Navigating the Energy Transition: Strategies for
Conservation and Consumption Reduction in Petroleum
Refineries

1. Introduction: The Imperative for Energy Efficiency in Refining

Petroleum refineries are cornerstones of the global energy infrastructure,
transforming crude oil into a myriad of essential fuels and chemical feedstocks.
However, these complex industrial facilities are also among the most energy-intensive
manufacturing operations worldwide." The substantial energy consumed in refining
processes not only represents a significant operational cost but also contributes
considerably to greenhouse gas (GHG) emissions. In an era marked by volatile energy
prices, increasingly stringent environmental regulations, and a global push towards
decarbonization, enhancing energy efficiency and reducing overall energy
consumption have become paramount for the economic viability and environmental
sustainability of the petroleum refining industry.

The U.S. petroleum refining industry, for instance, accounts for a substantial portion of
national industrial energy use, consuming approximately 1 barrel of crude oil
equivalent for every 10 barrels refined.® This high energy demand underscores the
vast potential for savings and the critical need for focused conservation efforts. This
report provides an expert-level analysis of energy conservation and consumption
reduction strategies within petroleum refineries. It delves into the primary
energy-consuming processes, explores established and emerging technological
solutions, presents real-world case studies of successful implementations, examines
the influence of the evolving policy landscape, and offers strategic recommendations
for optimizing refinery energy performance. The objective is to furnish a
comprehensive understanding of the multifaceted approaches available to navigate
the energy transition effectively, ensuring that refineries can enhance competitiveness
while minimizing their environmental footprint.



2. Understanding Energy Consumption in Petroleum Refineries

To effectively devise and implement energy conservation strategies, a thorough
understanding of where and how energy is consumed within a refinery is essential.
Petroleum refining is an intricate network of physical separation and chemical
conversion processes, many of which operate at high temperatures and pressures,
inherently demanding significant energy inputs.

2.1. Major Energy-Consuming Units and Processes

A typical petroleum refinery comprises numerous process units, but a few consistently
account for the bulk of energy consumption. Key among these are:

e Crude Distillation Units (CDU) and Vacuum Distillation Units (VDU): These
units are responsible for the initial separation of crude oil into its various fractions
based on boiling points. Crude distillation alone can consume approximately 36%
of a refinery's total energy.' An estimated energy balance for U.S. refineries in
2001 indicated CDUs consumed around 750 Terabritish thermal units (TBtu) and
VDUs around 200 TBtu of primary energy.* These processes are energy-intensive
due to the substantial heat required to vaporize large volumes of crude oil.

e Fluid Catalytic Cracking (FCC) Units: FCC units upgrade heavier oil fractions
into more valuable lighter products like gasoline. This process involves high
temperatures and catalyst circulation, making it a major energy consumer,
estimated at around 500 TBtu in 2001.* Including energy for hydrogen
production, cracking processes collectively account for about 24% of total
refinery energy use.’

e Hydrotreating and Hydrocracking Units: Hydrotreaters remove sulfur and other
impurities by reacting feedstocks with hydrogen at elevated temperatures and
pressures. Hydrocrackers break down heavy molecules into lighter ones, also
using hydrogen under severe conditions. Hydrotreating was estimated to
consume around 400 TBtu and hydrocracking around 300 TBtu in 2001.* These
processes, particularly hydrotreating, are often near the top of the list for
throughput capacity and energy consumption, accounting for roughly 10-17% of a
refinery's energy use.’

e Catalytic Reforming Units: Reformers convert low-octane naphtha into



high-octane gasoline blending components (reformate) and produce hydrogen as
a byproduct. This process also operates at high temperatures and is a significant
energy user, estimated at around 350 TBtu in 2001 * and contributing about 11%
to total refinery energy consumption.’

e Alkylation Units: These units produce high-octane gasoline components from
light olefins and isobutane, contributing about 6% to refinery energy use ', with an
estimated consumption of 100 TBtu in 2001.*

e Hydrogen Production: With increasing processing of heavier and sourer crudes
and stricter fuel specifications, the demand for hydrogen, and consequently the
energy to produce it (primarily via steam methane reforming - SMR), has grown.
Hydrogen production itself was estimated at 200 TBtu in 2001.*

Other significant energy consumers include thermal cracking, deasphalting, aromatics
production, and lube oil manufacturing.” The primary energy sources for these
processes are typically refinery fuel gas (still gas), a byproduct of refining operations,
and natural gas, which together can meet over 90% of a refinery's fuel needs.'
Electricity, often generated on-site through cogeneration or imported, accounts for a
smaller but vital portion, typically 2-5% of total energy demand, powering motors,
pumps, and control systems.? The interconnectedness of these units means that
inefficiencies in one area can have cascading effects on overall energy consumption.
For example, poor heat recovery in a CDU preheat train necessitates higher firing in
downstream furnaces, increasing fuel consumption and emissions.

2.2. Factors Influencing Energy Consumption

Several dynamic factors influence a refinery's energy consumption profile:

e Crude Slate: The type of crude oil processed is a primary determinant. As
conventional reserves of light, sweet crudes deplete, refineries increasingly
process heavier, more sour crudes.” These crudes require more intensive
processing, such as increased hydrotreating and hydrocracking, to remove
impurities and upgrade heavier fractions, thereby increasing energy consumption
per barrel of product.’

e Product Slate and Specifications: Market demand dictates the product mix
(e.g., gasoline, diesel, jet fuel, petrochemical feedstocks). Producing a higher
proportion of lighter, higher-value products from heavier crudes requires more
conversion processes, which are energy-intensive. Furthermore, increasingly



stringent environmental regulations mandating cleaner fuels (e.g., ultra-low sulfur
diesel) necessitate more severe hydrotreating, directly increasing energy and
hydrogen consumption.®

e Process Complexity and Integration: More complex refineries with a wider
array of conversion units generally consume more energy. However,
well-integrated refineries that maximize heat recovery between hot and cold
process streams can achieve lower overall energy intensity.

e Operational Practices and Maintenance: Efficient operational control, regular
maintenance of equipment (e.g., cleaning heat exchangers to prevent fouling ¢,
ensuring furnace and boiler efficiency), and minimizing flaring and steam leaks
are crucial for controlling energy use.

e Capacity Utilization: Operating units below their optimal design capacity can
lead to lower energy efficiency.

e Ambient Conditions: Environmental factors like ambient temperature can affect
the performance of cooling systems and heat exchangers, indirectly influencing
energy use.

The structural trend towards processing heavier and more contaminated crude oils
establishes a higher baseline energy demand. This makes the implementation of
advanced energy efficiency measures not just an opportunity for cost savings, but a
critical necessity to manage operational expenditures and environmental compliance.

2.3. Benchmarking Energy Performance

To identify and prioritize energy conservation opportunities, refineries often employ
benchmarking techniques. Energy Intensity Indices (Ell), such as those developed by
companies like Solomon Associates, compare a refinery's actual energy consumption
against a calculated standard or "par" value based on its specific configuration, crude
slate, and product output. This allows for a normalized comparison against industry
peers and helps pinpoint areas where performance lags. Other metrics include
specific energy consumption (SEC) per unit of throughput for individual process units.
Consistent benchmarking is vital for setting realistic improvement targets, tracking
progress over time, and justifying investments in energy efficiency projects. The U.S.
Department of Energy has also highlighted significant variations in energy use per unit
of crude oil among refineries, sometimes by a factor of two, often linked to regional
energy prices and historical operational practices.’



3. Core Strategies for Energy Conservation

A portfolio of well-established strategies forms the bedrock of energy conservation
efforts in petroleum refineries. These approaches focus on optimizing existing
processes, recovering waste energy, and enhancing the efficiency of individual
equipment components and utility systems.

3.1. Process Heat Integration and Optimization (Pinch Analysis)

Petroleum refining involves numerous heating and cooling duties. Process heat
integration aims to maximize the recovery of heat from hot process streams and use it
to preheat cold streams, thereby minimizing the demand for external (utility) heating
and cooling. Pinch Analysis is a systematic and thermodynamically rigorous
methodology widely used for this purpose.’

