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Abstract

This study presents an experimental optimization of an industrial-scale compressed air
system aimed at improving energy efficiency and operational performance. The evaluation
was conducted in accordance with ISO 11011 standards, covering supply, distribution,
demand, and air quality aspects. Reference and optimized scenarios were directly com-
pared under equivalent operating conditions. The most significant improvement was the
elimination of a 0.54-bar pressure drop, which enabled the compressor’s set pressure to be
reduced from 7.0 bar to 6.5 bar and prevented unnecessary load cycles. In addition, the
detection and repair of leakage points significantly reduced constant loads during non-
production hours. As a result, average power consumption decreased by 32.6%, while idle
consumption was reduced by 70%. Improvements in filtration and condensate management
lowered moisture and oil carryover, thereby enhancing process reliability. Considering
annual operating hours, the optimization was estimated to offer a potential reduction of ap-
proximately 63.5 tons of CO, emissions. The results demonstrate that substantial efficiency
and sustainability gains can be achieved through physical adjustments and operational
measures without modifying control algorithms.

Keywords: compressed air systems; energy efficiency; compressed air energy efficiency;
leakage detection; industrial optimization

1. Introduction

Compressed air is an essential auxiliary energy source widely used in modern industry.
Its accessibility and reliability enable a broad range of applications, from operating pneu-
matic equipment to process automation [1,2]. The utilization of this resource in industry is
made possible through compressed air systems. These systems can be defined as integrated
structures consisting of compressors, storage tanks, dryers, filters, and pipelines [3]. Al-
though compressed air plays a critical role in ensuring continuous production in industrial
plants, its generation is an energy-intensive process due to high electricity demand. Conse-
quently, it imposes a significant burden on operating costs [4]. In the industrial sector, the
share of compressed air in total electricity consumption has been reported in the literature
to range between 10% and 35% [5-8]. Due to its high energy intensity, significant share in
electricity consumption, and impact on operating costs, compressed air is an energy source
that requires careful management. For these reasons, the savings potential in compressed
air systems has become a focal point of energy efficiency studies [9,10].

However, under real operating conditions, various inefficiencies limit the perfor-
mance of these systems [11]. The most common losses are leakages, which occur as a
result of damaged sealing elements in fittings and pneumatic equipment [12]. In addition,
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pipeline length, improper mechanical sizing, and unnecessary connections lead to pressure
drops. This condition requires compressors to operate at higher pressures, thereby in-
creasing energy consumption. Similarly, elevated pressure levels often adopted as a safety
margin result in unnecessary energy use [13,14]. Keeping compressors running during
non-production periods also results in additional losses [15]. Air quality is another critical
factor. Contaminants such as moisture, oil, and particles shorten equipment lifetime and
affect process reliability [16,17]. When these factors are considered together, it becomes
evident that existing systems offer substantial potential for improvement.

Numerous studies have been conducted to evaluate the performance of compressed
air systems. Both experimental and numerical approaches have been employed to enhance
system performance. Frequent research topics include the analysis of pressure losses, the
development of leakage detection techniques, the investigation of the impact of operating
pressure on energy consumption, and approaches for system optimization [18-38]. In
addition, recent studies have extended the optimization perspective toward machine-level
pneumatic systems. These works have highlighted that actuator configuration, valve control
strategy, and circuit design play a significant role in compressed air utilization [39-41].
Previous research has established a body of knowledge in this field and enabled the topic
to be addressed from various perspectives. However, most studies have been limited
to describing the performance of existing systems or theoretically estimating potential
improvements. The experimental implementation of optimized systems and their direct
comparison with baseline configurations have rarely been investigated [42,43].

This study is based on comprehensive field measurements conducted on an industrial
compressed air system in Turkey. In line with ISO 11011 guidelines, both the baseline and
optimized configurations were experimentally investigated under directly comparable
conditions. Unlike many previous works that rely mainly on simulations, theoretical
projections, or subsystem analyses, this research provides a holistic experimental evaluation
encompassing supply, distribution, demand, and air quality. The results demonstrate
measurable improvements in energy efficiency, pressure stability, and air quality, along
with environmental benefits achieved through CO; emission reduction. In addition to these
findings, the study offers one of the few full-scale experimental validations of system-level
reconfiguration on an active industrial network, establishing verifiable plant-level evidence
of energy and emission reduction.

