
 

Strategic Energy Management for Compressor Systems in 
Petroleum Refining: A Comprehensive Guide to Maximizing 
Efficiency and Profitability 
 

 

Executive Summary 

 

Compressor systems represent the mechanical heart of a modern petroleum refinery, 
driving the critical processes that convert crude oil into high-value products. They are 
also among the most significant energy consumers on-site, with energy costs 
frequently accounting for over 75% of a compressor's total lifecycle cost.1 In an 
industry defined by volatile margins and increasing pressure to improve both 
economic and environmental performance, optimizing the energy efficiency of these 
assets is no longer a discretionary activity but a strategic imperative. This report 
provides a comprehensive, expert-level guide to maximizing the energy efficiency of 
refinery compressor systems, detailing all available methods from foundational best 
practices to advanced digital technologies. 

The analysis reveals that significant, achievable energy savings, often in the range of 
10-30%, are available in most refinery compressor systems. These savings are not 
confined to a single strategy but are realized through a multi-layered approach that 
encompasses the entire asset lifecycle. Key findings indicate that while advanced 
technologies like Variable Frequency Drives (VFDs) and Advanced Process Control 
(APC) offer transformative potential, foundational measures such as proactive 
maintenance, rigorous leak detection and repair (LDAR) programs, and system-level 
design optimization provide some of the highest and fastest returns on investment. 

Case studies presented within this report provide compelling evidence of the financial 
impact of these strategies. A system-wide audit and retrofit at one U.S. refinery, for 
instance, cut annual compressor energy costs by nearly 50%, from over $790,000 to 
approximately $409,000, by combining leak repair, equipment right-sizing, and 
prioritizing the use of a steam-driven compressor utilizing "free" energy.2 Another 
case study demonstrates how a simple operational change—reducing compressor 



discharge pressure during a turnaround—prevented a Lost Production Opportunity 
(LPO) valued at an estimated $21 million.3 Furthermore, the implementation of VFDs 
has been shown to solve critical operational issues like grid instability, with one 
project avoiding shutdown costs of over $200,000 per week while also generating 
over $100,000 in annual energy savings.4 

The primary strategic recommendations derived from this comprehensive analysis are 
threefold. First, refineries must adopt a holistic, system-wide view of compressor 
management, recognizing the deep interdependencies between equipment, 
distribution networks, and process demands. Second, a robust business case for 
efficiency projects must be built on a full accounting of value, including direct energy 
savings, enhanced reliability, avoided production losses, and recovered product value. 
Finally, the successful implementation of these strategies requires more than just 
technical expertise; it is a change management initiative that demands a culture of 
energy efficiency, operator training, and the breakdown of organizational silos 
between operations and maintenance. For refineries navigating a competitive and 
carbon-constrained future, mastering compressor energy efficiency is a direct path to 
enhanced profitability and sustainable operations. 

 

Section 1: The Critical Role and Energetics of Compressors in 
Refinery Operations 

 

 

1.1. The Heart of the Refinery: Indispensable Functions of Compression 

 

In the intricate and high-stakes environment of a petroleum refinery, compressors are 
not merely utility equipment; they are mission-critical assets that enable the 
fundamental chemical transformations at the core of the business. Their primary 
function is to increase the pressure of a gas or vapor by reducing its volume, thereby 
facilitating its transport and use in a wide array of processes.5 The reliability and 
efficiency of these machines have a direct and profound impact on a refinery's 
throughput, product slate, and overall profitability. 

The most vital role of compressors is providing a continuous, stable supply of 



pressurized gases—primarily hydrogen, process air, and various hydrocarbon 
streams—to key conversion units. These units are where low-value crude oil fractions 
are upgraded into high-value transportation fuels and chemical feedstocks. Key 
applications include: 

● Hydrocracking: A high-pressure catalytic process (often requiring over 1,500 
psig or 100 bar) that breaks down heavy hydrocarbons into lighter, more valuable 
products like diesel and jet fuel. Reciprocating compressors are indispensable for 
supplying and recycling the high-pressure hydrogen required for these reactions.7 

● Hydrotreating and Hydrodesulfurization (HDS): These mid-pressure 
processes use hydrogen to remove sulfur, nitrogen, and other contaminants from 
petroleum fractions to meet stringent environmental fuel specifications. This not 
only improves product quality but also prevents catalyst poisoning in downstream 
units.7 Compressors supply the necessary hydrogen for these critical purification 
steps. 

● Catalytic Reforming: This process uses catalysts to rearrange hydrocarbon 
molecules in naphtha to produce high-octane reformate, a key component of 
gasoline blending. It is also a primary source of hydrogen within the refinery. 
Centrifugal compressors are typically used to circulate the hydrogen-rich recycle 
gas through the reactors.7 

● Fluid Catalytic Cracking (FCC): A cornerstone of the modern refinery, the FCC 
unit "cracks" heavy gas oils into smaller molecules, producing the majority of a 
refinery's gasoline. Large centrifugal compressors often supply the vast 
quantities of air required for catalyst regeneration, while other compressors 
handle the resulting wet gas stream.7 

Beyond these core processing units, compressors are essential for a web of ancillary 
but equally vital services. They are used for pipeline transportation, boosting gas 
pressure to overcome frictional losses and move products between units or to end 
customers.5 In some operations, they are used for 

gas re-injection into oil reservoirs to maintain pressure and enhance crude oil 
recovery.6 Furthermore, compressors are fundamental to adjacent 

petrochemical synthesis units, providing precisely pressurized gases for the 
production of ammonia, ethylene, and other chemical building blocks.5 This pervasive 
role across the entire facility underscores a critical point: an inefficiency or failure in a 
single compressor system can have cascading negative impacts on the entire 
refinery's performance. 



 

1.2. Compressor Typology and Application Suitability 

 

The diverse demands of refinery processes have led to the deployment of several 
distinct compressor technologies, each with a unique operating principle and 
performance profile. The selection of the correct compressor type for a given 
application is a foundational decision that profoundly influences the long-term energy 
efficiency and operational flexibility of a process unit. An initial choice that fails to 
account for the full range of expected operating conditions can lock a refinery into 
decades of suboptimal performance that no amount of maintenance or operational 
tuning can fully rectify. This elevates the front-end engineering design (FEED) phase 
from a simple procurement exercise to a critical strategic decision. 

The main categories of compressors found in refineries are positive displacement and 
dynamic compressors. 

Dynamic Compressors: Centrifugal 
Centrifugal compressors are the workhorses for large-volume, continuous-duty services 
where a steady, pulsation-free flow is required.10 They operate by accelerating gas to a high 
velocity using a spinning impeller and then converting this kinetic energy into pressure energy 
in a stationary diffuser.10 
● Operating Principle: Dynamic compression via centrifugal force. 
● Characteristics: High flow capacity (typically 35,000 to 540,000 cfm), suitable 

for medium to high pressures (up to 205 bar in some designs), and designed for 
continuous, stable operation.12 They are known for their high reliability and low 
maintenance due to having fewer moving parts than positive displacement 
machines.10 

● Refinery Applications: They are the preferred choice for base-load services 
such as catalytic reforming (recycle gas), FCC (main air blower), LNG production, 
and large-scale hydrogen plants.10 

● Efficiency Profile: Centrifugal compressors are extremely efficient when 
operated at or near their design point (Best Efficiency Point, or BEP). However, 
their efficiency can drop significantly during part-load or off-design operation, a 
crucial consideration in the dynamic environment of a refinery.10 

Positive Displacement Compressors: Reciprocating and Rotary Screw 
Positive displacement compressors work by trapping a fixed volume of gas in a chamber and 
then mechanically reducing the volume of that chamber to increase the pressure.17 
● Reciprocating (Piston) Compressors: These machines use a piston driven by a 



crankshaft to compress gas within a cylinder.17 They are the quintessential 
solution for high-pressure, lower-flow applications. 
○ Operating Principle: Linear reciprocating motion of a piston. 
○ Characteristics: Capable of achieving very high discharge pressures (over 