The core of Pinch Analysis involves constructing hot and cold composite curves,
which represent the overall heat availability and heat demand of the process as a
function of temperature.” The point where these curves are closest, defined by a
minimum allowable temperature approach (

ATmin), is known as the "pinch point." This point divides the process into two
thermodynamically distinct regions: a heat deficit region above the pinch that requires
external heating, and a heat surplus region below the pinch that requires external
cooling.” The fundamental rules of pinch technology dictate that heat should not be
transferred across the pinch, hot utilities should only be used above the pinch, and
cold utilities only below the pinch to achieve maximum energy recovery.

Pinch Analysis is particularly powerful for designing new Heat Exchanger Networks
(HENS) or retrofitting existing ones to achieve optimal heat recovery.’ It identifies
targets for minimum utility consumption before detailed design, providing a
benchmark against which actual performance can be measured. Real-world
applications in refineries, especially in complex preheat trains of CDUs and FCC units,
have demonstrated significant energy savings. For instance, a case study involving a
CDU preheat train retrofit using pinch principles identified potential energy savings of



8% with an acceptable payback period.” The selection of an appropriate

ATmin is a critical economic trade-off: a smaller ATmin allows for more heat recovery
but requires larger and more expensive heat exchangers, while a larger ATmin reduces
capital cost but increases utility consumption.’ This systematic approach often
uncovers non-obvious heat recovery opportunities that might be missed by simpler,
intuitive methods.

3.2. Waste Heat Recovery Systems (WHRS)

Significant amounts of energy are often lost to the environment through hot flue
gases from furnaces and boilers, and via hot process streams that are cooled before
storage or further processing. Waste Heat Recovery Systems (WHRS) are designed to
capture and reutilize this thermal energy."

Common sources of waste heat include exhaust gases from fired heaters and gas
turbines, steam condensate, and hot product streams from distillation columns or
reactors.® The choice of WHRS technology depends on the temperature, quantity, and
quality of the waste heat stream.

e Heat Recovery Steam Generators (HRSGs): Often used with gas turbines in
cogeneration systems, HRSGs recover heat from hot exhaust gases to produce
steam at various pressure levels for process use or power generation.®

e Regenerative and Recuperative Burners: Regenerative burners use refractory
materials to absorb heat from flue gases and then preheat combustion air when
the firing cycle reverses. This improves combustion efficiency and can reduce fuel
consumption significantly, also leading to lower NOx emissions due to lower flame
temperatures.® Recuperators are heat exchangers that continuously transfer heat
from flue gases to incoming combustion air.

e Economizers and Air Preheaters: These are commonly installed in the
convection sections of furnaces and boilers to recover heat from flue gases to
preheat boiler feedwater (economizers) or combustion air (air preheaters).®

e Organic Rankine Cycle (ORC) and Kalina Cycle: These are thermodynamic
cycles that can convert low-to-medium temperature waste heat (which might
otherwise be difficult to utilize effectively) into electricity.” The Kalina cycle, using
an ammonia-water mixture, can offer better thermal matching with the heat
source and achieve higher efficiencies for certain applications.”



Direct Heat Exchange: Recovered heat can be used to preheat raw materials,
fuel gas, or other process streams.® For example, heat from visbreaking products
can preheat raw materials.®

A project at the Ocean Petroleum refinery in Atyrau, Kazakhstan, involved
implementing a state-of-the-art WHRS to capture waste heat for additional steam
generation, thereby reducing reliance on external energy sources and lowering their
carbon footprint." The increasing focus on recovering low-grade heat, often
discharged via cooling water or air coolers, presents further opportunities for
efficiency gains, potentially through technologies like absorption chillers or for district
heating where applicable.”

3.3. Enhanced Equipment Efficiency

Upgrading to more energy-efficient individual components can yield substantial
cumulative energy savings across a refinery.

Fired Heaters and Boilers: Optimizing combustion in furnaces and boilers is
crucial. This includes ensuring correct air-to-fuel ratios (minimizing excess air, as
too much air requires more heat ©), regular cleaning of heat transfer surfaces,
maintaining insulation, and upgrading to high-efficiency burners. Modern burners
can offer improved combustion and lower emissions.® Replacing outdated steam
boilers with new, more efficient equipment with better emissions controls is a
common upgrade.™

Pumps, Compressors, and Motors: Electric motors drive a significant portion of
refinery equipment and can account for over 80% of electrical loads."” Replacing
standard-efficiency motors with high-efficiency motors (e.g., IE3 or IE4 class) can
reduce electricity consumption. The initial cost of a motor is typically only about
2% of its lifecycle cost, with energy consumption dominating the remainder %,
making high-efficiency motors a sound investment. Variable Frequency Drives
(VFDs) or Variable Speed Drives (VSDs) allow motor speed to be adjusted to
match process demand, offering significant energy savings (often 20-50%) in
applications with variable loads, such as pumps and fans, compared to throttling
or damper controls.”

Heat Exchangers: Beyond network design, the efficiency of individual heat
exchangers is critical. Fouling is a major issue in refineries, particularly in crude
preheat trains, reducing thermal performance and increasing furnace fuel



consumption.? Technologies like Alfa Laval's Compabloc and Spiral heat
exchangers are designed for high efficiency and to handle fouling-prone services,
such as FCC slurry oil, better than a traditional shell-and-tube exchangers.™
Online cleaning systems, like the Super Clean System (SCS) detergent-based
cleaning, can restore heat transfer efficiency without requiring a unit shutdown,
leading to sustained energy savings and reduced maintenance downtime.®

e Insulation: Improving insulation on pipes, vessels, and equipment reduces heat
losses to the surroundings, directly saving energy, particularly for
high-temperature services."”

3.4. Advanced Process Control (APC) and Automation

Modern refineries increasingly rely on Advanced Process Control (APC) and
automation technologies to optimize operations and, consequently, energy
consumption.’” APC systems use sophisticated models of the process, often
incorporating multivariable model predictive control (MPC), to maintain operations
closer to optimal setpoints and constraints, reducing variability and improving
stability.”

e Benefits of APC:

o Reduced Energy Consumption: By minimizing process fluctuations and
enabling operation nearer to design limits, APC can reduce over-processing
and unnecessary energy use.

o Improved Product Yield and Quality: More stable operations lead to higher
yields of desired products and more consistent product quality, reducing
off-spec production and the need for energy-intensive reprocessing.”

o Increased Throughput: APC can help safely push units closer to their actual
capacity limits.

o Enhanced Stability and Safety: Smoother operations contribute to overall
plant safety and reliability.

Technologies like near-infrared spectroscopy (NIRS) analyzers provide real-time
product property data, which can be fed into APC systems for tighter control,
replacing less frequent laboratory analyses.” The continuous, real-time optimization
afforded by APC and automation systems achieves a level of performance and
sustained energy savings that is difficult to attain through manual control alone.



3.5. Catalyst Improvements

Catalysts are fundamental to many refining processes, enabling chemical reactions to
occur at lower temperatures and pressures, or with higher selectivity, than would
otherwise be possible. Advances in catalyst technology can therefore lead to
significant energy savings."”

e Higher Activity and Selectivity: More active catalysts can increase reaction
rates, potentially allowing for lower reactor temperatures or higher throughput for
the same energy input. Higher selectivity means more of the desired product is
formed, reducing the formation of byproducts that may require further
energy-intensive separation or processing.

e Improved Stability and Longer Life: Catalysts that are more resistant to
deactivation from poisons in the feed or harsh operating conditions maintain their
performance for longer periods, reducing the frequency of energy-intensive
regeneration cycles or catalyst replacement.

e Novel Catalyst Materials: Research into new catalytic materials, including
nanostructured catalysts and zeolites with tailored pore structures, aims to
achieve step-changes in performance.” For example, nanocatalysts offer high
surface area and unique electronic properties that can enhance activity in
processes like hydrocracking and reforming.?® Hierarchically structured catalysts,
with multi-scale porosity, can improve diffusion of reactants and products,
enhancing overall efficiency.?