The remainder of this paper is organized as follows: Section 2 introduces the materials
and methods, including the system description, measurement methodology, optimization
approach, and post-optimization measurements. Section 3 presents and discusses the
results, covering baseline and optimized performance, comparative analyses, and the
corresponding CO, emission and sustainability improvements. Finally, Section 4 concludes
the paper by summarizing the main findings and outlining their implications for improving
industrial energy management practices.

2. Materials and Methods
2.1. System Description

The baseline compressed air system investigated in this study is illustrated in Figure 1.
Compressed air is generated by two parallel-connected, oil-injected compressors rated at
37 kW each, with pressure stabilization provided by a wet air receiver. The compressors
operate under a load /unload control principle. The system is configured with a set pressure
of 7.0 bar, a load pressure of 6.7 bar, and an unload pressure of 7.2 bar. The produced air is
passed through a refrigerant dryer to reduce the dew point temperature and subsequently
filtered to minimize oil and particulate content. The conditioned air is then collected in a
dry air receiver and distributed to the factory processes via two main ring pipelines. The



Processes 2025, 13, 3590

30f15

first ring has a DN80 diameter with an approximate length of 400 m, while the second ring
has a DN50 diameter and an approximate length of 250 m. Both distribution rings supply
different sections of the plant. The compressors are operated simultaneously depending
on the system load. This arrangement is considered the baseline condition, serving as the
reference for comparisons with the optimized design in this study. The capacities and
technical specifications of the main system components are summarized in Table 1.

®

|

Figure 1. General layout of the baseline compressed air system. (1-2) Compressors; (3) wet air
receiver; (4-5) dryers; (6) filtration unit; (7) dry air receiver; (8-9) distribution pipelines.

Table 1. Technical specifications of the baseline compressed air system.

Component Specification

Compressors 2 x 37 kW, IE2, oil-injected rotary screw

Control type Load/unload

Total FAD 2 x7m3/min @7.5 bar

Operating pressure 7.0 bar

Air receivers 2 x 500 L

Dryers 2 x refrigerant air dryer

Drying capacity 2 x 11 m3/min, 3 °C pressure dew point

Filters 1 x 0.01 pm, Ap = 0.2 bar, oil and particle removal

Ring 1: DN80 steel pipe, 400 m

Distribution lines Ring 2: DN50 steel pipe, 250 m

2.2. Measurement Methodology

The measurement methodology applied in this study was based on the ISO 11011:2013
compressed air energy efficiency assessment, an international reference for evaluating the
energy performance of compressed air systems. The standard requires a holistic system
assessment that considers all components rather than focusing solely on compressors [44].
Accordingly, the evaluation was conducted along three principal dimensions:

. Supply side: compressors, dryers, filtration units, and storage receivers;
¢  Distribution: the overall mechanical piping system;
*  Demand side: factory processes and end-use points.

To assess the system’s performance, power consumption, pressure, flow rate, air
quality, and leakage losses were monitored. Measurements were conducted under both
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normal production and non-production conditions, enabling the evaluation of not only
instantaneous losses but also the overall system behavior. The sensors were integrated into
a data acquisition system, and continuous monitoring was performed for 24 h with a 2 min
sampling interval. This duration was chosen to be representative of production conditions.
Both the baseline and optimized systems were analyzed using the same methodology,
allowing for directly comparable results.