18,000 psi or 1240 bar) and high compression ratios per stage.17 They handle 
a wide range of gas compositions and maintain good efficiency across a 
broad range of operating conditions. Many critical service units are designed 
to API 618 standards for maximum reliability and availability.9 

○ Refinery Applications: They are essential for high-pressure services that are 
beyond the typical range of centrifugal machines. This includes 
hydrocracking (makeup and recycle hydrogen), hydrodesulfurization, 
high-pressure hydrogen production and storage, and various petrochemical 
processes like LDPE production.7 

○ Efficiency Profile: Reciprocating compressors are among the most efficient 
types available, particularly in multi-stage configurations, and they maintain 
their efficiency well during part-load operation by using capacity control 
mechanisms like valve unloaders or clearance pockets.17 

● Rotary Screw Compressors: These compressors use a pair of meshing helical 
screws (rotors) to trap and compress gas as it moves axially along the rotors.17 
They bridge the gap between centrifugal and reciprocating compressors in terms 
of flow and pressure capabilities. 
○ Operating Principle: Rotary motion of interlocking screws. 
○ Characteristics: Provide a continuous, pulsation-free flow like centrifugal 

units but with the positive displacement characteristics of a reciprocating 
machine. They are well-suited for intermediate flow (250 to 35,000 cfm) and 
pressure (up to 580 psia) applications.14 A key advantage is their tolerance for 
challenging gas streams, including those with entrained liquids or polymers, 
and their ability to handle low molecular weight gases effectively.14 

○ Refinery Applications: They are widely used for gas gathering, handling 
"dirty" process gases (like flare gas or FCC wet gas), fuel gas boosting, and as 
highly reliable backup or "trim" air systems for larger centrifugal units.8 
Oil-injected screw compressors are common in mid-pressure hydrotreating 
and steam reforming.7 

○ Efficiency Profile: Modern screw compressors offer high efficiency, 
especially when equipped with variable speed drives. They are suitable for 
both continuous and intermittent operation and perform well under varying 
load conditions.24 



A summary of these key technologies is provided in Table 1. 

Table 1: Comparative Analysis of Refinery Compressor Technologies 

 
Feature Centrifugal 

Compressor 
Reciprocating 
Compressor 

Rotary Screw 
Compressor 

Operating Principle Dynamic (converts 
velocity to pressure) 
10 

Positive 
Displacement 
(volume reduction by 
piston) 18 

Positive 
Displacement 
(volume reduction by 
meshing screws) 17 

Typical Flow Range High (35,000 - 
540,000+ cfm) 14 

Low to Medium (up to 
~30,000 cfm) 17 

Low to Intermediate 
(250 - 35,000 cfm) 14 

Typical Pressure 
Ratio per Stage 

Moderate (e.g., up to 
8:1) 13 

High 19 Moderate 17 

Max Discharge 
Pressure 

High (up to ~6,000 
psig, specialty to 
10,000 psig) 12 

Very High (>18,000 
psig) 17 

Intermediate (~580 
psig, specialty to 
>1,200 psig) 14 

Common Refinery 
Applications 

Catalytic Reforming, 
FCC Air Blower, LNG, 
Main Hydrogen Plant 
Feed, Process Air 10 

Hydrocracking, 
Hydrodesulfurization, 
Hydrogen 
Recycle/Makeup, 
Coker Gas, LDPE 
Production 7 

Flare Gas Recovery, 
Fuel Gas Boosting, 
"Dirty" Process Gas, 
Backup/Trim Air, 
Hydrotreating 8 

Key Efficiency 
Characteristics 

Highest efficiency at 
or near design point; 
efficiency drops at 
part-load.10 

High efficiency 
across a wide 
operating range; 
good part-load 
efficiency with 
unloaders.17 

Good efficiency, 
especially with VFD; 
handles fluctuating 
loads well.24 

Primary Strengths High flow, continuous 
pulsation-free 
delivery, high 
reliability, low 
maintenance.10 

High pressure 
capability, high 
compression ratios, 
high efficiency, 
handles low 
molecular weight 
gas.19 

Tolerates entrained 
liquids/polymers, 
compact, good 
part-load efficiency, 
reliable.14 



Primary Limitations Less efficient at 
part-load, sensitive 
to gas molecular 
weight changes, 
potential for surge.16 

Pulsating flow, higher 
maintenance, larger 
footprint, vibration.17 

Lower maximum 
pressure than 
reciprocating, 
requires fine 
tolerances.14 

 

1.3. Thermodynamic Principles of Compression Efficiency 

 

To effectively manage and improve the energy performance of compressor systems, a 
firm grasp of the underlying thermodynamic principles is essential. The process of gas 
compression is fundamentally energy-intensive, governed by laws that dictate the 
minimum work required to achieve a desired pressure increase. Understanding these 
principles reveals why certain operational strategies are so effective and provides the 
basis for quantifying their impact.27 

Work of Compression 
The energy consumed by a compressor is directly related to the work required to reduce the 
gas volume. For a positive displacement compressor like a reciprocating unit, this relationship 
is visualized on a pressure-volume (P-V) diagram. The area enclosed by the four-part 
cycle—intake, compression, discharge, and expansion—represents the work done per cycle.19 
For a dynamic compressor like a centrifugal unit, the work is done by imparting kinetic energy 
to the gas via the impeller, which is then converted to potential energy (pressure) in the 
diffuser, a process described by Bernoulli's principle.10 
Efficiency Metrics 
Several key metrics are used to define a compressor's efficiency: 
● Isentropic Efficiency (ηis ): This is the ratio of the theoretical work required for 

an ideal, reversible, adiabatic (isentropic) compression process to the actual work 
input. It represents the theoretical maximum efficiency, a benchmark against 
which real-world performance is measured.28 

● Polytropic Efficiency (ηp ): This metric provides a more practical measure of the 
efficiency of the actual compression process path, accounting for real-world 
irreversibilities like friction. It is often considered a better measure of the 
aerodynamic quality of a compressor stage, independent of the pressure ratio.3 

● Volumetric Efficiency (ηv ): Primarily for reciprocating compressors, this is the 
ratio of the actual volume of gas drawn into the cylinder to the piston's swept 
volume. Factors like clearance volume and valve losses reduce volumetric 
efficiency.17 



Key Influencing Factors 
The energy required for compression is not a fixed value; it is highly dependent on several 
process variables. Understanding these relationships is the key to unlocking significant energy 
savings. 
● Pressure Ratio (Pdischarge /Psuction ): This is one of the most dominant 

factors. The work of compression increases significantly with a higher pressure 
ratio. Therefore, any strategy that can lower the required discharge pressure or 
raise the suction pressure will reduce energy consumption. A widely cited rule of 
thumb is that for every 2 PSI (0.14 bar) reduction in discharge pressure, energy 
consumption is reduced by approximately 1%.29 

● Inlet Temperature (Tinlet ): The work of compression is directly proportional to 
the absolute inlet temperature of the gas. According to the Ideal Gas Law 
(PV=nRT), a cooler gas is denser, meaning more mass is contained in the same 
volume. Compressing cooler, denser gas requires less energy. This is the 
thermodynamic basis for the effectiveness of inlet air cooling and inter-stage 
cooling.28 

● Gas Properties: The specific heat ratio (k) and molecular weight of the gas being 
compressed also affect the work required. Compressing lighter gases like 
hydrogen generally requires more work per unit volume than compressing heavier 
gases. Changes in gas composition, a common occurrence in refineries, can 
therefore impact compressor performance and efficiency.14 

The interdependence of these factors reveals a complex but manageable system. A 
seemingly minor inefficiency in one area, such as a flare gas recovery compressor, can 
propagate through the refinery network. If the flare gas compressor is unreliable, 
more gas is sent to the flare, which represents a direct loss of product and energy. 
This flaring can also create back-pressure on upstream units like the FCC, forcing 
them to reduce throughput. This, in turn, causes the major compressors in those units 
to operate at an inefficient part-load condition, increasing the specific energy 
consumption of the entire facility.8 This demonstrates the necessity of a holistic, 
system-wide perspective, where even small compressors are recognized for their 
potential to impact the overall energy intensity and profitability of the refinery. 