While specific quantified energy savings from catalyst improvements are often
embedded within overall process enhancements, their role is crucial. For instance,
more efficient hydrotreating catalysts can achieve deeper desulfurization at milder
conditions, saving hydrogen and energy. Similarly, advanced FCC catalysts can
improve gasoline yield and reduce coke formation, impacting the unit's heat balance
and energy efficiency. These improvements can fundamentally alter process
conditions, leading to more substantial energy reductions than purely operational or
equipment-based optimizations.

3.6. Optimization of Utility Systems



Utility systems, particularly steam, fuel gas, and power generation, are major energy
consumers and offer significant opportunities for optimization.

Steam Systems: Steam is used extensively in refineries for heating, stripping, and
driving turbines. Optimizing steam systems involves:
o Minimizing Losses: Repairing steam leaks, improving insulation on steam
lines, and ensuring proper functioning of steam traps are crucial.
o Efficient Generation: Operating boilers at optimal efficiency, including
proper combustion control and regular maintenance.
o Optimized Distribution and Use: Matching steam pressure levels to process
requirements, maximizing condensate recovery for reuse as boiler feedwater
', and optimizing steam turbine performance. At the Shell Martinez refinery,
steam reduction initiatives at the Wet Gas Compressor and Air Compressor in
the FCCU, coupled with increased generation from Heat Recovery Steam
Generators (HRSGs), led to reduced natural gas firing in supplemental
heaters.”
Cogeneration (Combined Heat and Power - CHP): Many refineries operate
CHP plants (also known as cogeneration) to simultaneously produce electricity
and useful steam from a single fuel source. This is significantly more efficient than
producing them separately. Options range from open-cycle gas turbines (OCGT)
with HRSGs to more complex combined-cycle power plants (CCPP).° Expanding
CHP capacity or optimizing existing CHP operations can lead to substantial
energy savings and reduced reliance on purchased electricity.?
Fuel Gas Systems: Optimizing the refinery fuel gas system, which typically
utilizes by-product gases from various units, ensures efficient fuel utilization in
furnaces and boilers. This includes managing fuel gas composition, pressure, and
preheating fuel gas before combustion to reduce overall fuel consumption in
furnaces.®
Integrated Optimization Models: Advanced mathematical models, such as
Mixed Integer Linear Programming (MILP) or Mixed Integer Nonlinear
Programming (MINLP), can be used to optimize the entire utility system (steam,
power, fuel) in real-time or for planning purposes. These models consider the
interactions between different utility components and process demands to
minimize overall operating costs and energy consumption, potentially achieving
cost reductions of up to 10%.?' KBC's work with a refinery client involved
simulating utility systems to clarify steam, power, and fuel interactions, leading to
a prioritized list of impactful energy-saving projects.?



4. Equipment-Level Energy Conservation Strategies

While process-level optimization is crucial, significant energy savings can also be
realized by focusing on the efficiency of individual pieces of major equipment. This
section breaks down the energy consumption characteristics and mitigation
strategies for some of the most critical equipment in a refinery.

4.1. Fired Heaters and Boilers

Fired heaters and boilers are the workhorses of a refinery, providing the thermal
energy required for distillation and various chemical reactions. They are also the
largest consumers of energy, accounting for 40% to 70% of a refinery's total energy
consumption.“® Their efficiency is paramount to the overall energy performance of the
facility.

Energy Consumption Nature:

Heaters and boilers consume refinery fuel gas, natural gas, or fuel oil to generate heat.6 Their
efficiency is primarily determined by how effectively the heat from combustion is transferred
to the process fluid and how much heat is lost through the flue gas stack. Key factors
influencing efficiency include the flue gas temperature (lower is better) and the amount of
excess air used for combustion (too much wastes heat).6 While designed for efficiencies of
70-90%, actual operating efficiencies are often much lower due to fluctuating loads and
operating conditions.46

Mitigation Strategies:

e Combustion Optimization: The most critical strategy is to control the air-to-fuel
ratio precisely. This involves minimizing excess air by monitoring stack gas oxygen
levels. Reducing excess air to an optimal level (e.g., 10%) can increase furnace
performance by 1% for every 20°C reduction in stack gas temperature.*®

e Waste Heat Recovery: Installing air preheaters (APH) to use hot flue gas to
preheat combustion air is a common and effective measure. This can improve
furnace efficiency to over 90%.*" Similarly, economizers use flue gas to preheat
boiler feedwater.

e Convection Section Revamps: A primary way to improve heater efficiency is to



enhance heat recovery in the convection section by adding new coils to lower the
final flue gas temperature.*’

e High Emissivity Coatings: Applying ceramic coatings to the internal surfaces of
the radiant section (tubes and refractory) improves heat transfer, allowing the
heater to operate at lower temperatures for the same duty. This reduces fuel
consumption and can also prevent oxidative scale formation, extending tube life.*°

e Maintenance and Housekeeping: Regular cleaning of heat transfer surfaces,
ensuring proper insulation to reduce heat loss from walls, and maintaining a
constant, slightly negative draft in the heater are essential for sustained
efficiency.*®

Case Studies:

e Convection Section Revamp: A case study on a fired heater with poor efficiency
(~80%) showed that revamping the convection section to improve heat recovery
increased the overall efficiency to above 90%.*

e High Emissivity Coatings: A refinery applied Cetek high emissivity coatings to its
fired heaters, resulting in a 21°C reduction in bridgewall temperature and fuel
savings of approximately 5.0 Gcal/hr. This translated to an estimated CO,
reduction of 9,600 metric tons per year.>® Another project at a catalytic reformer
in Thailand used these coatings to achieve an 11% efficiency improvement,
leading to an additional 9.2 million barrels of production over eight years.>

e Boiler Tuning: A simple optimization exercise at a refinery in Germany involved
adjusting stack dampers and burner air registers. This increased the thermal
efficiency of the heater by about 3%, which for a large refinery, can translate into
millions of dollars in annual savings.*

e Carbon Cost Justification: A project to retrofit a heater with an APH system was
initially rejected based on a five-year payback period from fuel savings alone.
However, when the cost of carbon was included in the calculation, the project's
Internal Rate of Return (IRR) improved from 10.1% to 15.1%, exceeding the
refinery's threshold and making the project economically feasible.*’

4.2. Pumps and Compressors

Pumps and compressors are ubiquitous in refineries, moving fluids and gases through
the vast network of pipes and vessels. Driven by electric motors, they represent a
major portion of a refinery's electrical load—often over 80%—and their associated



utility costs can be significant.”

Energy Consumption Nature:

The primary energy consumption comes from the electric motors that drive this equipment.
Inefficiencies arise from several sources. Many pumps are designed to run at a constant
speed, with flow controlled by throttling valves, which is akin to driving a car with the
accelerator fully pressed while controlling speed with the brake. This method wastes
significant energy by creating unnecessary pressure.54 Furthermore, systems are often
designed with "stacked margins," where engineers conservatively oversize pumps and motors,
leading to equipment that is more powerful and energy-intensive than necessary.54
Mitigation Strategies:

Variable Frequency Drives (VFDs): VFDs (or Variable Speed Drives) are the
most promising technology for reducing motor energy consumption.>® They adjust
the motor's speed to precisely match the process demand, eliminating the need
for wasteful throttling. A 20% reduction in motor speed can lead to energy
savings of as much as 50%.°° VFDs also provide "soft starts," which reduce
mechanical stress and maintenance costs.**

High-Efficiency Motors: Replacing older, standard-efficiency motors with
modern high-efficiency motors (e.g., IE3 or IE4 class) is a straightforward
upgrade. While the initial purchase price is higher, the energy cost over a motor's
lifetime can be as high as 96% of its total lifecycle cost, making the investment
highly economical.”