The monitored parameters and measurement points of the system are presented in
Figure 2. Accordingly, power consumption was measured at the compressors, flow rates
were monitored at the compressor outlets, and pressure measurements were taken on
the wet side, the dry side, and the farthest point of the distribution line. Air quality was
assessed after the conditioning stage in terms of dew point temperature and oil content. The
compressors supplied pneumatic equipment along the main production line, including ac-
tuators and process automation units. The measured thermal mass flow variations reflected
the changing air demand of these significant energy users throughout the production cycle,
providing an indirect indication of how process load influenced total system demand. In
addition, on the demand side, the end-use points in the production line were scanned
with an ultrasonic leak detector both during operating and non-operating periods. This
approach enabled the identification of leakage losses occurring from the distribution lines
to the equipment connections and quantitatively demonstrated their impact on system
efficiency. The main technical specifications of the measurement devices used are sum-
marized in Table 2. Since both baseline and optimized scenarios were recorded using the
same instruments and calibration conditions, the observed performance differences are
well above the specified accuracy limits, ensuring high reliability and repeatability of the
experimental data.

Compressor 2 DN50 'Rilzng Inlet Fum?:»s.at Point
(E2) (F2) (P4)

¥

Wet Collector Dry Collector
(P1) (P2 +DP + OIL)

Compressar 1 DN80 Ring Inlet Furthest Point
(E1) F1 (P3)

:

Figure 2. Schematic representation of the measurement setup. Energy analyzers (E1-E2) were
installed at each compressor. A pressure sensor (P1) was located at the wet collector, while the dry
collector was equipped with a pressure sensor (P2), a dew point sensor (DP), and an oil content
monitor (OIL). Flow meters (F1-F2) were positioned at the inlets of the DN80 and DN50 ring lines,
respectively. Pressure was monitored at the furthest points of each ring (P3 for DN50, P4 for DN80).
Leakage detection (LD) was carried out factory-wide at the distribution points of both ring lines
during production and non-production periods. Note: In the baseline configuration, collectors were
not present; measurements at these locations were taken from equivalent junctions.

Table 2. Main technical specifications of the measurement instruments used in the study.

Parameter Sensor Type Measurement Range Accuracy
Electrical power Power analyzer 0.7-746 kW £3.0%
Pressure Pressure sensor 0.01-14 bar +0.05%
Flow rate Thermal mass flow meter 0-27.70 m3 /min +1.5%
Dew point Dew point sensor —20-50 °C (dew point) £1.0%
Oil content Oil monitor 0.01-5 mg/ m3 +1.0%
Leakage Ultrasonic leak detector 0-120 dB (40 kHz) +2.0%
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2.3. Optimization Approach

The optimized design was developed based on the system integrity approach pre-
scribed by ISO 11011. The objective was to reduce pressure losses, improve air quality,
and enhance operational continuity. In this study, the term optimization does not imply
a mathematical or algorithmic process. Instead, it refers to a system-level improvement
procedure consistent with ISO 11011, in which design and operational parameters are
iteratively refined and experimentally validated under real industrial conditions to achieve
measurable efficiency gains. In the baseline configuration, branch connections with T joints,
limited use of collectors, and a single central tank arrangement resulted in flow imbalances
and localized pressure drops. Therefore, the system was restructured by reconsidering the
supply, conditioning, and distribution sides. The optimized configuration is illustrated
in Figure 3.

Figure 3. Layout of the optimized compressed air system. (1-2) Compressors; (3—4) wet air receivers;
(5) wet collector; (6-7) pre-filters; (8-9) dryers; (10-11) final filters; (12) by-pass line; (13) dry collector;
(14-15) distribution lines.

On the supply side, each compressor was connected to a separate DN50 pipeline and
equipped with a dedicated wet air receiver. This configuration facilitates the damping of
pressure fluctuations, enabling more stable operation of the parallel compressors. The tank
outlets were combined in a DN100 wet collector, with condensate drains installed at both
the collector and tank bottoms. In this way, the condensate load was removed from the
system, thereby supporting dryer performance. In addition, a DN100 dryer by-pass line
was provided from the collector to avoid production interruptions during maintenance or
failure. This precaution allows continuous system operation under maintenance conditions.
The pipelines from the wet collector to the dryers were designed with DN80 diameters, and
each line was equipped with a 1 pm pre-filter. This arrangement protects the dryer heat
exchangers from particle and oil contamination, thus improving drying capacity. The dryer
outlets were kept at the same diameter, and the airflow was passed through 0.01 pm final
filters before being balanced in a DN100 dry collector. The dry collector was also equipped
with a condensate drain, thereby improving the quality of air supplied to the ring lines.

