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Abstract
Bearing in mind that compressed air is one of the most important utilities for industry, as well one of the largest energy
consumers, any savings made in compressed air systems (CAS) have a significant impact on costs effectiveness, energy
efficiency and environment. Therefore, the aim of this paper, in addition to literature and good practice guides review, is
to provide a close insight on specific compressed air system used to control opening and closure of a large number of
windows located at inaccessible places in a large exhibition space in order to propose measures to improve overall system
effectiveness and efficiency. Lastly, the current state of previously mentioned CAS automation level is analyzed, based
on which a model for its optimization was introduced, while the benefits of such solution are justified.
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1. Introduction
Bearing in mind that compressed air generation is energy intensive, and for most industrial operations
compressing air costs have significant share in overall energy costs [1, 2], yet there is a vacuum of reliable information
on the energy efficiency of a typical compressed air system (CAS) [3–11]. The inefficiencies inherent in converting
energy using a compressed air are well documented, while industry accepts these inefficiencies recognizing other benefits
of compressed air utilization [12, 13]. Inappropriate use, incorrect settings and leaks in the system, as well as human
factors in system regulation, lead to the inefficiencies and losses that rapidly accumulate over the system lifetime [14,
15]. Furthermore, knowing that approximately 70% of all manufacturers have a CAS [16] which is being used to power
a variety of equipment, including machine tools, material handling and separation equipment, spray-painting equipment,
etc., indicate the necessity, applicability and importance of these systems in modern industry. Therefore a special attention
should be devoted to increase effectiveness, improve energy efficiency, upgrade automation and introduce optimization
models to overall system performance.
1.1. Managing CAS
The overall approach of CAS management is based on the same principles as general energy management. This
approach is essential in achieving the maximum reduction in overall system energy consumption [17]. According to
variety of previously mentioned studies and good practice guides, reduction of 30% in energy costs is typical and
achievable. However, ensuring energy savings to reduce the cost of providing compressed air at site is not just about the
compressor [18, 19]. It involves periodic auditing in order to achieve efficiency and optimal performance in all segments
of the system in general (Figure 1).

Fig. 1. Typical compressed air system [18].
It is best to start by reviewing end use, because any improvements here may well affect the compressed air
demand and the air distribution network (i.e. redundant pipe work and reduced pressure losses) [5,10]. Subsequently,
wasting and misuse of compressed air often offer the greatest potential for no or low-cost energy savings in a typical
CAS. Therefore, examination and audit of all compressed air application sites is recommended. During the lifetime of an
organization, processes evolve and production methods change, thus affecting the way a CAS is maintained, upgraded
and therefore the way in which compressed air is used. For these reasons, it is good practice to review the system and
working practices regularly. Furthermore, compressed air is used for a myriad of applications due to its safety, flexibility
and convenience [12]. However, it is also misused, and hence wasted, for the same reasons, incurring unnecessary costs.
In addition, compressed air is often applied just because an air supply is readily available, not because of being the most
cost-effective or appropriate method. When it comes to distribution network design, for larger systems with numerous
take off points, a ring main is the preferred layout [17]. This is due to the fact that air is supplied to any piece of equipment
from two directions, the velocity is halved and the pressure drop reduced. Also, isolation valves could be incorporated to
enable specific system sections to be cut off for servicing, maintaining or replacement without interrupting the air
distribution to other users and in that way ensuring CAS being more efficient. Some basic but highly effective practical
recommendations are summarized in the Table 1.
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No.

Description

1.

Identify and repair air leaks, starting with the biggest.

2.

Measure and baseline CAS to determine the operating costs and efficiency.

3.

Operate compressed air system at the lowest practical pressure.

4.

Install, adjust and maintain automatic system controls to coordinate operations of air compressors.

5.

Turn off compressed air supply to zones, equipment and applications that are not operating.

6.

Use a blower rather than a compressor where and when appropriate.

7.

Use air reservoirs to reduce compressor cycling and respond to peak air demands.

8.

Use larger diameter pipes and looped air distribution configurations where practical.

9.

Maintain compressed air equipment, filters and drains at an appropriate level.

10.