System Design and Sizing: Correctly sizing pumps and motors for the actual
required duty, rather than relying on overly conservative stacked margins,
prevents inherent energy waste from the outset.*

Maintenance and Leak Prevention: For compressed air systems, preventing
leaks is critical. Surveys have shown that pinhole leaks in compressed air lines can
waste over 30% of the supplied air.>®* Regular maintenance, including cleaning air
filters and using cooler intake air for compressors (a 10°C drop in intake air
temperature can reduce energy use by 3%), also contributes to savings.

Case Studies:

VFDs in an Oil Processing Facility: An energy audit and subsequent VFD
installation project at an oil processing facility yielded a 67% reduction in energy
consumption and GHG emissions for the targeted equipment, with a payback
period of less than one year. For pumps with variable flow rates, installing VFDs
saved 1,433 MWh per year, a 78% reduction in energy use for those specific
pumps.*

Chevron Refinery VFD Installation: At a Chevron refinery in Richmond,



California, a pump system was experiencing severe mechanical vibrations. VFDs
were installed to regulate the flow rate and control the vibrations. A significant
co-benefit was the annual energy savings of 4.4 million kWh, translating to a cost
saving of approximately $700,000 per year.>®

e Steam Trap and Leak Management: A Texas petrochemical plant with over
6,800 steam traps initiated a comprehensive management program. An audit of
the steam and compressed air systems identified significant leaks. The resulting
project, which included fixing leaks and optimizing the steam trap system, led to
energy savings of more than $7 million over three years and reduced CO2
emissions by 33.5 tons annually.*”

4.3. Distillation Towers

Distillation is the primary separation process in a refinery and is notoriously
energy-intensive, consuming up to 40% of the total energy used in refining and
chemical plants.®® The process involves vaporizing and condensing large volumes of
material to separate components based on their boiling points, which requires
significant heat input in the reboiler and heat removal in the condenser.

Energy Consumption Nature:

The core of the energy consumption in a distillation column is the heat duty supplied to the
reboiler, typically by steam or a fired heater. This energy creates the vapor traffic that flows up
the column. The amount of energy required is directly related to the reflux ratio—the portion
of condensed overhead product that is returned to the top of thetower to improve separation
purity. A higher reflux ratio leads to better separation but requires proportionally more energy
in the reboiler.60 The entire operation is a continuous trade-off between product purity
(recovery) and energy consumption.60

Mitigation Strategies:

e Operational and Control Optimization:

o Advanced Process Control (APC): APC systems use dynamic models to
operate the column closer to its true constraints, reducing the variability that
forces operators to use conservative, energy-wasting setpoints (like excessive
reflux). By minimizing operating pressure and optimizing the reflux-to-reboil
balance, APC can significantly reduce energy use.®’

o Feed Optimization: Ensuring the feed enters the column at the optimal
temperature and on the correct tray (where the column composition matches
the feed composition) minimizes thermodynamic inefficiencies and reduces



the required reflux and reboiler duty.*
e Heat Integration and Process Modifications:

o Pumparounds and Intermediate Heat Exchangers: Installing
inter-condensers (often called pumparounds) and inter-reboilers allows for
heat to be removed or added at intermediate points in the column. This
enables heat integration with other process streams at more favorable
temperatures, reducing the load on the main condenser and reboiler.®*

o Heat-Integrated Distillation Columns (HIDiC): These advanced designs,
such as those with internal heat pumps or direct heat transfer between the
rectifying and stripping sections, can achieve energy savings of 50-80%
compared to conventional columns, though they are more complex to design
and control.®®

o Dividing-Wall Columns (DWC): This technology integrates what would
traditionally be two separate distillation columns into a single shell with a
vertical partition, potentially saving 15-30% in energy and capital costs.*’

e Retrofitting Equipment:

o Column Internals: Replacing older trays or packing with modern,
high-performance internals can improve separation efficiency and reduce
pressure drop, which in turn lowers the required reboiler temperature and
energy input.”’

Case Studies:

e APC on Refinery Distillation Towers: In one documented instance, applying
APC to just two distillation towers in a refinery yielded annual steam energy
savings between $400,000 and $900,000 by enabling operation at lower
pressures and eliminating conservative over-refluxing.®?

e Retrofit of a Modern Crude Distillation Unit: A case study on a modern refinery
that was already highly efficient (~93%) demonstrated that further optimization
was possible. By implementing process modifications like stream splitting to
improve heat integration, the refinery achieved an additional 31.3% in energy
savings with a payback period of less than one year.*’

e Heat Integration in a Crude Distillation System: A case study analyzing the
heat integration of a 150,000 bpd distillation unit found that recycling hot outlet
streams to preheat the column's inlet feed could save an estimated £2.29 million
per year.®®

e Methanol Plant Column Retrofit: In a methanol plant, a retrofit project involving
feed preheating and adding a side condenser to one column reduced its total
exergy loss by 21.5%. A second column was retrofitted with two side reboilers,
which reduced its exergy loss by 41.3%, proving the economic benefit despite the



capital cost.”

5. Emerging Technologies and Innovative Approaches

Beyond established methods, a range of emerging technologies and innovative
approaches hold the potential to further transform energy consumption patterns in
petroleum refineries. These often involve integrating renewable energy, utilizing
low-carbon hydrogen, capturing emissions, and leveraging advanced data analytics.

5.1. Integration of Renewable Energy Sources

The direct use of renewable energy in refining processes is gaining traction as a
means to decarbonize operations and reduce reliance on fossil fuels.

e Solar Thermal (Concentrating Solar Power - CSP): CSP technologies
concentrate sunlight to generate high temperatures, which can be used to
produce steam or provide direct process heat for various refinery applications.”
Studies suggest CSP can be integrated with crude oil distillation, which accounts
for 30-40% of a refinery's energy demand.”

o Technical Aspects: A proposed system involves linear solar collectors using
molten salts as a heat transfer fluid and for thermal energy storage (TES).?*
TES is crucial for balancing the intermittency of solar radiation with the
continuous operational needs of refineries.” A CSP plant with 100 loops of
collectors (approx. 330,000 m?* area) and 800,000 kWh storage could
constantly supply heat, including 24-hour operation on clear days.*

o Potential Impact: Such integration could reduce CO2 emissions by around
54,000 tons/year and methane use by 20,000 tons/year for a typical refinery,
representing over a 10% reduction in heat production for distillation.” The
market potential for solar thermal in oil refining is estimated between 21 and
95 GW.*

o Economic Viability: A techno-economic analysis for an Italian refinery
estimated a 16.2% ROI for CSP integration.” This is more favorable than using
similarly sized photovoltaics for green hydrogen production for the same heat
demand, which showed an 8.5% ROI.> However, the cost of solar kerosene



produced via CSP is estimated at €1-2 per litre long-term, sensitive to solar
unit efficiency and CO2 capture costs.” CSP plant costs can be reduced by
over 37% when considering benefits to hydrothermal electricity systems,
enhancing competitiveness.”

o Challenges: Key challenges include the intermittency of solar radiation, the
large land area required for solar fields near refineries, and the economic
balancing of solar heat with conventional heating.”

e Renewable Electricity: As the electricity grid becomes greener, electrifying
certain refinery processes offers a pathway to decarbonization. This includes
using renewable electricity to power electric heaters, pumps, compressors, and
potentially to electrify high-heat units like cokers or boilers.?* Washington State
refineries, for example, could electrify coker units (requiring ~150 MW) or replace
fired boilers with electric boilers, leveraging the state's renewable grid.”’

The integration of renewables is often site-specific, depending heavily on local
resource availability (sunlight, land) and the existing energy infrastructure. Thermal
energy storage for CSP or robust grid connections for renewable electricity are
critical for ensuring reliability.