On the distribution side, the bottleneck sections at the transitions from the dry collector
to the ring lines were enlarged to DN100, while the internal diameters of the DN80 and
DNB50 ring lines were maintained. This modification reduced hydraulic losses at the ring
inlets and ensured symmetric feeding. As a result, the required process pressures could be
achieved with a lower compressor discharge set point.
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On the demand side, end-use points along the production lines were scanned with
an ultrasonic leak detector, and the detected leakages were eliminated. In this way, losses
throughout the chain from the distribution lines to the equipment connections were mini-
mized, thereby enhancing the overall system efficiency. In addition, the compressors were
set to automatic standby mode during non-production periods, which significantly reduced
idle operation losses.

In summary, the optimization strategy was defined by four guiding principles: (i) flow
balancing through additional receivers and collectors, (ii) enhancement of air quality via
integrated filtration and condensate management, (iii) reducing hydraulic losses through
pipeline diameter adjustments, and (iv) reinforcement of operational practices, including
pressure control, standby management, and leakage mitigation. These measures were
implemented while preserving the monitoring framework established in the methodology,
ensuring that the baseline and optimized conditions remained directly comparable. The
experimental outcomes of these improvements are presented in Section 3.

2.4. Post-Optimization Measurements

The performance of the optimized configuration was evaluated using the same sensor
layout and data acquisition protocol as in the baseline scenario. This approach ensured
direct comparability and guaranteed the impartiality of the measurements. Consequently,
the observed performance differences could be attributed solely to the implemented opti-
mization measures.

The optimized configuration was finalized after iterative adjustments and on-site
evaluations, where each modification was assessed in terms of compressor power con-
sumption, pressure stability, and end-use air quality. The configuration that provided the
most stable pressure profile with the lowest specific energy consumption was adopted as
the optimized setup.

3. Results and Discussion
3.1. Baseline Performance

The performance evaluation was based on the simultaneous monitoring of energy
consumption, pressure, flow rate, and air quality parameters. Sensors were installed at rep-
resentative points of the supply, distribution, and demand sides. Data were synchronously
recorded over a 24 h period through a unified acquisition system (see Section 2.2). Rep-
resentative photographs of the measurement instruments used in the field are presented
in Figure 4.

Figure 4. Measurement instruments used in the field: (a) power analyzer for compressors, (b) thermal
mass flow meter for distribution lines, (c) dew point and oil sensors installed downstream of air
treatment, (d) pressure sensors positioned at different points of the system.
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Figure 5 presents the total power consumption of the system. During non-production
hours, a single compressor was observed to idle at 25-30 kW, representing idle losses since
the leakage flow did not require a transition to load mode. At production startup, the
sudden loading of the compressors resulted in transient losses, while during the lunch break,
despite the demand dropping to zero, the compressors failed to reach a fully unloaded
state, sustaining partial idle consumption at around 40-50 kW. Frequent load /unload
cycles observed throughout the day clearly indicate inefficient operation of the parallel
compressors. Under these conditions, the average power consumption was measured at
57.1 kW, with a total daily energy consumption of 1371 kWh.
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Figure 5. Total power consumption of the compressors. The red line denotes the instantaneous
demand, and the dashed blue line indicates the average value.

The pressure measurements presented in Figure 6 reveal the magnitude and distri-
bution of system losses. The pronounced high-amplitude fluctuations observed at the
compressor outlet (P1) directly reflect the influence of load /unload cycling. At the compres-
sor room outlet (P2), a pressure difference of approximately 1 bar was detected, accounting
for the majority of the total 1.25-bar pressure drop. In contrast, measurements at the most
distant points of the distribution network, corresponding to P3 (DN80) and P4 (DN50),
indicated only a 0.25-bar reduction, representing about 20% of the overall loss. These
results demonstrate that the primary source of pressure losses lies within the compressor
room, while the contribution of the distribution network remains limited.
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Figure 6. Pressure profiles of the system at measurement points P1-P4.
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The flow measurements presented in Figure 7 illustrate the demand profile of the
system. During non-production hours, the total flow stabilized at approximately 4 m3/min,
representing static consumption. A substantial portion of this consumption originated
from widespread leakages within the system.
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Figure 7. Measured flow rates in the DN80 (F1) and DN50 (F2) ring lines, along with the total
consumption (F1 + F2). The dashed blue line represents the average value.