Constantly ask if compressed air is the best utility for the intended application.

Table 1. Practical recommendations for efficiency improvement of CAS
Finally, it is highly important to involve compressed air operating and maintenance personnel in production and
end use decisions.
2. Description of specific CAS and audit findings
As an example of observed system, the Hall 1 of the Novi Sad Fair was analyzed. The total area of the fairground
is 226000 m2 of which 60000 m2 of area are the pavilions where 37 halls are located. Hall 1 is the largest hall among them
covering the area of 4576 m2 which model is presented in the Figure 2. Here, CAS is implemented to control the openness
and closeness of a large number of windows, located in inaccessible places (8m high).

Fig. 2. 3D model of the observed hall - Hall 1
Moreover, the hall has 90 windows on each sidewall where every 3rd window is opened or closed by pneumatic
double acting cylinder, which indicate that 60 pneumatic actuators are present on the demand side of the system.

Fig. 3. The setting of the pneumatic actuators (left) and 3D model of the compressor facility (right)
In order to conduct the analysis it was necessary to identify the existing elements of CAS in the hall starting from
the production, preparation, distribution and consumption of compressed air. Production of compressed air is carried out
by two two-cylinder compressor aggregates (Figure 3 on the right) with overall working volume of 240 cm3, with working
pressure of 8 bars. The number of the air reservoirs on the first aggregate is 2 and on the second 6, while the volume of
each reservoir is 60 l. Preparation of compressed air is carried out in 6 air treatment units, consisting of air filter, pressure
regulator and air lubricator. In the current system setting, there are several valves in the level of signal processing
elements, as well as in the level of the command distributor. In the level of signal elements so called “3/2” valves,
manually activated, spring returned and normally closed are present. As previously mentioned, in the level of executive
elements there are 60 pneumatic actuators without damping at the end of stroke, with 40 mm piston diameter and 500 mm
piston stroke, working in pressure range from 1.5 to 10 bars. Subsequently, the length of the compressed air distribution
pipeline in the observed hall is 173 m, while the calculated equivalent extension of the pipeline due to the appearance of
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resistance to airflow in elements such as the way valves, angle valves, T-branches, elbows, etc., amounts 18 m, resulting
in overall pipeline length of 191 m.
2.1. Current state of system automation
Due to required relatively low speed of response, a semi-automated pneumatic hardware is used in control
systems with slow processes as well as where performance of a very large number of computations is not necessary for
execution of a control algorithm, as in the present case. However, in spite of these limitations, the field of application of
mentioned hardware is very broad. Given the aforementioned, the current level of automation in the observed CAS is
shown in the Figure 4.