5.2. Green and Blue Hydrogen

Hydrogen is a critical input for refineries, primarily used in hydrotreating and
hydrocracking processes to remove sulfur and upgrade heavier fractions.® Currently,
most of this hydrogen is "grey" hydrogen, produced via Steam Methane Reforming
(SMR) of natural gas, a process that emits significant CO2.

e Green Hydrogen: Produced through electrolysis of water using renewable
electricity (e.g., solar, wind). Its use in refineries would significantly reduce the
carbon footprint associated with hydrogen production.?” Green hydrogen can be
used directly in desulfurization and hydrocracking processes without major
changes to existing infrastructure.®

e Blue Hydrogen: Produced from natural gas via SMR, but with the CO2 emissions
captured and stored (CCS).?® This offers a lower-carbon alternative to grey
hydrogen, though its overall carbon footprint depends on methane leakage rates
and CCS efficiency. ExxonMobil's Baytown facility is planning a world-scale blue
hydrogen plant.*

e Potential and Economics: Replacing all grey hydrogen with green hydrogen in



Washington refineries could reduce emissions by 820,000 tons CO2e/year.*’
Galp's Sines refinery in Portugal estimates a 500,000 tons/year emissions cut by
switching fully to green hydrogen.*°

However, green hydrogen currently costs more ($3.50-$6.00/kg) than grey
hydrogen ($1.50-$2.50/kg).30 Blue hydrogen is intermediate ($2.00-$3.50/kg).32
Government incentives like the U.S. Inflation Reduction Act (IRA), offering tax
credits up to $3.00/kg for clean hydrogen, are crucial for improving green
hydrogen's economics.32 Achieving cost parity requires renewable electricity
costs below $20-$30/MWh and reductions in electrolyzer CAPEX.32 The DOE's
Hydrogen Shot aims for $1.00/kg green hydrogen by 2031.32

5.3. Carbon Capture, Utilization, and Storage (CCUS)

For emissions that are difficult to abate directly, such as those from FCC catalyst
regeneration or SMRs, CCUS presents a potential solution.

Application: CCUS is most effectively applied to concentrated CO2 streams. In
refineries, FCC flue gas and hydrogen plant off-gas are primary candidates.”
Utilization: Captured CO2 can be utilized to produce other valuable products. For
example, CO2 from an FCC unit could be converted to methanol or ethanol,
potentially qualifying for tax credits like the U.S. 45Q.?" This could also provide a
low-carbon feedstock for future sustainable aviation fuel (SAF) production.?
Storage: Alternatively, captured CO2 can be permanently stored in geological
formations. ExxonMobil is advancing plans for over 20 new CCS opportunities
globally, including a major hub concept for the Houston Ship Channel, with its
Baytown facility planning to store up to 10 million metric tons of CO2 per year.”'
Challenges: CCUS technology is capital-intensive, and the capture process itself
consumes energy, which must be accounted for in the overall energy balance and
emissions profile. The long-term security of CO2 storage and public acceptance
are also important considerations.

5.4. Artificial Intelligence (Al) and Machine Learning (ML) for Predictive Energy
Management



Al and ML are transforming how refineries manage energy by enabling more
sophisticated analysis, prediction, and optimization capabilities.

Predictive Maintenance: Al algorithms can analyze sensor data (vibration,
temperature, pressure) from critical equipment like compressors, turbines, and
pumps to predict potential failures.** By preempting breakdowns, refineries can
avoid energy-guzzling inefficiencies associated with malfunctioning equipment
and reduce unplanned downtime, which can cost $100,000 to $1 million per
hour.** Al-powered maintenance has been shown to cut unplanned downtime by
50%.%

Process Optimization: ML models can analyze vast amounts of real-time
process data (flow rates, temperatures, pressures, feedstock quality) to identify
optimal operating parameters for energy efficiency and yield.** Digital
twins—virtual replicas of refinery processes or entire plants—allow for simulations
and "what-if" analyses to test optimization strategies without impacting live
operations.* ENEOS Corporation aims to use digital twin infrastructure in four
refineries to improve maintenance planning accuracy by 2026.%

Energy Forecasting and Anomaly Detection: Al can forecast energy
consumption based on production schedules and external factors (e.g., weather),
helping to optimize energy procurement and utility system operation.*> Anomaly
detection algorithms can identify deviations from normal operating behavior that
might indicate energy wastage or impending equipment issues.* Spacewell
Energy's Al forecasting tool demonstrated a 28% reduction in prediction errors
compared to simpler methods.*

Quantifiable Benefits: Refineries using smart instrumentation and Al-driven
solutions have reported significant savings. For example, one team saved $70
million over two years by fixing recurring problems identified through data
analytics. Annual savings of $4.20 million in improved throughput and energy
costs have been achieved by refiners using such solutions.*

The effectiveness of Al and ML heavily depends on the quality and availability of
data. Therefore, investment in robust sensor networks, data acquisition systems
(SCADA), and data management infrastructure is a prerequisite.33 While Al offers
powerful capabilities, the "black box" nature of some complex ML models can be
a concern for operators who prefer transparency and control over
decision-making processes.35



6. Case Studies and Real-World Examples: Learning from
Application

The theoretical potential for energy savings in refineries is best illustrated by
examining real-world projects and broader industry initiatives. These examples
provide tangible evidence of what can be achieved, the technologies employed, and
the practical outcomes.

6.1. Specific Refinery Projects and Outcomes

Several refineries globally have implemented targeted energy conservation projects
with documented success:

e JX Nippon Oil & Energy (JX NOE) Mizushima Refinery, Japan (Crude

Distillation Unit Fouling Mitigation):

o Project Focus: Addressing severe fouling in the preheat exchangers of the
Crude Distillation Unit (CDU), which increased furnace energy consumption
and CO2 emissions.®

o Technology: Implemented the Super Clean System (SCS), an online, oil-based
detergent cleaning technology for heat exchanger networks.?

o Results: SCS effectively removed deposits, restoring heat transfer efficiency.
This led to reduced fuel consumption in the furnace and lower operating
costs. A key benefit was also the significant reduction in CDU maintenance
turnaround time, as exchangers could be cleaned in less than 48 hours
without extensive dismantling, compared to weeks for traditional
hydroblasting.? This highlights how energy efficiency projects can yield
substantial operational co-benefits.

e Shell Martinez Refinery, USA (Fluid Catalytic Cracking Unit Optimization):

o Project Focus: Reducing steam consumption and improving heat recovery in
the Fluid Catalytic Cracking Unit (FCCU)."

o Technologies: Projects included steam reduction at the Wet Gas Compressor
(J-125) and Air Compressor (J-123), heat recovery at the HRSG feedwater
economizer, and increased 160# steam generation within the unit.”



o Results: These initiatives led to a reduction in supplemental natural gas firing
in Heat Recovery Steam Generators (HRSGs) and CO Boilers (COB), as the
steam system demand was better managed internally.” While specific energy
savings quantities are not detailed for each sub-project, the overall impact
was lower natural gas usage.

e ExxonMobil Baytown Complex, USA (Comprehensive Emissions and Energy

Management):

o Projects & Targets: This integrated complex has undertaken numerous
initiatives. Between 2019 and 2022, fugitive VOC emissions were reduced by
29% at the refinery and 50% at the Olefins Plant. Greenhouse gas emissions
from flaring at the refinery were reduced by 82%.*' The company is planning a
world-scale blue hydrogen plant and one of the world's largest carbon
capture and storage (CCS) projects at Baytown, aiming to capture up to 10
million metric tons of CO2 per year.*’ Replacing natural gas with this blue
hydrogen at the Baytown olefins plant could reduce the complex's CO2
emissions by up to 30%.”'