 

Section 2: Foundational Strategies: System Design and 
Equipment Selection 

 



The quest for maximum compressor efficiency begins long before the machine is ever 
turned on. The decisions made during the system design and equipment selection 
phase establish the performance ceiling for the asset's entire operational life. 
Foundational errors at this stage, such as improper sizing or poor distribution network 
design, bake in inefficiencies that can cost a refinery millions of dollars in wasted 
energy over decades. Conversely, a well-designed system creates a virtuous cycle of 
efficiency and reliability. 

 

2.1. Right-Sizing for the Process: The High Cost of "Future-Proofing" 

 

A pervasive and costly mistake in industrial system design is the practice of 
significantly over-sizing compressors to account for potential future capacity 
increases. While seemingly prudent, this "future-proofing" often leads to a state of 
perpetual inefficiency. An oversized compressor spends the majority of its operating 
life running at partial load, a condition where most compressor types, particularly 
centrifugal machines, are inherently less efficient.33 This not only wastes energy but 
also subjects the machine to frequent cycling (starting/stopping or 
loading/unloading), which increases mechanical wear and tear, leading to higher 
maintenance costs and reduced reliability.33 

The optimal approach is to perform a rigorous and detailed assessment of the 
facility's true gas demand profile. This analysis must go beyond a single maximum 
flow rate and capture the full spectrum of operation: base load, peak demands, and 
periods of low demand. This data allows engineers to select a compressor or a 
combination of compressors that is "right-sized" for the actual duty cycle.30 

For processes with highly variable loads, a superior strategy is often to install a system 
of multiple smaller compressors rather than a single large one. This allows units to be 
brought online or taken offline to match the load efficiently. A particularly effective 
configuration involves using one or more fixed-speed compressors to handle the base 
load, complemented by a smaller "trim" compressor equipped with a Variable 
Frequency Drive (VFD). The VFD unit can efficiently handle the fluctuations in 
demand, ensuring the entire system operates at peak efficiency across the full load 
profile.34 

 



2.2. Optimizing the Distribution Network: Minimizing Pressure Drop 

 

The distribution network of pipes, valves, and receivers that transports the 
compressed gas from the compressor to the point of use is a critical and often 
overlooked area of energy waste. Any friction or restriction in this network causes a 
pressure drop, meaning the pressure at the end-use point is lower than the pressure 
at the compressor discharge. To compensate for this loss, operators are forced to run 
the compressor at a higher discharge pressure, which directly increases energy 
consumption. As previously noted, for every 2 PSI increase in discharge pressure, 
energy consumption rises by about 1%.29 The goal is to minimize this pressure drop, 
with a target of no more than 10% of the compressor's discharge pressure between 
the compressor and the farthest point of use.35 

Key design principles for an efficient distribution network include: 

● Piping Design: A "loop" system, where the main header circles the plant and 
returns to the compressor room, is vastly superior to a "dead-end" or linear 
system. The loop provides two paths for gas to reach any point, which reduces 
the gas velocity and minimizes pressure drop.36 Furthermore, piping should be 
sized with a generous diameter, and the number of sharp bends, elbows, and 
fittings should be minimized, as each of these creates turbulence and adds to the 
pressure loss.2 

● Air Receivers/Storage: Adequately sized storage tanks, or air receivers, are 
crucial components of an efficient system. They act as a buffer, absorbing short, 
high-volume demand events without causing a significant drop in system 
pressure. This prevents the control system from needing to start another 
compressor unnecessarily. By smoothing out these demand spikes, receivers 
allow the entire system to operate at a lower average pressure, generating 
continuous energy savings.28 

The financial leverage of optimizing the distribution network is immense. A project to 
redesign a problematic piping header or install a larger receiver might seem like a 
simple infrastructure upgrade, but its impact is system-wide. By reducing the overall 
pressure drop, it allows the entire fleet of compressors to operate at a lower 
discharge pressure, generating compounded savings across all running units, 24 
hours a day. This often results in a faster payback than a single compressor 
replacement and represents one of the most cost-effective capital improvements 
available. 



 

2.3. Inlet and Inter-stage Cooling Optimization 

 

The temperature of the gas being compressed has a direct and powerful effect on the 
energy required for compression. The fundamental thermodynamic principle is simple: 
cooler gas is denser, and compressing a denser gas requires less work. Therefore, any 
strategy that lowers the gas temperature before or during compression will yield 
significant energy savings. 

● Inlet Air Quality and Location: The energy savings from optimizing the 
compressor inlet are substantial and often come at a very low cost. Sourcing 
intake air from a cool, shaded location outside the building, rather than from 
inside a hot compressor room, can reduce energy consumption by several 
percent. For every 5.5°C (10°F) reduction in inlet air temperature, the energy 
required for compression is reduced by approximately 1%.29 The intake should be 
located in a clean, dry area, ideally at least 1.8 meters above the ground to avoid 
drawing in dirt and moisture.31 

● Inlet Filtration: A clean inlet filter is paramount. As a filter becomes clogged with 
dust and contaminants, it restricts airflow, creating a pressure drop at the 
compressor's inlet. This forces the compressor to work harder to draw in the 
required volume of air, wasting energy.33 Regular inspection and replacement of 
inlet filters is a fundamental maintenance task that directly impacts efficiency.29 

● Inter-stage Cooling: For multi-stage compressors, cooling the gas between 
compression stages is not an option—it is fundamental to their design and 
efficiency. The heat of compression from the first stage is removed by a heat 
exchanger (an intercooler) before the gas enters the second stage. This lowers 
the gas temperature and volume, significantly reducing the work required for the 
subsequent compression stage.10 The effectiveness of intercooling is a key driver 
of the overall efficiency of a multi-stage machine. Optimization involves a careful 
balance: maximizing heat removal to reduce compression work, while minimizing 
the energy consumed by the cooling medium (e.g., pumping power for cooling 
water) and the pressure drop created as the process gas flows through the 
intercooler itself.38 

The refinery environment also presents unique opportunities for energy optimization 
that invert conventional logic. For instance, many refineries produce high-pressure 
steam (e.g., 600 psig) for certain processes but require lower-pressure steam (e.g., 
150 psig) for others. The common practice of using a simple pressure-reducing valve 



wastes the significant potential energy stored in the high-pressure steam. A far more 
efficient approach is to route this high-pressure steam through a steam turbine that 
drives a compressor. The turbine's exhaust provides the required low-pressure steam 
for the process header. In this configuration, the energy used to drive the compressor 
is essentially "free," as it is a byproduct of a necessary pressure reduction step.2 As a 
case study later demonstrates, this means the primary operational goal should be to 
maximize the load on this "free power" compressor, even if its nameplate electrical 
efficiency is lower than a state-of-the-art electric-driven unit. This highlights the 
critical importance of viewing efficiency through the lens of 

energy cost, not just raw energy consumption. 

 

Section 3: Operational and Maintenance Best Practices for Peak 
Efficiency 

 

Once a compressor system is installed, its sustained energy efficiency depends 
entirely on how it is operated and maintained. Even the most advanced and perfectly 
sized equipment will perform poorly if neglected. Implementing a disciplined program 
of operational and maintenance best practices is a low-cost, high-impact strategy 
that prevents efficiency degradation, enhances reliability, and delivers continuous 
energy savings. These practices transform maintenance from a cost center into a 
profit-generating activity. 