Fig. 4. A current state of CAS automation and pneumatic control scheme
As it can be seen from the Figure 4, production of compressed air is carried out by compressors (P), after which
air is being dried in the air dryer (D). Subsequently, dried air is distributed to air preparation units (Z1 – Z6), a combined
devices consisting of air filters, pressure regulators and air lubricators. Then, treated and prepared air moves ahead to the
level of signal elements (1U1 – 1U12). Having in mind that Figure 4 shows the state of the system where pistons are
retracted indicates that the windows are managed closed. By manually activating the signaling valves 1U 1, 1U3, 1U5, 1U7,
1U9 and 1U11, changes the position of the command valves (1V1 - 1V6), enabling the air way toward the left chambers of
actuators (A1 – A60) resulting with extraction of pistons, which indicates that the windows are in the process of opening.
3. Analysis results
In the following part of this paper, specific recommendations for efficiency improvement are proposed (section
3.1.). The aforementioned recommendations emerged from the results of conducted audit, analysis of CAS current state,
calculation of system elements, and based upon already mentioned literature and best practices in the field. This is
followed by introduction of optimization model for observed CAS automation. The model represents a technical solution
proposed in order to upgrade automation to a higher level. Here, electro-pneumatic control system, based on CO2 sensors,
was designed and simulated. More details are provided in the sections 3.2. and 3.3.
3.1. Recommendations to boost CAS efficiency
Based upon the audit results, it was determined that the existing air reservoirs in the observed CAS were not
sufficient. More precisely, the air reservoir system was undersized, where the total capacity of existing reservoirs is 0.48
m3, while the recommended reservoir volume, analytically determined should be 0,806 m 3. Therefore, the setting of
additional air reservoir with capacity of 0.42 m3 is proposed, located just after air dryer. In this way, a good quality system
configuration could be achieved providing the system with wet reservoir, air dryer and dry reservoir. According to the
studies [20, 21], a properly designed air reservoirs play an important role in CAS by allowing the system operation with
a smaller pressure difference at a given air consumption as well as with smaller average system pressure, which results in
reduced electricity consumption for air compression. In addition, having in mind the manner of system functioning
(opening and closing of windows with great ease), i.e. the ascertainment of oversized cylinders, the possible reduction in
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working pressure by 2 bars was estimated. This would significantly reduce the power consumption as the less powerful
motor could be installed, ensuring savings of at least 26.6% in electricity consumption.
3.2. Optimization model for current CAS automation improvement
Having in mind that numerous studies [22-28] shown that indoor climate have a significant impact on people's
health [27], their productivity [23, 24], cognitive functions and wellbeing [25], a suitable indicator for determining air
quality is the concentration of CO2. Normally, the concentration of CO2 in the air increases by breathing. Therefore it is
important to measure and control the CO2 concentration in spaces where many people are present (schools, conference
halls, exhibition spaces, open offices, etc.). Optimization model of the observed CAS is based on the supplementation of
the existing pneumatic installation with adequate elements in order to upgrade it to an adequate level of automation. To
achieve this, it is necessary to additionally implement solenoid valves and ensure control based on electrical signals,
relays and appropriate sensors. This solution is very simple but also practical and efficient for application in organizations
such as this one [29]. Bearing in mind audit results and current state of system automation shown in section 2.1., it is
evident that in the current setting there is no possibility to open all windows at once. Furthermore, the regulation is based
upon the subjective feeling of the operator while control indicators are not being formed and monitored. Current control
and regulation of CAS should be upgraded especially having in mind the fluctuations of people during fair-time are often
not predictable. Also, the level of the activity varies as well, resulting in variable CO 2 emissions due to the human and
animal (during Agricultural fair) metabolic rate. Thereby, the detection of maximum allowed CO2 concentration in the
hall could automatically control the openness and closeness of aforementioned windows. Subsequently, due to the
difference of air pressure and temperature between outside and inside conditions, natural ventilation occurs and the
windows remain open until the sensor detects the set value of CO 2 concentration for closing, or until the manually
activated valve forces them to close. Also, it was estimated that in CO 2-demand controlled ventilation systems the energy
consumption of the air conditioning system could be reduced by 20–30% [30, 31]. The principle of the proposed solution
is explained below while the scheme of the solution is shown in the Figure 5. By pressing the button (START) in the
electro-pneumatic scheme, the system is under voltage. In this case, the relay (K1) receives a signal and closes the
electrical contact (K1), which allows transmission of signal to the sensor (S1) and (S2). When the sensor (S1) detects a
preset concentration of CO2 makes contact and enables the transmission of electrical signal to the relay (K2), which closes
the contact (K2) in 11th branch of electrical control scheme and passes the electrical signal to the spool (1Y1) of the control
valve (1U1) on the pneumatic control scheme and thus changes the position of the same so that compressed air can pass
through, change the position of the command valve (1V1) and allow the air a way toward the left ventricles of cylinders,
causing pistons to extract (so windows start opening).

Fig. 5. New, electro-pneumatic control scheme
Likewise, when the sensor (S2) detects the previously set concentration of CO2, joins contact and enables the
transmission of electrical signal to the relay (K3), which in the 9th branch of electrical control scheme, closes the contact
(K3) so relay (K4) receives a signal, enables the switch contact (K4) in 12th branch, which enables connection to a spool
(1Y2) on the control valve (1U4), changes his position as well as the position of command valve (1V1), which allow the
air to pass into the right ventricles of cylinders, causing pistons to retract (so windows start closing). In case of sensor
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failures, opening of windows is activated manually through control valve (1U 2), while closing is achieved by manually
activating the control valve (1U3). A closer look on the electrical control scheme is given in the Figure 6.