o Corporate Goals: ExxonMobil aims for a 20-30% reduction in corporate-wide
GHG intensity by 2030 (vs. 2016), with specific targets for upstream
operations (40-50% GHG intensity reduction), methane intensity (70-80%
reduction), and flaring intensity (60-70% reduction).*

o Investment: Approximately $17 billion is planned for lower-emission initiatives
between 2022 and 2027.%

e BP Refineries (Whiting, Cherry Point, Gelsenkirchen - Various Projects):

o Whiting, US: A condensate recycling project was implemented, resulting in a
650,000 m® per annum reduction in freshwater withdrawals, which also has
an embedded energy saving component related to water pumping and
treatment.”’

o Cherry Point, US: A hydrocracker improvement project saved 26 ktCO2e.
Restoration of cooling water infrastructure improved compressor efficiency
and contributed to overall energy efficiency gains, part of projects yielding
approximately 262 ktCO2e in emission savings.®’

o Gelsenkirchen, Germany: Replacing imported steam from a coal-fired power
plant with steam produced in the refinery's own more efficient gas-fired
boilers led to a reduction of 19 ktCO2e.*

o Overall Impact: These site-specific projects contributed to BP's total 0.42
MtCO2e emissions reduction from implemented projects across its portfolio in
2024.%7

e Chevron Pascagoula Refinery, USA (Emissions and Waste Reduction):

o Projects: Installation of a state-of-the-art Flare Gas Recovery system,



additional tail gas units for Sulfur Recovery plants, pollution controls on
existing furnaces, and replacement of outdated steam boilers with new,
efficient equipment. These efforts led to an approximate 70% decrease in
NOx and SO2 emissions since 2005."

Resource Recovery: Extensive recycling programs are in place, such as
recovering 1.4 million barrels of oil from refinery process water annually for
reprocessing, and treating process by-product gas to remove 99.96% of H2S
for use as fuel gas, thereby reducing natural gas purchases by approximately
39 billion standard cubic feet per year."

Regulatory Compliance & FCCU Upgrades: Chevron and Martinez Refining
Company (MRC) reached agreements with the Bay Area Air Quality
Management District to comply with Rule 6-5, committing to substantial
particulate matter (PM) emission reductions from their FCCUs (estimated 70%
for Chevron and 80% for MRC). This involves significant investments and
potential penalties for non-compliance, driving technological upgrades for
emissions control.*

e Ocean Petroleum, Atyrau, Kazakhstan (Waste Heat Recovery):

o

Project: Implementation of a state-of-the-art waste heat recovery system
(WHRS) to capture waste heat from various processes and use it to generate
additional steam for operations."

Results: This initiative reduced the refinery's reliance on external energy
sources and lowered its carbon footprint, though specific quantitative data is
not provided."

e Alfa Laval Heat Exchanger Applications (General Refinery Examples):

o

Main Fractionator Overhead Vapors: Compabloc welded plate heat
exchangers are used to recover significant energy from the low-grade heat in
main fractionator overhead vapors, often redirecting this energy to preheat
boiler feedwater or for district heating systems. This avoids wasting energy via
air coolers.'

Main Fractionator Bottoms Slurry (Decant Oil): High-efficiency Spiral heat
exchangers are designed to maximize energy recovery from the hot,
fouling-prone slurry oil, preheating feed or generating steam, while their
single-channel design minimizes fouling and maintenance requirements
compared to traditional shell-and-tube exchangers.™

These case studies collectively demonstrate that successful energy conservation is
often highly customized. The specific choice of technology and project focus at JX
NOE (CDU preheat train fouling) & Shell Martinez (FCCU steam and heat) *, and BP's
varied projects (condensate recycling, hydrocracker efficiency, steam sourcing) *



reflects solutions tailored to unique operational challenges, crude slates, and existing
infrastructure. The viability of integrating solar thermal energy, for example, is
inherently tied to local solar irradiance and land availability, making it a site-specific
rather than a universal solution.” This underscores that a deep understanding of an
individual refinery's energy balance and operational bottlenecks is crucial before
implementing conservation measures.

6.2. Insights from Broader Industry Initiatives and Government Programs

Beyond individual refinery projects, larger-scale studies and programs provide
valuable benchmarks and identify overarching opportunities:

e U.S. Department of Energy (DOE) Bandwidth Study on Energy Use and
Potential Energy Saving Opportunities in U.S. Petroleum Refining:

o

o

This comprehensive study estimated that if State of the Art (SOA)

technologies and practices currently available worldwide were adopted, the

U.S. petroleum refining sector could achieve energy savings of approximately

286 TBtu/year for nine select processes, or 420 TBtu/year (a 14% reduction)

when extrapolated to the entire sector.*’

Key SOA opportunities include heat recovery optimization (Pinch Analysis),

equipment upgrades (e.g., variable frequency drives), minor process

modifications, and operational best practices. Hydrotreating processes

showed a particularly high SOA savings potential of over 30%.*

The study further identified Practical Minimum (PM) energy consumption

levels, representing additional savings achievable if applied R&D technologies

under development are successfully deployed. This R&D opportunity could

increase total potential savings to 826-1,213 TBtu/year (a 40% reduction from

the baseline).*’

Significant PM technologies include:

m Thermal Cracking: As an alternative to primary distillation, potentially
saving 25% energy.*’

m Progressive Distillation: Integrating atmospheric and vacuum columns,
saving ~30% energy.*’

m Self-Heat Recuperation in Distillation: Could achieve 48% energy
savings.*’

m Dividing-Wall Columns: Integrating two columns into one, saving 15-30%
energy.*



m Biodesulfurization: A biological alternative to hydrotreating, potentially
reducing energy use by 70-84% for that step.*

e ExxonMobil's Global Energy Management System (GEMS): Internal studies
through GEMS identified actual energy savings of about 9% in ExxonMobil's
petroleum refining operations due to improvements made between 2002 and
2011.* This demonstrates the effectiveness of systematic, corporate-wide energy
management programs.

e KBC Strategic Energy Review: A review for a client operating three complex
refineries, utilizing Best Technology assessments and Pinch Analysis, identified
potential fuel savings of up to 215 Gcal/h (853 MMBTU/h) and associated
emissions reductions of 440 kteCO,/year.?” This highlights the value of expert
third-party assessments in uncovering optimization opportunities.

The DOE Bandwidth study's distinction between SOA and PM savings provides a
crucial framework.* SOA opportunities represent achievable, incremental gains
through the deployment of proven best practices. PM opportunities, reliant on R&D
breakthroughs, offer transformative potential but come with higher uncertainty. This
suggests that refineries should pursue a dual strategy: continuously implementing
SOA improvements for immediate benefits while strategically monitoring and piloting
promising PM technologies for long-term, deeper decarbonization.

Furthermore, the decision to invest in these projects is often bolstered by significant
co-benefits beyond direct energy cost reductions. The SCS technology at JX NOE, for
instance, dramatically shortened turnaround times.® APC systems can improve
product quality and reduce lab costs.” BP's Whiting project achieved substantial
freshwater savings *', and Chevron's initiatives reduce waste and recover valuable
byproducts.” These co-benefits—including reduced operational expenditure,
increased revenue streams, improved environmental compliance in other areas, and
an enhanced social license to operate—collectively strengthen the business case,
especially when energy savings alone might offer marginal returns.

Table 3: Comparative Analysis of Selected Refinery Energy Conservation Case
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7. Navigating Implementation Hurdles and the Evolving Policy
Landscape

Despite the clear benefits and available technologies, implementing energy efficiency
and consumption reduction projects in petroleum refineries faces numerous hurdles.
Simultaneously, the external landscape of regulations, carbon pricing, and societal
expectations is rapidly evolving, profoundly influencing investment decisions and
operational strategies.

7.1. Addressing Common Barriers to Energy Efficiency Projects

The path to improved energy performance is often impeded by a combination of
technical, economic, operational, and organizational challenges.

e Technical Barriers:

o Integration Complexity: Integrating new technologies, such as advanced




catalysts or Variable Speed Drives (VSDs), into existing, often aging, refinery
infrastructure can be complex and require significant engineering effort.™
Skills Gap: Some modern technologies, like VSDs which involve power
electronics, demand specialized engineering skills that may not be readily
available in-house.”