 

3.1. Proactive Maintenance and Reliability 

 

A foundational shift in maintenance philosophy is required to achieve peak efficiency. 
Moving away from a reactive "run-to-fail" approach or even a rigid, time-based 
preventive schedule towards a proactive, Condition-Based Maintenance (CBM) 
strategy is essential.29 CBM uses real-time data to assess the actual health of the 
equipment, allowing maintenance to be performed precisely when needed. This not 
only prevents catastrophic failures but also corrects subtle inefficiencies that silently 
waste energy. 

● Vibration Monitoring and Analysis: Continuous or periodic vibration monitoring 



is a powerful tool for detecting developing mechanical faults long before they 
become critical. Sophisticated analysis can identify issues such as bearing wear, 
shaft misalignment, loose foundation bolts, or internal reciprocating component 
problems like worn pins or loose rod nuts.26 Correcting these issues early not only 
averts costly unplanned downtime but also restores the machine to its most 
mechanically efficient operating state. 

● Lubrication Management: Proper lubrication is critical to both reliability and 
efficiency. Using the wrong type of lubricant or an incorrect feed rate can have 
severe consequences. For reciprocating compressors, over-lubrication can foul 
valves and increase oil consumption, while under-lubrication accelerates wear on 
critical components like cylinders and piston rings.31 For oil-flooded rotary screw 
compressors, the oil serves three functions: lubrication, cooling, and sealing. The 
condition and level of this oil are paramount to the machine's performance. 
Regular oil analysis and adherence to manufacturer specifications are 
non-negotiable.17 

● Component-Specific Monitoring: Different compressor types have unique 
failure modes that require targeted monitoring. For critical API 618 reciprocating 
compressors, this includes the use of proximity probes for "rod drop" monitoring. 
This measurement tracks the wear on disposable rider bands, providing an early 
warning to prevent catastrophic and expensive contact between the piston and 
the cylinder liner.26 For all compressor types, routine inspection of seals to 
prevent gas leakage, bearings to ensure smooth operation, and valves to ensure 
proper seating and timing is fundamental.10 

This CBM approach creates a virtuous cycle. A reliable machine is almost always an 
efficient machine. By investing in the tools and processes to monitor equipment health 
in real-time, refineries can catch and correct small problems that cause both 
mechanical wear and energy waste. This dual benefit of enhanced reliability and 
improved efficiency provides a powerful justification for investment in modern 
monitoring systems. 

 

3.2. The Financial Impact of Leaks: Implementing a World-Class LDAR Program 

 

Compressed gas leaks are one of the most significant and insidious sources of energy 
waste in a refinery. Every leak represents a continuous, 24/7 drain of a product that 
was expensive to produce. A single, seemingly minor leak with a diameter of just 1/16 
inch (1.6 mm) in a 100-psig system can waste over 6 cfm of air, translating to 



thousands of dollars in wasted electricity costs annually.33 In a large refinery with 
thousands of potential leak points, the cumulative financial impact can be enormous. 

Implementing a formal Leak Detection and Repair (LDAR) program is therefore not just 
a matter of regulatory compliance for volatile organic compounds (VOCs) and 
hazardous air pollutants (HAPs), but a powerful profit-generating activity.41 A 
successful LDAR program systematically finds and fixes leaks, stopping the waste of 
both energy and valuable process gases. 

The key elements of a world-class LDAR program include: 

● Detection Technologies: While some large leaks may be audible, a 
comprehensive program requires advanced technology. Ultrasonic leak detectors 
are highly effective tools that can pinpoint the high-frequency sound of a gas leak 
even in a noisy industrial environment.29 For detecting hydrocarbon leaks, Optical 
Gas Imaging (OGI) cameras provide a visual representation of the gas plume, 
allowing for rapid scanning of large areas and complex piping racks.43 

● A Systematic Process: An effective LDAR program follows a structured, five-step 
methodology 43: 
1. Identify and Tag: All regulated components (valves, pumps, connectors, 

compressors, etc.) are identified on Piping and Instrumentation Diagrams 
(P&IDs) and physically tagged in the field with durable, weather- and 
chemical-resistant tags. This creates a comprehensive inventory for tracking. 

2. Define Leak Thresholds: Clear definitions of what constitutes a "leak" are 
established based on regulatory requirements (e.g., a concentration of 500 
ppm of VOCs) and documented. 

3. Monitor: Trained technicians follow defined routes to monitor all tagged 
components on a regular schedule (e.g., quarterly for valves, monthly for 
pumps). 

4. Repair: Once a leak is identified and tagged, a work order is generated to 
ensure prompt repair. 

5. Record and Report: All monitoring and repair activities are meticulously 
documented in a database or Computerized Maintenance Management 
System (CMMS) to track performance and ensure regulatory compliance. 

The business case for a robust LDAR program is exceptionally strong. It is built on a 
three-pronged value proposition: (1) ensuring regulatory compliance and avoiding 
fines; (2) recovering valuable products like hydrogen and light hydrocarbons that 
would otherwise be lost; and (3) direct savings on the energy cost required to 
compress the leaked gas. When all three benefits are quantified, the return on 



investment for an LDAR program is often one of the highest available in the plant, 
reframing it from a compliance burden to a strategic financial tool. 

 

3.3. Fine-Tuning Operating Parameters 

 

Beyond maintenance and leak repair, significant efficiency gains can be realized by 
continuously fine-tuning the system's operating parameters to eliminate waste. 

● Pressure Optimization: As established, operating at a higher pressure than 
necessary is a direct waste of energy. A system-wide pressure audit should be 
conducted to determine the true minimum pressure required by the end-use 
applications. The discharge pressure setpoint on the compressors should then be 
lowered to this minimum acceptable level.29 For applications that genuinely 
require a higher pressure, dedicated boosters or pressure regulators should be 
used rather than elevating the pressure of the entire system.29 

● Condensate Management: The compression process cools and condenses 
moisture out of the gas stream. If this liquid condensate is not effectively 
removed, it can accumulate in air receivers and low points in the piping network. 
This accumulation has several negative effects: it can cause internal corrosion of 
pipes, which increases surface roughness and pressure drop; it can be carried 
downstream and damage sensitive pneumatic instruments; and it can reduce the 
effective volume of piping and receivers, diminishing their buffering capacity.29 An 
effective condensate management system, featuring reliable aftercoolers, 
moisture separators, and automated drains on all receivers and filter housings, is 
crucial for maintaining both system integrity and efficiency.29 

● Filtration System Maintenance: The entire filtration system—including inlet air 
filters, compressor oil filters, and downstream coalescing filters—must be 
properly maintained. Each filter introduces a small pressure drop into the system. 
As filters become clogged with contaminants, this pressure drop increases, 
forcing the compressor to work harder. Monitoring the differential pressure 
across each filter and replacing elements based on this data (rather than a fixed 
time schedule) ensures that filters are replaced only when necessary, balancing 
filtration effectiveness with energy consumption.29 

 

Section 4: Advanced Technologies for Transformative Energy 



Savings 

 

While foundational practices create a baseline of efficiency, transformative gains in 
performance and cost reduction are achieved through the strategic implementation of 
advanced technologies. These solutions leverage modern electronics, sophisticated 
software, and cutting-edge engineering to dynamically optimize compressor 
operation in ways that were previously impossible. For refineries seeking to make a 
step-change in their energy performance, mastering these technologies is essential. 

