value of the sustained, higher throughput of the entire process unit. A modern ROI
analysis must therefore be holistic, quantifying the value of increased uptime,
improved product quality and yield, enhanced safety, and the ability to comply with
stringent environmental regulations.

Technology Typical CAPEX Key OPEX Typical ROI/ Sources
Upgrade Impact Savings Drivers | Payback
Dividing-Wall Lower Energy Fast (<3 years) 16
Column (DWC) Reduction,

Reduced

Maintenance

(fewer units)
Smart Pumps Higher Energy Medium (3-7 n
(with VFD & Reduction, years)
PdM) Maintenance

Reduction,




Increased
Uptime/Reliabilit
y

Maintenance
Reduction (less
corrosion),
Increased
Uptime

Oil-Free Higher Maintenance Medium (3-7 42
Compressors Reduction, years)

Avoided Catalyst

Poisoning,

Environmental

Compliance
Compact Heat Lower to Energy Fast (<3 years) S
Exchangers Comparable Reduction,
(CHESs) Reduced

Maintenance

(less fouling),

Smaller

Footprint
Anti-Fouling Higher (part of Energy Fast (<3 years) 2
Coatings (for maintenance or Reduction,
HEs) new build cost) Maintenance

Elimination,

Increased

Uptime
Automated Higher Reduced Medium (3-7 61
Chemical Chemical years)
Injection Consumption,

Table 3: CAPEX vs. OPEX Analysis of Modern Refinery Equipment Upgrades

7.2 A Roadmap for Modernization: Key Recommendations for Refiners

Navigating this complex technological landscape requires a clear and phased
strategic plan. The following recommendations provide a high-level roadmap for




refinery operators and strategic planners.

1.

Embrace Digitalization as the Foundation: The journey to a modern, efficient
refinery begins with data. The first and most critical step is to invest in building
out the digital infrastructure: a pervasive sensing network (lloT), a robust data
platform, and the analytical tools (Al/ML, digital twins) to turn that data into
actionable insights. This digital layer provides the visibility needed to understand
current performance limitations and de-risks all subsequent investments in
physical equipment upgrades by enabling better design, control, and
optimization.

Prioritize High-Impact Process Intensification: Identify the most energy- and
capital-intensive units within the refinery—typically the separation sections—and
target them for upgrades with proven Pl technologies. Given their ability to
reduce both CAPEX and OPEX and their demonstrated rapid payback periods,
projects involving Dividing-Wall Columns or the strategic replacement of S&T
exchangers with Compact Heat Exchangers should be high-priority candidates
for capital allocation.

Adopt a "Total Cost of Ownership" Procurement Mindset: The procurement
process must evolve beyond selecting equipment based on the lowest initial
purchase price. A mandatory Total Cost of Ownership (TCO) analysis should be
implemented for all major equipment purchases. This analysis must rigorously
quantify the long-term OPEX benefits of modern designs, including energy
efficiency, reduced maintenance, the value of improved reliability and uptime, and
lower chemical or utility consumption. This will ensure that investment decisions
are based on life-cycle value, not just upfront cost.

Develop a Phased Biofuel Co-processing Strategy: To enter the renewable
fuels market with minimal financial risk, refiners should adopt a phased approach.
The journey can begin with low-ratio (<10%) co-processing in existing
hydrotreaters, a strategy that often requires minimal CAPEX beyond a catalyst
change-out. This allows the organization to gain valuable operational experience
and meet initial regulatory mandates. In parallel, strategic planning and
engineering studies should be conducted for future revamps that would enable
higher co-processing ratios, timed to align with the maturation of feedstock
supply chains and market demand.

Future-Proof for Decarbonization and the Hydrogen Economy: While
large-scale investments in CCS and green/blue hydrogen may be further on the
horizon for some, strategic planning must begin now. Refiners should conduct
detailed feasibility studies to understand the plot space, utility integration, and
equipment requirements for adding these capabilities to their sites. Having a



clear plan for how and where these units could be integrated is crucial for
long-term site viability and for being prepared to act quickly when economic or
regulatory conditions make these projects viable. This forward-looking planning
will ensure the refinery is positioned not just to survive the energy transition, but
to thrive as a central hub in the future energy and chemical landscape.
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