Harsh Operating Environments: Refinery processes often involve high
temperatures, pressures, and corrosive substances, leading to issues like heat
exchanger fouling and material degradation, which can negate the benefits of
efficiency measures if not properly managed.®

Intermittency of Renewables: For technologies like solar thermal, the
intermittent nature of the energy source requires solutions like thermal
storage or hybrid systems to ensure continuous supply, adding complexity
and cost.”

e Economic Barriers:

@)

High Upfront Capital Costs: Many energy efficiency projects, especially
those involving major equipment replacement or new technology deployment,
require substantial upfront investment.*” Refineries often have limited capital
budgets and numerous competing investment priorities (e.g., safety,
environmental compliance, capacity expansion).

Lifecycle Costing vs. Initial Cost: A prevalent barrier is the focus on
minimizing initial purchase costs rather than considering the total lifecycle
cost (LCC) of equipment, where energy consumption often dominates."” For
electric motors, the initial cost might only be 2% of the LCC."”

Payback Periods: If the simple payback period for an energy efficiency
project is perceived as too long, it may not be approved, even if it offers good
long-term returns.’”

Energy Price Volatility: Fluctuations in crude oil and natural gas prices can
create uncertainty around the economic benefits of energy-saving projects,
making investment decisions more difficult.’

Cost of New Technologies: Emerging low-carbon technologies, such as
green hydrogen, are currently more expensive than conventional alternatives,
requiring subsidies or a high carbon price to be competitive.*°

e Operational Barriers:

o

Perceived Risk: Implementing new technologies or modifying existing
processes can be perceived as carrying operational risks, including potential
for unplanned downtime during installation and commissioning.*

Training Requirements: New systems and advanced controls often require
specialized training for operators and maintenance staff.”

Resistance to Change: Overcoming inertia and resistance to altering



established operating procedures can be challenging.

Organizational and Informational Barriers:

@)

Lack of Awareness/Recognition: Opportunities for energy savings may not
be recognized by responsible personnel or effectively communicated to senior
management.”

Insufficient Data and Monitoring: A lack of detailed energy consumption
data or inadequate monitoring systems can make it difficult to accurately
identify opportunities, quantify potential savings (e.g., for VSDs), and verify
project performance.”

"Like-for-Like" Replacement Culture: The tendency to replace failed
equipment with identical units, rather than evaluating more efficient
alternatives, perpetuates inefficiencies.”

7.2. The Influence of Carbon Pricing, Emissions Trading Schemes, and ESG
Mandates

External pressures are increasingly shaping refinery energy strategies, often acting as
powerful drivers for conservation and decarbonization.

Carbon Tax: The imposition of a direct tax on CO2 emissions can significantly
impact refinery profitability, as these costs are generally difficult to pass on fully
to consumers in competitive product markets.*' Studies indicate that a high
carbon tax (e.g., $80-$100 per ton of CO2) could reduce contractor profits to
zero or result in negative cash flow for oil and gas projects, thereby incentivizing
investments in emissions reduction technologies to mitigate this tax burden.*?
Emissions Trading Schemes (ETS): Systems like the EU ETS cap total emissions
and allow companies to trade emission allowances.

@)

o

Rising Allowance Prices: The price of EU Allowances (EUAs) has risen
substantially (from ~€30 in late 2020 to ~€70, with projections exceeding
€150 by 2035).* This directly increases operational costs for refineries.
Phase-out of Free Allowances: Historically, many industrial sectors,
including refining, received a significant portion of their allowances for free.
However, from 2026, these free allocations are set to be gradually phased out
in the EU, in parallel with the introduction of the Carbon Border Adjustment
Mechanism (CBAM).** This means refineries will eventually have to purchase
EUAs for all their verified emissions.

Impact on Refineries: The combination of rising EUA prices and the loss of



free allowances is creating a substantial financial pressure. For example, a
European refinery ("Refinery X") could face an annual carbon liability of €150
million by 2035, translating to an added cost of $2 to over $5 per barrel of
throughput, depending on complexity.** This “carbon cost tipping point" is
fundamentally altering investment decisions, making previously marginal
decarbonization projects economically necessary for survival.

o Strategic Responses: Refiners are responding by investing in emissions
abatement technologies, converting facilities to produce biofuels (over 80%
of announced European refinery closures from 2020-2030 are for biofuel
conversion), or, in some cases, closing less competitive sites.*?

e Environmental, Social, and Governance (ESG) Mandates:

o Stakeholder Pressure: There is mounting pressure from investors, the public,
financial institutions, and governments for oil and gas companies to
demonstrate strong ESG performance and actively support efforts to combat
climate change.*®

o Driving Proactive Investment: ESG commitments act as a significant "pull"
factor, prompting companies like ExxonMobil and BP to set ambitious
voluntary emission reduction targets (e.g., Net Zero by 2050) and invest
heavily in low-carbon technologies such as CCS, hydrogen, and biofuels,
often beyond immediate regulatory requirements or purely financial payback
criteria.*

o Broader Focus: ESG frameworks also emphasize resource efficiency
(including energy and water), waste management, and ethical governance, all
of which contribute to or align with energy conservation goals.*® This strategic
driver can accelerate the adoption of comprehensive energy conservation
measures as companies strive to enhance their reputation, maintain their
social license to operate, and position themselves for long-term success in a
low-carbon world.

7.3. Key Lessons Learned from Past Conservation Programs and Future Outlook

Experience from past energy conservation programs and the evolving industry
landscape offer valuable lessons:

e Clear Targets and Monitoring: Establishing clear, preferably measurable, energy
efficiency improvement targets, even if voluntary, can provide a yardstick for
progress and maintain industry-wide visibility on conservation efforts.’ Robust



monitoring is essential to track performance against these targets.

Proactive Planning for Transition: Given that refineries are significant sources
of pollution and that demand for traditional petroleum products is expected to
decline with the rise of alternatives like electric vehicles “°, proactive planning for
industry transition is crucial. This includes considering refinery closures,
conversions, and site remediation to avoid decisions being dictated by financial
distress or bankruptcy proceedings.*°

Technology Demonstration and Support: More effort may be needed to
demonstrate the feasibility and reliability of certain emerging technologies (e.g.,
coal gasification in refineries, as noted in older reports ?, or newer technologies
like advanced CCS or green hydrogen at scale).

Addressing Operational and Financial Risks: As refineries face increasing
financial pressures, there's a risk that cost-cutting measures could compromise
safety and maintenance, potentially increasing operational risks for neighboring
communities.*°

Collaboration and Capacity Building: Overcoming barriers often requires
collaborative efforts. This includes capacity building through training programs
for energy teams and awareness sessions for decision-makers. Establishing
dedicated Energy Services Companies (ESCOs) within the petroleum sector could
also help fund and implement projects.”

The "Just Transition" Challenge: As the industry transforms through efficiency
gains, fuel switching, and potential closures, addressing the socio-economic
impacts on the workforce and local communities is critical. This involves planning
for worker retraining, community support, and redevelopment of sites to ensure a
"just transition".“° This is a significant third-order implication of successful
long-term energy consumption reduction in the sector.

Future Outlook: The refining industry is at a crossroads. The shift towards EVs
will likely reduce demand for gasoline and diesel, potentially leading to more
refinery closures or reconfigurations towards petrochemical production.*®
Remaining and new facilities will need to be exceptionally energy-efficient,
flexible in their feedstock and product slates, and potentially convert to
biorefineries or integrated energy hubs.”

Table 4: Impact of Carbon Pricing and ESG on Refinery Energy Strategy
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8. Strategic Recommendations for Optimizing Refinery Energy
Performance

To navigate the complex challenges and capitalize on the opportunities for energy
conservation and consumption reduction, refineries should adopt a strategic,
multi-pronged approach. This involves integrating best practices in energy
management with investments in efficient technologies and a forward-looking stance
on emerging solutions and policy developments.