 

4.1. Matching Speed to Demand: Variable Frequency Drives (VFDs) 

 

Perhaps the single most impactful technology for improving the efficiency of 
compressors in variable-load applications is the Variable Frequency Drive (VFD), also 
known as a Variable Speed Drive (VSD). A VFD is an electronic controller that adjusts 
the speed of the compressor's electric motor to precisely match the real-time process 
demand for compressed gas.34 

● VFD vs. Fixed-Speed Controls: This technology stands in stark contrast to 
traditional fixed-speed compressor controls. A fixed-speed compressor is 
designed to run at a single, constant speed. When demand is less than the 
compressor's full capacity, it must use inefficient control methods. One common 
method is "load/unload" control, where the compressor continues to run at full 
speed but stops compressing gas, consuming a significant amount of energy 
(often 25-30% of full-load power) while producing no output.46 Another method, 
"modulation," throttles the inlet valve, which is also highly inefficient. A 
VFD-equipped compressor, however, simply slows down. This creates a nearly 
linear relationship between energy consumption and demand, dramatically 
reducing energy waste during part-load operation.47 In applications with 
fluctuating demand, VFDs can readily achieve energy savings of 30-50% 
compared to their fixed-speed counterparts.45 

● Application Suitability: It is crucial to understand that VFDs are not a panacea. 
Their effectiveness is entirely dependent on the application's demand profile. For 
a process with a highly variable load—common in refineries with different shifts, 
batch processes, or changing production rates—a VFD is an ideal solution.34 They 
are often best deployed as a "trim" compressor in a multi-unit system, where 



fixed-speed units handle the constant base load and the VFD efficiently manages 
the peaks and valleys. Conversely, for a compressor that runs at or near 100% 
capacity 24/7 (a "base-load" unit), a premium-efficiency fixed-speed motor is the 
more efficient and cost-effective choice, as the VFD itself introduces a small 
efficiency loss (2-4%) at full load.46 

● Ancillary Benefits and Strategic Value: The business case for VFDs often 
extends far beyond direct energy savings. One of the most significant ancillary 
benefits is their inherent "soft-start" capability. A large motor starting 
direct-on-line can draw an inrush current up to 600% of its normal running 
current, creating a major disturbance on the electrical grid.47 In refineries, 
especially those with weak or isolated power grids, this can cause severe voltage 
sags that trip other sensitive equipment and disrupt operations. As detailed in the 
case studies, VFDs eliminate this inrush current by smoothly ramping the motor 
up to speed.4 This grid stabilization benefit can be the primary driver for a VFD 
project, with the energy savings being a secondary, albeit substantial, bonus. The 
value of avoiding a single production-halting shutdown can easily exceed the 
entire capital cost of the VFD installation. Additionally, the soft-start reduces 
mechanical shock and stress on the motor, couplings, and gears, extending the 
life of the entire drivetrain.47 

 

4.2. The Digital Compressor: Advanced Process Control (APC) and Optimization 

 

Advanced Process Control (APC) represents a paradigm shift from optimizing 
individual pieces of equipment to optimizing the profitability of an entire process unit 
or even the entire refinery. APC systems use sophisticated software, statistical 
models, and real-time data to make intelligent, coordinated control decisions that 
maximize a desired outcome—be it throughput, product yield, or energy 
efficiency—while respecting all operational and safety constraints.51 

● Model Predictive Control (MPC): At the heart of most modern APC solutions is 
Model Predictive Control. An MPC controller uses a dynamic mathematical model 
of the process to predict how it will respond to control actions over a future time 
horizon. It then calculates the optimal sequence of control moves (e.g., adjusting 
compressor speed, guide vane position, or a recycle valve) to drive the process 
towards its most profitable operating point.52 This predictive capability allows it to 
anticipate disturbances and act proactively, resulting in smoother, more stable, 
and more efficient operation than traditional reactive control systems (like PID 



controllers) can achieve. 
● Multi-Unit Optimization: APC's power is magnified when applied to a system 

with multiple compressors. A basic control system might use a simple cascade or 
sequencing logic, turning compressors on or off based on a single pressure 
signal. An APC system, however, can perform true fleet-wide optimization. It 
understands the unique performance map and efficiency curve of each 
compressor in the system. To meet a given demand, it can calculate and 
implement the most energy-efficient combination of machines and load points, 
such as running three compressors at 75% load instead of two at 100% and one 
at 25%, minimizing the total system-wide energy consumption.36 

● Dynamic Economic Optimization: The most advanced APC systems move 
beyond optimizing for a physical variable like pressure and instead optimize for a 
financial outcome: profitability. These systems can be configured to know the 
real-time price of electricity, the market value of the final products, and the cost 
of feedstocks. This allows the system to make dynamic trade-offs. For example, if 
electricity prices are high, the APC might slightly reduce throughput to operate 
the compressors at their absolute best efficiency point, sacrificing a small amount 
of production for a large energy cost saving. Conversely, if product margins are 
very high, it might push the compressors harder to maximize throughput, even at 
a slight energy efficiency penalty.54 This transforms the compressor system from 
a static utility into a dynamically managed asset that actively responds to market 
signals to maximize the refinery's profit margin at every moment. This is a 
third-order benefit that goes far beyond simple kilowatt-hour reduction. 

● Integration and Implementation: APC systems are typically implemented as a 
supervisory layer that sits on top of the plant's existing Distributed Control 
System (DCS). They leverage data from the existing instrumentation, often 
augmented with AI and machine learning (AI/ML) models, to turn a flood of 
real-time data into actionable control decisions.51 While the implementation costs 
for APC can be significant, the financial returns in a large-scale refining operation 
are often immense, with payback periods of less than a year being commonly 
reported.56 

 

4.3. Turning Waste into Value: Heat Recovery Systems 

 

The laws of thermodynamics dictate that the compression process is inherently 
inefficient, with a large portion of the input electrical energy—often as much as 



90%—being converted into heat that must be removed by the compressor's cooling 
system.29 In most facilities, this valuable thermal energy is simply rejected to the 
atmosphere through cooling towers or air-cooled heat exchangers. Heat recovery 
systems capture this waste heat and repurpose it for a productive use, turning a 
waste stream into a valuable asset. 

● Waste Heat to Power (WHP): One of the most attractive options is to use the 
waste heat to generate electricity. This is typically done using a thermodynamic 
cycle in a "bottoming cycle" configuration.59 

○ Steam Rankine Cycle (SRC): For high-temperature waste heat sources, the 
heat can be used to generate steam in a waste heat boiler, which then drives a 
steam turbine to produce electricity.60 

○ Organic Rankine Cycle (ORC): This technology is particularly well-suited for 
the lower-temperature heat (typically 200°F to 500°F, or 93°C to 260°C) 
characteristic of compressor intercoolers and aftercoolers. An ORC works just 
like a steam cycle, but it uses an organic working fluid with a lower boiling 
point than water. This allows it to efficiently generate power from lower-grade 
heat sources. ORC systems can be supplied as small, modular, skid-mounted 
packages, making them a practical retrofit for existing compressor 
installations.59 

● Direct Heat Integration: A simpler and often more direct approach is to use the 
recovered heat to offset a thermal load elsewhere in the refinery. This displaces 
the need to burn fuel or use electricity for that heating purpose, providing a 
direct and easily quantifiable energy saving. Common applications include 27: 
○ Process Water Heating: Using the hot coolant from a water-cooled 

compressor to pre-heat boiler feedwater or other process water streams. 
○ Space Heating: Ducting the hot air from an air-cooled compressor to heat 

warehouses, workshops, or control rooms during colder months. 
○ Process Heating: Using the recovered heat for low-temperature process 

applications like drying, pasteurization, or pre-heating of certain process 
fluids. 

The choice of compressor cooling method (air-cooled vs. water-cooled) influences 
the type and efficiency of heat recovery possible. Water-cooled units are generally 
better suited for fluid-to-fluid heat exchange (e.g., heating water), while air-cooled 
units are ideal for space heating applications.58 With up to 80% of the compressor's 
input energy being recoverable, heat recovery represents a massive and often 
untapped opportunity for improving a refinery's overall energy efficiency.58 



 

4.4. The Next Frontier: Aerodynamic Advancements and High-Efficiency 
Components 

 

Concurrent with advancements in controls and systems, the fundamental design of 
compressor components continues to evolve, pushing the boundaries of aerodynamic 
efficiency. These hardware-level improvements, driven by powerful new design tools 
and advanced materials, are enabling the next generation of ultra-high-efficiency 
machines. 