Once production commenced, the total demand increased to the range of 11-12 m3/min,
whereas a temporary decline was observed during the short midday break. However, the
system was unable to fully switch to an idle regime during this period. Throughout the
day, the average flow was determined to be 8 m3/min. Moreover, the F1 line carried higher
and more fluctuating flows compared to F2 during production, indicating an unbalanced
distribution between the lines. Although the presence of leakages produced a smoother
flow profile by creating a constant load, such regularity reflects an unfavorable condition
in terms of system efficiency.

Ultrasonic inspections on the demand side identified a total of 77 leakage points. The
majority of these leakages originated from connection fittings and sealing surfaces. The total
leakage flow rate detected and subsequently repaired was 2.82 m®/min, corresponding to
approximately 20% of the system capacity. A significant portion of the static consumption
observed during non-production periods can be attributed to these leakages. Screenshots
of several detected leakages are presented in Figure 8.

Figure 8. Screenshots from leakage detection measurements: (a) leakage at a cylinder connection,
(b) leakage at an air preparation unit connection, (c) leakage at a valve connection.

Air quality analyses were conducted at the outlet of the air preparation line. The
measurements indicated a dew point of 6.4 °Ctd and an oil content of 5.12 mg/m?. Ac-
cording to the purity classes defined in ISO 8573-1:2010 [45], these values correspond to
Class 5. Although the standard encompasses particle, humidity, and oil parameters, direct
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particle measurement was not performed in this study. The main reason for this is that
particle counting in compliance with ISO 8573 cannot be practically conducted on site
and requires specialized equipment. In contrast, the dew point and oil content could be
reliably measured using standard sensors, and classification was therefore carried out
based on these two parameters. This classification reveals the baseline air quality profile of
the system.

3.2. Optimized Performance

This section presents the performance data obtained for the optimized system and
describes the characteristics observed under different operating conditions.

Figure 9 illustrates the power consumption profile of the optimized system. The
set pressure was maintained at 6.5 bar, with load /unload thresholds of 6.3/6.7 bar. Dur-
ing nighttime hours, only a single compressor operated in standby mode, resulting in a
consumption level of approximately 17 kW. At the start of production, the power level
increased to the range of 42-54 kW through a single loading transition. Short-term peaks
between 60 and 72 kW were observed during the day in response to varying demand. The
average power consumption was measured as 38.5 kW, while the total daily energy con-
sumption reached 924 kWh. Compared to the baseline scenario, the frequent load /unload
cycles and high idle consumption were largely eliminated in the optimized case. The
power profile is now characterized by fluctuations within a defined band and limited
peak occurrences.

80 | B O L O L D L D L O . L
- Peak demand 1
70 - Peak demand * Peak demand-

60 -
50

40

30

Power consumption [kW]

I, Standby period
20H —— Total power
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00:00 04:00 08:00 12:00 16:00 20:00

Figure 9. Power consumption profile of the optimized system. The standby period, loading transition,
and peak demands are indicated; the dashed line represents the daily average.

Figure 10 presents the pressure profiles measured in the optimized configuration. The
average pressure in the wet collector (P1) was 6.42 bar, where the amplitude of loading
cycles remained relatively low. During the standby period, P1 exhibited a saw-tooth pattern
of regular fluctuations, which resulted from the periodic activation of a single compressor
to maintain the line pressure within the specified range. In the dry collector (P2), the
measured pressure was 5.97 bar, leading to a difference of approximately 0.45 bar between
P1 and P2. This difference originated from the pre-filters installed at the dryer inlets,
which introduced the expected pressure drop. While the filters effectively limited oil and
particle carryover to protect the performance of the dryer heat exchanger, they also con-
tributed to an additional pressure loss. At the line ends, average values of P3 = 5.78 bar and
P4 = 5.71 bar were recorded. The low amplitudes of the curves at these points indicate that
pressure fluctuations were attenuated along the distribution lines. Overall, the optimized
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configuration resulted in a more balanced distribution of pressure losses and ensured a
stable profile at the endpoints.
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Figure 10. Pressure profiles measured at points P1-P4 in the optimized system. Average values are
provided in the legend.