8.1. Implement Holistic Energy Management Systems (EnMS)

A systematic approach to energy management is foundational.

e Adopt comprehensive EnMS frameworks, such as ISO 50001, to embed energy
performance improvement into the organizational culture and operational
routines. This should include specific programs like Motor System Optimization
(MSO) to address the significant energy use by electric motors.™

e Establish dedicated energy management teams with clear responsibilities and
provide them with the necessary resources and authority.

e Conduct regular and thorough energy audits of all process units and utility
systems to identify inefficiencies and opportunities. Complement these with
strategic energy reviews, similar to those conducted by BP * or offered by
specialist consultants like KBC #%, to gain external perspectives and identify
best-practice gaps.

8.2. Prioritize Heat Integration and Waste Heat Recovery

Maximizing thermal efficiency remains one of the most impactful areas for energy
savings.

e Routinely apply Pinch Analysis for the design of new facilities and for retrofitting



existing heat exchanger networks, particularly in energy-intensive units like CDUs,
VDUs, and FCCs, focusing on preheat trains.’

e Invest in advanced heat exchanger technologies (e.g., welded plate, spiral) that
offer higher thermal efficiency and better resistance to fouling in demanding
services." Implement proactive online cleaning systems for heat exchangers to
maintain peak performance and reduce furnace over-firing.?

e Aggressively pursue all economically viable waste heat recovery opportunities
from flue gases, hot process streams, and steam condensate. Utilize recovered
heat for preheating feeds or combustion air, steam generation, or power
production via technologies like HRSGs or ORCs.°

8.3. Invest Systematically in Equipment Modernization and Advanced Process
Control

Outdated and inefficient equipment is a major source of energy waste.

e Adopt a lifecycle cost (LCC) approach, rather than focusing solely on initial
capital cost, when making decisions about equipment procurement and
replacement. Prioritize investment in high-efficiency furnaces, boilers, pumps,
compressors, and electric motors.'”

e Maximize the use of Variable Frequency Drives (VFDs) on motors with variable
loads to match energy consumption with actual process demand.”

e Implement and continuously optimize Advanced Process Control (APC) systems,
leveraging real-time data analytics and model predictive control (MPC), to
operate units more stably, closer to their optimum efficiency points, and to
improve yields."™

8.4. Strategically Embrace Emerging Low-Carbon Technologies

While focusing on proven measures, refineries must also prepare for a lower-carbon
future by strategically evaluating and piloting emerging technologies.

e Assess the site-specific feasibility and economic viability of integrating renewable
energy sources, such as solar thermal for process heat (with thermal storage)
or renewable electricity for direct use.



Develop a long-term hydrogen strategy, evaluating the potential for transitioning
from grey hydrogen to blue hydrogen (SMR with CCS) or green hydrogen
(electrolysis via renewables) for hydroprocessing and other needs, considering
cost trajectories and policy support.”’

Investigate the application of Carbon Capture, Utilization, and Storage (CCUS) for
hard-to-abate emissions from units like FCCs or SMRs, particularly where CO2
utilization pathways exist or geological storage is accessible and economically
supported.”

Explore and adopt Artificial Intelligence (Al) and Machine Learning (ML) tools for
predictive energy management, equipment health monitoring (predictive
maintenance), and advanced process optimization.**

A critical element of this strategic approach is robust data infrastructure. Effective
energy management and the successful deployment of many advanced technologies,
particularly Al/ML, depend fundamentally on comprehensive, accurate, and real-time
data. Therefore, investing in the necessary metering, sensors, data acquisition
systems, and analytical platforms is a prerequisite for identifying opportunities,
verifying savings, building strong business cases for capital projects, and optimizing
ongoing performance.” This data-driven methodology allows for better prioritization
of energy projects based on their actual potential impact and ROI.

8.5. Foster a Culture of Energy Efficiency and Continuous Improvement

Technology and systems are only part of the solution; human factors are equally
important.

Invest in capacity building through targeted training programs for technical staff
and operators on energy-efficient practices and new technologies.”

Conduct awareness sessions for decision-makers and senior management to
highlight the strategic importance and economic benefits of energy efficiency.”
Establish incentive programs to encourage energy-saving behaviors, innovative
ideas from employees, and the achievement of energy performance targets.
Promote a culture where energy efficiency is considered an integral part of daily
operations and decision-making at all levels.



8.6. Engage Proactively with Policy and Market Developments

The external environment is dynamic and will continue to shape the refining industry.

e Continuously monitor and analyze evolving carbon pricing mechanisms (taxes,
ETS), emissions regulations, and ESG disclosure requirements to understand their
implications and adapt strategies accordingly.®

e Participate in industry associations and dialogues to advocate for supportive and
predictable policies that encourage investment in energy efficiency and
low-carbon technologies, such as R&D funding, tax incentives, and streamlined
permitting for innovative projects.*

The transformative pressures on the refining industry necessitate a shift from
reactive, isolated energy-saving projects to a proactive, integrated strategic
approach. This involves developing long-term energy and decarbonization roadmaps
that incorporate scenario planning for different carbon price futures, evolving
feedstock availabilities, and shifting product demands.*° Building in flexibility to adapt
these roadmaps as technologies mature and market conditions change will be a key
determinant of future competitiveness and sustainability.

9. Conclusion: Charting a Sustainable and Efficient Future for
Refining

The petroleum refining industry stands at a critical juncture, facing the dual
imperatives of maintaining economic competitiveness and significantly reducing its
environmental impact, particularly its energy consumption and greenhouse gas
emissions. The evidence presented throughout this report underscores that
substantial opportunities exist for energy conservation and consumption reduction
through a multi-faceted approach that combines the diligent application of
established best practices with strategic investment in pioneering technologies.

Key energy-intensive units such as distillation columns, catalytic crackers, and
hydrotreaters offer prime targets for efficiency improvements through enhanced heat
integration using Pinch Analysis, comprehensive waste heat recovery, upgrades to
high-efficiency equipment, and the deployment of advanced process controls.
Real-world case studies from refineries globally demonstrate tangible successes in



reducing fuel consumption, lowering emissions, and often yielding valuable
co-benefits such as reduced maintenance, improved water efficiency, and enhanced
operational stability.

Emerging technologies, including the integration of solar thermal energy, the
transition to green and blue hydrogen, the application of CCUS for hard-to-abate
emissions, and the leveraging of artificial intelligence for predictive energy
management, promise deeper levels of decarbonization and efficiency. While these
innovations present their own technical and economic challenges, their continued
development and selective adoption are crucial for the industry's long-term
transformation.

However, the journey is not without hurdles. High upfront capital costs, technical
complexities of integration, organizational inertia, and the evolving, often stringent,
policy landscape—including rising carbon prices and ESG mandates—all require
careful navigation. The "carbon cost tipping point" is increasingly compelling
refineries to view substantial decarbonization investments not as discretionary but as
essential for future viability. Simultaneously, ESG commitments are pulling the industry
towards proactive, strategic investments in sustainability that transcend mere
compliance.

The drive for energy efficiency and decarbonization is fundamentally reshaping the
refining industry. It is pushing facilities to evolve beyond traditional fuel production
towards becoming more integrated energy and chemical hubs, potential biorefineries,
or key players in the circular and hydrogen economies. This evolution means that
energy strategy is now inextricably linked with a refinery's core identity and its role in
a future, lower-carbon energy system.

Successfully navigating this transition will require continuous commitment from
industry leadership, strategic and data-driven investment prioritization, and a culture
that embeds energy efficiency into its core values. Furthermore, the scale and
complexity of the technological and systemic challenges ahead necessitate greater
collaboration—among industry peers, research institutions, technology providers, and
governments—to accelerate innovation and share best practices. By embracing these
strategies and fostering a collaborative spirit, the petroleum refining sector can chart
a course towards a more sustainable, efficient, and resilient future, meeting the
world's evolving energy needs while responsibly managing its environmental
stewardship.
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