● Advanced Aerodynamic Design: The use of Computational Fluid Dynamics 
(CFD) has revolutionized the design of turbomachinery. Engineers can now 
accurately model the complex, three-dimensional, and transonic flow of gas 
through compressor stages. This allows for the design of highly optimized 
components.61 Advanced design concepts include: 
○ 3D Blading: Moving beyond simple 2D airfoil shapes, 3D blading involves 

complex twisting and curving of the blades along their span to better control 
the flow of gas, especially in the critical endwall regions near the hub and 
casing where losses are highest.61 

○ Sweep and Lean: Intentionally sweeping the blades forward or backward, or 
leaning them circumferentially, can be used to manage the location and 
strength of shockwaves in transonic stages, reduce secondary flow losses, 
and improve the stable operating range.63 

○ Inverse Design and Optimization Algorithms: Instead of designing a shape 
and then analyzing its performance, advanced methods like inverse design 
allow engineers to specify a desired pressure distribution and have the 
software generate the optimal blade shape. These methods are often coupled 
with powerful optimization algorithms, such as genetic algorithms or 
reinforcement learning, to rapidly explore thousands of design variations and 
find a truly optimal solution that balances efficiency, pressure ratio, and stall 
margin.62 

● Advanced Materials: The performance of a compressor is ultimately limited by 
the materials from which it is made. The development of new materials with 
higher strength-to-weight ratios and better high-temperature capabilities allows 
for higher rotational speeds and more aggressive aerodynamic loading, leading to 
more compact and efficient designs.62 Materials like Ceramic Matrix Composites 
(CMCs) are being developed that are lighter than metal alloys and can withstand 
much higher temperatures, promising significant future gains in engine and 



compressor efficiency.64 

● High-Efficiency Motors and Drivetrains: Efficiency gains are also being realized 
in the components that drive the compressor. The use of Geared Turbofan (GTF) 
technology, for example, uses a planetary gearbox to decouple the speed of the 
turbine and the compressor/fan, allowing each component to operate at its own 
optimal, most efficient speed.64 The consistent selection of premium-efficiency 
electric motors, while a simple measure, ensures that minimal energy is lost 
before it even reaches the compressor shaft. 

 

Section 5: Case Studies: Efficiency in Action at the Refinery 

 

Theoretical discussions of efficiency measures are valuable, but their true impact is 
best understood through real-world applications. The following case studies, drawn 
from refinery and analogous industrial operations, demonstrate how the strategic 
implementation of efficiency projects can yield substantial financial and operational 
returns. They translate the principles discussed in this report into tangible results, 
providing a powerful evidence base for building a business case for similar initiatives. 
Each case follows a "Problem -> Solution -> Results" format, with a focus on 
quantifiable outcomes. 

Table 3: Case Study Financial and Operational Impact Summary 

 
Case 
Study 
Focus 

Core 
Problem 

Impleme
nted 
Solution
(s) 

Annual 
Energy 
Cost 
Savings 
($) 

Addition
al Value 
Created 

Total 
Financial 
Impact 

Estimate
d 
ROI/Pay
back 

Source(s
) 

System-
Wide 
Audit 
and 
Retrofit 

High 
energy 
costs, 
inefficie
nt 
operatio
n, 
reliance 
on rental 
units. 

Leak 
survey & 
repair, 
equipme
nt 
right-sizi
ng, 
piping 
reconfig
uration, 

~$382,0
00 

Reduced 
rental 
costs by 
~$441,0
00/year. 

~$823,0
00/year 

High, 
likely < 2 
years for 
combine
d 
measure
s. 

2 



prioritiza
tion of 
steam-d
riven 
compres
sor. 

VFD on 
High-H
P 
Compre
ssor 

Severe 
grid 
voltage 
sags 
during 
motor 
startup, 
causing 
utility-m
andated 
shutdow
ns. 

Installati
on of a 
medium
-voltage 
Variable 
Frequen
cy Drive 
(VFD). 

~$100,0
00 

Avoided 
shutdow
n costs 
of 
>$200,0
00/week
; 
improve
d grid 
stability. 

>$10M/y
ear 
(from 
avoided 
downtim
e) + 
$100k 
energy 
savings. 

Extremel
y rapid, 
driven 
by 
reliabilit
y 
benefit. 

4 

VFD 
Soft-Sta
rter for 
H2 
Compre
ssors 

Direct-o
n-line 
(DOL) 
motor 
starts 
caused 
refinery-
wide 
power 
loss and 
producti
on halts. 

Installati
on of a 
VFD 
soft-star
ter to 
smoothl
y 
accelera
te 
motors 
before 
grid 
connecti
on. 

Not 
quantifie
d, 
seconda
ry 
benefit. 

Eliminati
on of 
producti
on-halti
ng 
power 
trips; 
increase
d plant 
profitabi
lity and 
reliabilit
y. 

Significa
nt 
increase 
in 
profitabi
lity. 

Rapid, 
driven 
by 
reliabilit
y and 
avoided 
producti
on loss. 

50 

Perform
ance 
Optimiz
ation 
During 
Turnaro
und 

Planned 
shutdow
n of one 
of three 
parallel 
compres
sors 
would 
force a 
major 
cut in oil 
producti

Operatio
nal 
change: 
reduced 
discharg
e 
pressure 
on the 
two 
online 
compres
sors to 

Not 
applicab
le 
(operati
onal 
change). 

Avoided 
LPO of 
~230,00
0 
barrels 
of oil 
over 21 
days. 

~$21,00
0,000 

Immedia
te (no 
capital 
cost). 

3 



on 
(LPO). 

increase 
their 
through
put. 

 

5.1. Case Study: System-Wide Audit and Retrofit at a U.S. Refinery 

 

● Problem: A U.S. refinery was grappling with persistently high energy costs for its 
compressed air system. The system was a complex mix of permanently installed 
electric and steam-driven compressors, supplemented by a significant number of 
rental units to meet demand. This reliance on rentals indicated a fundamental 
mismatch between the installed capacity and the actual process requirements, 
leading to inefficient operation and excessive costs.2 

● Solution: Recognizing the need for a holistic approach, the refinery 
commissioned a comprehensive system-wide audit. The audit went beyond 
individual compressors to analyze the entire system, from generation to end use. 
The resulting action plan involved four key interventions: 
1. Leak Management: A detailed leak survey was conducted using ultrasonic 

detectors, which identified and tagged 115 individual leaks. The cumulative 
impact of these leaks was a staggering 451 scfm of wasted air. 

2. Equipment Right-Sizing: The audit revealed that a 1,430 scfm compressor 
was running continuously at only about 50% of its capacity—a highly 
inefficient operating point. This unit was replaced with a smaller, appropriately 
sized 715 scfm rental compressor that could operate closer to its peak 
efficiency. 

3. Piping Reconfiguration: A major source of pressure drop was identified in a 
poorly designed section of piping. This section was re-engineered with a 
larger diameter pipe and improved entry angles to streamline airflow and 
reduce restrictions. 

4. Prioritizing "Free" Energy: The audit identified a steam-driven Elliott 
centrifugal compressor as the most cost-effective unit in the system. It was 
powered by "free" 600 psig let-down steam that was being reduced to 150 
psig for other processes anyway. The operational strategy was changed to 
maximize the load on this unit first, before loading the more expensive 
electric-driven compressors.2 

● Results: The combined impact of these measures was dramatic. The refinery's 
annual energy cost for its compressor system was slashed by nearly 50%, falling 



from $791,514 to $409,159. The annual cost of rental compressors was also cut in 
half, from $883,088 to $441,544. This case study powerfully illustrates the value of 
a system-level perspective, combining low-cost measures (leak repair) with 
capital projects (piping) and operational intelligence (prioritizing the steam 
turbine) to achieve massive savings. 