The flow profiles obtained after optimization are presented in Figure 11. During non-
production hours, consumption decreased significantly, directly reflecting the impact of
leakage elimination. Throughout the daily demand period, the total consumption exhibited
a more balanced trend, and the flow distribution between the lines became more uniform
compared to the previous condition. In particular, the increased load observed in the
F2 line indicates that the imbalance evident in the baseline case was substantially reduced.
During temporary stoppages, the flows rapidly declined and then recovered steadily with
the resumption of production. In the optimized case, the curves appear more variable,
demonstrating that the system responded only to the actual process requirements. By
contrast, in the baseline scenario, leakages imposed a constant load, which made the profile
appear smoother. Consequently, the optimized system profile more accurately reflects the
true demand behavior of the system.
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Figure 11. Measured flow rates in the DN80 (F1) and DN50 (F2) ring lines, along with the total
consumption (F1 + F2) in the optimized system. The dashed blue line represents the average value.

Ultrasonic inspections performed on the demand side confirmed that the leakages
identified in the baseline condition were eliminated. As a result of this improvement, the
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static consumption recorded during non-production hours decreased significantly. The idle
energy load of the system was minimized, thereby reducing energy losses and preventing
unnecessary compressor operation.

Air quality analyses were repeated in the dry collector under the optimized condition.
The measurements indicated a dew point of 1.31 °Ctd and an oil content of 3.87 mg/m?.
According to ISO 8573-1:2010, these values correspond to Class 4. Compared with the
classes obtained in the baseline condition, higher quality levels were achieved. By reducing
moisture and oil carryover, process reliability was enhanced. Consequently, the optimized
condition improved not only the energy performance but also the air quality of the system.

3.3. Comparative Analysis

This section presents a direct comparison of the performance indicators for the base-
line and optimized systems. The analysis covers power consumption, pressure losses,
flow distribution, leakage levels, and air quality parameters. The measurement period
encompassed a typical production day, ensuring that system behavior was represented
under both production and non-production conditions. Thus, the results were not limited
to short-term sampling but instead provided a comprehensive evaluation reflecting the
normal operating cycle. The slightly lower average pressure in the optimized conditions
resulted from the elimination of network losses, which allowed the compressor’s set pres-
sure to be reduced from 7.0 bar to 6.5 bar while maintaining stable end-use pressure. A
summary of the comparative findings is presented in Table 3.

Table 3. Comparative performance indicators of the baseline and optimized systems.

Parameter Unit Baseline Optimized Improvement
Average power consumption kW 57.1 38.5 —32.6%
Daily energy consumption kWh 1371 924 —447 kWh
Compressor set pressure bar 7.0 6.5 —0.5 bar
Total pressure drop bar 1.25 0.71 —43.2%
Static consumption (off load *) m3/min 4.00 1.20 —70.0%
Leakage flow rate ** m3/min 2.82 0.00 —100%
Dew point °Ctd 6.40 1.31 Improved
Qil content mg/m3 5.12 3.87 Improved
ISO 8573 class (dew /oil) - Class 5/4 Class 5/4 T Quality

* Static consumption refers to the total airflow measured during non-production hours, including standby demand
and residual usage. ** Leakage flow corresponds to the part of static consumption identified and eliminated
through ultrasonic detection.