Fig. 6. Electrical control scheme
The Figure 6 provides an insight on sensor positions, relays, switches, spools as well as signaling elements which were
introduced to upgrade current automation state of the system.
3.3. Simulation of proposed solution
The initial state of the system under pressure is shown in the Figure 7. The command valve (1V1) is in the initial
position, which determines the state of the pistons in the cylinders. In this case the pistons are retracted, which means that
windows are closed. From the electro-pneumatic control scheme can be seen that contacts are closed and relay (K 1)
activated, which indicates all preconditions are met and CO 2 sensor (S1) can perform its function.

Fig. 7. Activated system under pressure
Subsequently, figure 8 shows the state of the system when a sensor (S1) detects the set concentration of CO2.
Activation of the relay (K2) closes the contact (K2) in 11th branch of electro-pneumatic scheme and an electrical signal is
being transmitted to the spool of the control valve (1U 1), which in this case, by changing its position opens the passage
to air toward to so called "or-function" valve (1V3), changes the position of the command valve (1V1), causing the cylinder

- 1087 -

26TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION
pistons to extract (windows opening). At the same time the contact (K 2) in 7th branch of electrical scheme is interrupted,
which incapacitates sensor (S2) to react for a certain period of time. Likewise, figure 9 shows the state of the system when
the sensor (S2) is activated. Here, it should be noted that the system is in the state as shown in Figure 7 up to the moment
of sensor (S2) activation. Detection of predetermined CO2 concentrations by sensor (S2), activates relay (K3), which closes
the contact (K3) in the 9th branch of electro-pneumatic scheme, causing the signal transmission to the relay (K4). Activation
of the relay (K4) closes the contact (K4) in 12th branch of electro-pneumatic scheme and an electrical signal is transmitted
to the spool of the control valve (1U4), forcing it to change its position and ensure the air way toward to the command
valve (1V1). The command valve (1V1) than takes its left position, whereby compressed air is channeled into the right
ventricles of cylinders, pistons retract and the windows close. At the same time the contact (K 4) in 5th branch of electrical
scheme is interrupted, which incapacitates sensor (S1) to react for a certain period of time.

Fig. 8. System status in the activation of the sensor (S1)

Fig. 9. System status in the activation of the sensor (S2)
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4. Conclusion
Conclusively, beside general good practice guides and scientific literature review regarding CAS management,
paper provided analysis of specific CAS where compressed air is used as an energy source to perform work. More
precisely, CAS is used to regulate natural ventilation system where pneumatic actuators control openness or closeness of
large number of windows located in inaccessible location. In addition, the possible energy efficiency improvements and
automation upgrade were suggested. Based upon the audit results and subsequent calculations, it was determined that the
capacity of existing air reservoirs (0.48 m3) were not sufficient. Having in mind that recommended, analytically
determined, reservoir volume should amount 0,806 m3, the setting of additional air reservoir with capacity of 0.42 m3 is
proposed. Furthermore, upon ascertainment of oversized cylinders, the possible reduction in working pressure of 2 bars
was estimated, which leads to significant reduction of the power consumption as the less powerful motor could be
installed. This could ensure savings of at least 26.6% in electricity consumption. Investigation of energy saving solutions,
which aim at the optimization of design parameters of pneumatic drives and recovery of exhaust air, should be considered
in future research. Lastly, the main focus of this paper was to analyze and improve current level of CAS automation. To
achieve this, an optimization model, based on electro-pneumatic control system with CO2 sensors was introduced and
simulated. The proposed optimization model ensures the increase in the level of CAS automation and system energy
efficiency, as well as effective functioning of natural ventilation with introduced indicators (CO 2 concentration), which
are now monitored. This meets the requirement of keeping the stability of the process and suppressing the influence of
disturbances. In addition, CAS automation upgrade eliminates many subjective weaknesses, shortens the time required
for the execution of operation, reduce costs, and most importantly eliminates the constant need for manual control by
operator. Here, elimination of human factor has significant influence because it does not affect the process of achieving
results. At the end, further integration of air temperature sensors should be considered in order to achieve control system
based on these two important variables.
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