 

5.2. Case Study: VFD Implementation on a High-Horsepower Compressor 

 

● Problem: A large landfill gas-to-energy facility, whose operations are analogous 
to refinery gas handling, was facing a critical, business-threatening problem. 
Their 2250 HP, 4160V compressor motor, despite being equipped with a soft 
starter, was drawing excessive current during startup from a weak local electrical 
grid. This caused significant voltage sags in the surrounding community, leading 
to resident complaints and, ultimately, a "cease-and-desist" letter from the utility 
company. The mandated shutdown was costing the facility over $200,000 per 
week in lost revenue.4 

● Solution: A medium-voltage Variable Frequency Drive (VFD) was identified as the 
definitive solution. The VFD's ability to provide a "soft start" by gradually ramping 
up the motor's frequency and voltage would eliminate the large inrush current 
that caused the voltage sags. Facing immense financial pressure, the project was 
put on a fast track. VFDs.com managed to deliver and commission the drive over 
the Christmas and New Year's holiday weekend, a process that would normally 
take 16-20 weeks.4 

● Results: The VFD performed flawlessly, completely solving the voltage sag 
problem and allowing the facility to resume operations, ending the costly 
downtime. However, a major secondary benefit was uncovered during 
commissioning. The engineer recognized that the compressor was being run at 
full speed and was using discharge valves to vent excess pressure—a common 
but inefficient practice. By using the VFD to reduce the motor's speed to match 
the actual process demand, the facility was able to eliminate this waste. This 
operational optimization resulted in verified annual energy savings of over 
$100,000. This case is a prime example of how the ancillary benefits of a VFD, in 
this case operational reliability and grid stability, can provide a project 
justification that is even more powerful than the substantial energy savings. 

 



5.3. Case Study: VFD Soft-Starter for Hydrogen Compressors in a Refinery 

 

● Problem: A refinery had two large 5.4 MW synchronous motors driving critical 
hydrogen compressors. The motors were designed for direct-on-line (DOL) 
starting. Each time a motor was started, the immense inrush current was so great 
that it caused a power loss across the entire refinery, tripping other units and 
halting production. The only workaround was a highly inefficient and expensive 
procedure that involved coordinating with the local power company to stop other 
refinery processes and provide a dedicated power boost for the start. This was 
unsustainable and severely impacted the refinery's profitability and operational 
flexibility.50 

● Solution: The refinery implemented a 1.3 MW VFD specifically as a soft-starter. 
The VFD is not used for continuous speed control but is dedicated to the startup 
sequence. It smoothly accelerates one motor up to its nominal speed, drawing a 
fraction of the DOL current, and then synchronizes it with the power grid. Once 
the motor is connected to the grid, the VFD disconnects and is ready to start the 
second motor. The motor current during the VFD-assisted start was controlled to 
a value well below its rated current, compared to the massive surge of a DOL 
start.50 

● Results: The installation of the VFD soft-starter completely eliminated the 
production-halting power failures. The refinery could start its critical hydrogen 
compressors reliably and on demand, without disrupting the rest of the plant. This 
led to an immediate and significant increase in overall plant profitability. This case 
study underscores the point that advanced motor controls like VFDs can be 
justified purely on the basis of reliability and operational stability, which are often 
of paramount importance in a complex, integrated facility like a refinery. 

 

5.4. Case Study: Performance Optimization During Turnaround 

 

● Problem: An oil and gas production facility operated three large centrifugal 
compressors in parallel for gas injection. A planned maintenance turnaround 
required one of the three compressors to be shut down for 21 days. With only two 
compressors online, the facility's gas handling capacity was severely reduced. 
Under normal operating procedures, this would force the facility to significantly 
curtail oil production to avoid flaring the excess associated gas, resulting in a 
massive Lost Production Opportunity (LPO).3 



● Solution: Instead of passively accepting the production loss, the facility's 
engineers conducted a performance optimization study using CompSIM 
simulation software. They analyzed the performance curves of the compressors 
and identified that the discharge pressure was the key variable they could 
control. Their thermodynamic model predicted that by reducing the discharge 
pressure setpoint of the two remaining online compressors—from a baseline of 
360 bar in steps down to 345 bar—they could significantly increase the 
volumetric throughput of each machine. A lower pressure ratio reduces the work 
of compression, allowing the compressor to handle more gas volume before 
reaching its driver's power limit. 

● Results: The operational change was implemented, and the results were 
validated against field data, showing a strong correlation with the simulation. By 
running the two online compressors at the lower discharge pressure, the facility 
was able to process enough additional gas to save an estimated 11,000 barrels 
per day of oil production that would have otherwise been shut-in. Over the 21-day 
turnaround period, this single, no-cost operational adjustment prevented a total 
LPO of approximately 230,000 barrels of oil. At prevailing market prices, this 
equated to a staggering cost saving of an estimated $21 million. This case is a 
powerful testament to the value of deep process understanding and using 
operational adjustments to unlock massive financial gains with zero capital 
investment. 

 

Section 6: Building the Business Case and Implementation 
Roadmap 

 

Translating the technical potential for compressor efficiency into tangible, funded 
projects requires a structured approach to planning, financial analysis, and 
implementation. A successful program moves methodically from a comprehensive 
system assessment to a prioritized action plan, supported by a robust business case 
that resonates with financial decision-makers. Furthermore, it requires a clear-eyed 
understanding of the real-world hurdles—capital, technical, and cultural—that can 
derail even the most promising initiatives. 

 

6.1. From Audit to Action Plan 



 

The starting point for any systematic efficiency improvement effort is to first 
understand the current state of the system. This is accomplished through a 
comprehensive system audit, often called an "Air Audit" or "Gas System 
Assessment".30 This is not a simple equipment check; it is a deep, data-driven analysis 
of the entire compressor system, from energy input to end use. 

The audit process typically involves: 

● Establishing a Baseline: Deploying temporary instrumentation to measure and 
log key system parameters over a representative period (e.g., one to two weeks). 
This data includes power consumption (kW), system pressure, and gas flow rates 
(scfm or m³/hr). This provides a detailed picture of the system's demand profile, 
including base loads, average demand, and peak events.30 

● Identifying Inefficiencies: The audit team conducts a thorough walk-through of 
the facility to identify and quantify sources of waste. This includes a 
comprehensive leak detection survey using ultrasonic equipment, identifying 
inappropriate uses of compressed gas (e.g., using high-pressure process air for 
simple cleaning tasks), and measuring pressure drops across filters, dryers, and 
long piping runs.2 

● Creating a Prioritized Action Plan: The findings from the audit are compiled 
into a detailed report that quantifies the costs of the identified inefficiencies. This 
report then forms the basis of a prioritized action plan. Potential projects are 
ranked based on a combination of factors, including the estimated energy 
savings, the implementation cost, the payback period, and the ease of execution. 
This allows the refinery to focus its resources strategically, starting with the 
"low-hanging fruit" (like leak repair) to generate quick savings and build 
momentum for larger capital projects.36 

This structured process transforms a vague goal of "improving efficiency" into a 
concrete, data-backed roadmap for action. 

 

6.2. Economic Analysis: Cost-Benefit, ROI, and Lifecycle Costing 

 

To secure funding, engineering proposals must be translated into the language of 
finance. This requires a rigorous economic analysis that clearly demonstrates the 



financial viability of each proposed efficiency project. 

● Cost-Benefit Analysis (CBA): A CBA provides a systematic framework for 
comparing the total costs of a project against its total benefits, with both 
expressed in monetary terms.67 The "cost" side includes the initial capital 
expenditure (CAPEX) for equipment, installation labor, and any required training. It 
also includes ongoing operational expenditures (OPEX) like increased 
maintenance for new systems.67 The "benefit" side must be comprehensive, 
including not only the direct energy cost savings but also other sources of value, 
such as the monetary value of recovered product (from leak repair), the cost of 
avoided production downtime (a reliability benefit), and reduced maintenance 
costs on existing equipment.68 A project is financially justified if the total benefits 
outweigh the total costs. 