The comparative results presented demonstrate that the optimization measures pro-
vided multi-dimensional contributions to system performance. Reductions in energy
consumption and improvements in pressure losses enabled more efficient system opera-
tion. The balancing of flow distribution and the advancement in air quality emerged as
key factors enhancing process reliability. It should be noted that the reported efficiency
improvements represent the cumulative impact of all optimization measures implemented
simultaneously, as isolating the effect of individual factors such as leakage repair, pipeline
resizing, or pressure regulation was not feasible under real operating conditions. In this
regard, the optimized configuration offered advantages not only in terms of energy ef-
ficiency but also in maintaining operational continuity. Furthermore, the optimization
was implemented through low-cost physical modifications such as installing additional
filtration units, reconfiguring the compressor room layout, and partially rebuilding the
main pipelines with supplementary valves, demonstrating that significant efficiency gains
can be achieved without major capital investment.



Processes 2025, 13, 3590

12 of 15

3.4. COy Emissions and Sustainability Gains

The impact of reduced energy consumption on environmental performance was eval-
uated through CO, emissions. The calculation was based on the measured daily energy
savings (447 kWh). This value was extrapolated to an annual scale using 330 operating
days, which reflects the typical production schedule of heavy industrial facilities in Turkey
after accounting for holidays and planned maintenance. The national grid emission fac-
tor for Turkey (0.43 kgCO,/kWh) was applied [46]. The change in CO, emissions was

calculated using
ACO, = Edaily X Ndays X EF, 1

where Eqaiy = 447 kWh, Nyays = 330 days, and EF = 0.43 kgCO,/kWh. According
to this calculation, the annual reduction is estimated at about 63.5 tCO,/year. In the
baseline scenario, annual emissions were 194.6 tCO,/year, while in the optimized case
they decreased to 131.1 tCO,/year. These results indicate that the efficiency improvements
not only reduced operating costs but also achieved a significant reduction in greenhouse
gas emissions. Extrapolating from a single measurement day introduces some uncertainty
in absolute values, as production schedules and grid emission factors may vary annually.
However, since both systems were monitored under identical conditions, the direction
and magnitude of the reduction can be considered reliable. This confirms that operational
improvements such as lowering the set pressure and eliminating leakages provide tangible
benefits for environmental sustainability in addition to energy efficiency.

4. Conclusions

This study experimentally demonstrated that the optimization measures implemented
in an industrial-scale compressed air system led to substantial improvements in both energy
efficiency and air quality. The most significant outcome was the elimination of a 0.54-bar
pressure drop, which enabled the compressor’s set pressure to be reduced from 7.0 bar to
6.5 bar and prevented unnecessary load cycles. This adjustment stabilized the pressure
regime and provided a more balanced operating profile across the network. In addition,
the detection and repair of leakage points significantly reduced idle energy consumption
during non-production periods, while the enlargement of critical pipeline sections and the
balancing of ring inlets minimized pressure losses and ensured a more uniform end-of-line
pressure distribution. Improvements in filtration and condensate management further
enhanced air quality and process reliability by reducing moisture and oil carryover.

As a result of these combined measures, the optimized configuration achieved a
32.6% reduction in total power consumption, a 70% decrease in static consumption, and
an estimated annual reduction of 63.5 tons in CO, emissions, confirming the measurable
sustainability benefits of the proposed approach. These outcomes were achieved without
modifying the control algorithms, showing that the observed gains resulted solely from
physical reconfiguration and improved operational practices rather than automation-based
interventions. While the experimental findings are based on a single industrial facility,
the evaluated system configuration and operating conditions are representative of typ-
ical medium-scale manufacturing plants utilizing centralized compressed air networks.
Nonetheless, extending this methodology to facilities with different layouts, load profiles,
or control strategies would help to further assess the general applicability of the proposed
approach. Although the annual emission reduction estimates are derived from a single-day
dataset and thus subject to some uncertainty, the magnitude and direction of improvement
remain robust. Future work will focus on integrating advanced control strategies such
as variable-speed drives, intelligent load sharing, and demand-responsive pressure man-
agement, supported by continuous monitoring-based supervisory systems. Expanding
the validation to multiple facilities and longer operating periods will further clarify the
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scalability and long-term environmental impacts of this optimization framework. Overall,
the findings demonstrate both the technical significance and practical applicability of the
proposed approach.
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