● Return on Investment (ROI) and Payback Period: These are simple but 
powerful metrics that financial decision-makers use to compare projects. The 
payback period calculates how long it will take for the accumulated savings from 
a project to equal the initial investment. Many energy efficiency measures, 
particularly those focused on operational improvements and leak management, 
can have very attractive payback periods of less than two years.1 

● Lifecycle Costing (LCC): This is perhaps the most important concept for 
justifying investments in high-efficiency equipment. LCC analysis considers the 
total cost of owning and operating an asset over its entire life, not just its initial 
purchase price. For a typical industrial compressor, the initial capital cost 
represents only about 10-20% of its total lifecycle cost. Maintenance accounts for 
a similar fraction. The vast majority—typically 75-80%—is the cost of the energy it 
consumes over its lifetime.1 This perspective fundamentally changes the 
procurement decision. A compressor with a higher initial price but 10% better 
energy efficiency will almost always have a lower total lifecycle cost. LCC analysis 
provides the quantitative justification needed to approve the higher upfront 
capital for more efficient technologies like VFDs or advanced compressor 
designs. 

Table 2: Summary of Energy Efficiency Measures for Refinery Compressors 

 
Efficiency 
Measure 

Descriptio
n 

Implement
ation Cost 

Estimated 
Energy 
Savings 

Typical 
Payback 
Period 

Applicabili
ty 

Key 
Source(s) 

Leak Systemati Low 5-20% < 1 year All 2 



Detection 
& Repair 
(LDAR) 

c program 
to find 
and fix 
gas leaks 
in piping 
and 
componen
ts. 

Systems 

Pressure 
Optimizat
ion 

Lowering 
system 
discharge 
pressure 
to the 
minimum 
required 
by the 
process. 

Low ~1% per 2 
PSI 
reduction 

Immediate All 
Systems 

29 

Inlet Air 
Cooling 

Sourcing 
compress
or intake 
air from a 
cooler 
location 
(e.g., 
outside). 

Low 1-5% < 1 year Air 
Compress
ors 

28 

Proactive
/CBM 
Maintena
nce 

Implement
ing 
condition-
based 
maintenan
ce using 
monitorin
g 
technologi
es. 

Low to 
Medium 

3-10% 1-3 years All 
Systems 

29 

Waste 
Heat 
Recovery 

Capturing 
waste 
heat from 
compress
or cooling 
systems 
for power 
or process 

Medium to 
High 

Varies 
(offsets 
fuel/power
) 

2-5 years All 
Systems 
(esp. large 
units) 

58 



heat. 

Variable 
Frequenc
y Drive 
(VFD) 

Installing 
VFDs to 
match 
motor 
speed to 
fluctuatin
g demand. 

High 15-50% 1-4 years Variable 
Load Only 

45 

System 
Right-Sizi
ng / 
Re-piping 

Replacing 
oversized 
units or 
reconfigur
ing piping 
to reduce 
pressure 
drop. 

High 5-25% > 3 years System-Le
vel 

2 

Advance
d Process 
Control 
(APC) 

Implement
ing 
supervisor
y control 
systems to 
optimize 
the entire 
process. 

High 5-15% < 2 years 
(in large 
plants) 

Complex 
Processes 
/ 
Multi-unit 
systems 

54 

 

6.3. Overcoming Implementation Hurdles 

 

While the technical solutions and financial justifications for compressor efficiency are 
clear, successful implementation requires navigating a series of real-world challenges. 

● Capital Costs: The high initial capital cost is often the most significant barrier to 
adopting advanced technologies like VFDs, APC, or major system retrofits.56 
Overcoming this requires a meticulously prepared business case, built on the 
robust economic analysis described above. Highlighting the total lifecycle cost 
savings, not just the initial price, is critical. In some regions, government or utility 
incentive programs may be available to help offset the cost of energy-saving 
equipment.34 

● System Integration and Data Challenges: Implementing digital technologies 
like APC or advanced condition monitoring in a refinery environment is complex. 



These new systems must be integrated with legacy Distributed Control Systems 
(DCS), which can be challenging. A major hurdle is often the lack of high-quality 
data. Effective monitoring and control require access to high-resolution, 
accurately time-stamped, and reliable data, but this is often trapped in siloed 
systems or is of insufficient quality.39 Overcoming these data silos and ensuring 
robust data infrastructure (including sensors, networks, and data historians) is a 
prerequisite for success.39 

● Human Factors and Organizational Culture: Technology alone does not 
guarantee results. A successful efficiency program is fundamentally a change 
management initiative. Operators must be trained on new systems and, more 
importantly, must trust them. For example, a sophisticated anti-surge control 
system is useless if operators, out of a "fear of operating too closely to the surge 
limit line," manually keep the compressor in a safe but highly inefficient recycle 
mode.39 This points to a need for better training, clearer communication, and 
building confidence in the technology. Similarly, success often depends on 
breaking down organizational silos. A "lack of integrated workflows between 
maintenance and operations" can prevent a holistic approach to reliability and 
efficiency.39 Ultimately, a lasting impact requires fostering a top-down culture of 
energy efficiency, where every operator, engineer, and manager understands its 
importance and is empowered to contribute.36 

 

Conclusion: The Future of Compressor Efficiency in a 
Competitive Refining Landscape 

 

This report has detailed a comprehensive, multi-layered strategy for maximizing the 
energy efficiency of compressor systems in petroleum refineries. The analysis 
demonstrates that the path to peak performance is not a single project but a 
continuous journey of improvement, integrating foundational best practices with 
strategic investments in advanced technology. The evidence is clear: by systematically 
addressing inefficiencies, refineries can unlock substantial and sustainable reductions 
in energy consumption, leading directly to improved profitability and a smaller 
environmental footprint. 

The key themes synthesized from this analysis point toward a clear future direction. 
First, the most successful refineries will be those that abandon a component-level 
view and adopt a holistic, system-wide approach to compressor management. They 



will understand the deep interconnections between equipment selection, distribution 
network design, process demands, and operational practices. They will recognize that 
an investment in re-piping a header to reduce pressure drop can yield greater returns 
than upgrading a single compressor, and that the reliability of a small flare gas unit 
can impact the efficiency of the entire facility. 

Second, the justification for efficiency projects must evolve beyond simple energy 
savings. The most compelling business cases are built on a full accounting of value. 
The implementation of a VFD is justified not only by its energy savings but by its ability 
to ensure operational continuity and avoid costly, production-halting grid 
disturbances. A world-class LDAR program is a profit center, generating revenue from 
recovered product in addition to saving energy and ensuring compliance. Reliability 
and efficiency are two sides of the same coin; an investment in condition monitoring 
to prevent failures simultaneously eliminates the energy waste associated with 
inefficient operation. 

Finally, the future of compressor management lies in the full embrace of the "Refinery 
4.0" paradigm.51 This involves leveraging the power of digitalization, data analytics, 
and artificial intelligence to create intelligent, self-optimizing systems. The journey 
moves from reactive maintenance to preventive, then to predictive maintenance 
enabled by real-time monitoring and machine learning algorithms that can anticipate 
failures before they occur.70 It moves from basic PID control to supervisory APC 
systems that dynamically optimize not just for a pressure setpoint, but for maximum 
plant-wide profitability in response to real-time market conditions.54 

In this future, compressors are no longer managed as isolated, energy-consuming 
cost centers. They are treated as dynamic, actively managed assets that are integral 
to a refinery's competitive strategy. For an industry facing the dual pressures of 
economic volatility and the energy transition, mastering the art and science of 
compressor efficiency is not just an opportunity—it is a necessity for survival and 
success. 
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