
Citation: Markowski, J.; Gryboś, D.;
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Abstract: Pneumatic machines and systems are highly popular in the automation and mechanisation
of production lines in many industry sectors, such as, e.g., food, automotive, production, and
packaging. However, the energy efficiency of the pneumatic system is very low at about 10 to 20%
The exhaust air from pneumatic machines has high energy, which is considered waste. This study
introduces a novel energy recovery machine designed for integration into industrial compressed air
systems. The authors describe the potential of the recovery machine within an industrial environment
and present a developed exhaust air recovery system which collects exhaust air and converts it
into electricity. Comprehensive industrial tests were conducted to evaluate its performance. The
results, along with a detailed analysis, are presented, thereby showing there machine’s capabilities in
recovering energy from compressed air processes. This research provides valuable insights into the
practical implementation and benefits of deploying such energy recovery systems at an industrial
scale. The findings demonstrate the machine’s potential to enhance energy efficiency and reduce
operational costs in a wide array of industrial applications that are reliant on compressed air.

Keywords: energy recovery; energy efficiency; waste energy; exhaust air energy; compressed air;
pneumatic system

1. Introduction

Compressed air is very often used in industry as an energy carrier in manufacturing
or technology lines. Servo motors or pneumatic actuators are powered by compressed air,
which is expanded to the atmosphere after the work is done. Compressed air is also used
for the operation of pneumatic equipment for spray painting and cleaning [1]. Pneumatic
machines find widespread application in various industrial sectors [2,3]. Their advantages,
stemming from the use of nontoxic and nonflammable fuel, make them suitable for in-
dustries like food production and mining. Still, compressed air is the most costly among
typical industrial utilities [4,5]. The potential for maximising savings in pneumatic systems
is substantial; however, for its implementation to be justified, it must also be economically
viable [6]. That is why tests are necessary not only in the laboratory setting, but also in
an industrial environment. Generally, pneumatic systems are used in applications that
demand precision. High power output, simple design, and high energy density are some
of the many benefits of such devices. The simplicity of pneumatic systems allows for
easy adaptation and the development of configurations. As noted in [7,8], compressed
air is also considered as a promising and increasingly popular energy carrier in storage
systems, which are very durable and do not pollute the environment. However, the low
energy efficiency of CASs (10–30%) remains a significant drawback [9,10], which often
leads to them not being considered the most optimal technological solutions. The low
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efficiency is primarily caused by oversizing the pneumatic systems [11], thus resulting in
the over-consumption of compressed air, as well as heat loss during compression [2,12],
pressure drops [13], and air leaks [2,10,14]. There are numerous methods to enhance the
efficiency of pneumatic systems, such as preventing energy loss [15,16], reducing energy
consumption [17,18], and minimising waste energy generation [15,17,19]. Exhaust air from
pneumatic devices carries a substantial amount of mechanical energy [11]. Soylu et al. [20]
conducted a comprehensive study to assess the energy-saving potential of rectifying air
leakages in pneumatic systems, thus revealing a substantial 42% reduction in energy costs
using an ultrasonic flow meter. Doner and Ciddi [21] investigated various energy-saving
strategies, including leakage elimination, compressor operation optimisation, and waste
heat recovery methods. They established significant correlations between the system param-
eters, thereby providing valuable insights for more efficient CASs in industrial applications.
Depending on the CAS specification, emphasis should be placed on reducing heat losses,
reducing energy utilisation, or preventing air leakage from the system. While the reduction
in compression losses and air leaks is well researched, the problem of oversizing pneumatic
systems is not widely addressed.

Manufacturing companies typically offer discrete dimensions for pneumatic compo-
nents. Thus, pneumatic actuators are commonly available in discrete sets of the following
parameters: the piston diameter, rod diameter, and inlet/outlet diameter; these are shown
in Table 1.

Table 1. Classic dimensions for pneumatic actuator.

Piston Diameter
[mm] Stroke [mm] Inlet and Outlet

Connectors [inch] Pressure Range [bar]

32 20–500 1/8 1–10
40 25–500 1/4 1–10
50 25–500 1/4 1–10
63 25–500 3/8 1–10
80 25–1000 3/8 1–10

100 25–1000 1/2 1–10
125 25–1000 1/2 1–10
. . . . . . . . . . . .

The standardisation of pneumatic components in the manufacturing process often
limits the synergy between required operational parameters such as stroke time and gen-
erated force, as well as energy efficiency. This practice can lead to an oversizing of the
pneumatic actuator and the pneumatic system, thereby resulting in an over-consumption of
energy and low energy efficiency. The selection of pneumatic actuators assumes a reserve
of generated force (33–50% greater than the load), which is suitable for the condition of
the average piston speed in strokes from 0.3 to 0.5 m/s [11,22,23]. Furthermore, due to
the discrete parameters of the actuators described above, it is not always possible to meet
these requirements, and a pneumatic actuator is selected to be one size larger than the load
requirement [11]. The oversizing indicator, or the pneumatic frequency ratio, was demon-
strated by Doll et al. [24] and should be in between 1.1 and 1.7. Based on this indicator,
Raisch and Sawodny [25] indicated the appropriate selection of pneumatic elements. The
phenomenon of over-consumption of the pneumatic actuators forces the use of methods to
optimise the dynamics of actuator movement to ensure appropriate automation times and
save compressed air.

In the literature, three main approaches to reduce the air over-consumption of pneu-
matic actuators are specified: the reduction of the supply pressure amount [23,26], intro-
duction of the back pressure [17,23,27], or use of the expansion power [19,28,29]. These
approaches, respectively, involve interference in the power supply, venting, and the control
of the pneumatic actuator. The most commonly used method is to reduce the supply
pressure by using pressure reducers or a meter-in system (throttling the flow at the input
to the actuator) and can lead to energy savings of up to 40% [17,23,26]. The expansion
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power utilisation in a pneumatic actuator assumes, according to Cai’s theory, the use of both
transmission air power and expansion air power as opposed to the classic approach, which
uses only transmission power [19,28,30,31]. The estimated energy savings of this method are
up to 85% Doll et al. [28]. The idea of the method is to appropriately control the on–off signal
of the pneumatic actuator from the power source through a fast switch directional control
valve [29,32]. Moreover, it requires a change in the way of controlling the production
process in the pneumatic machine and interference in its software. Therefore, it is difficult
to use in existing pneumatic systems. As noted in [11], reused exhaust air methods are still
being developed and seem very promising. The introduction of the back pressure approach
has achieved energy savings of 40–75%. It involves introducing back pressure into the
pneumatic actuator chamber that is currently being vented. The most widely used method
for regulating the piston speed and actuator stroke time is the so-called metering system,
that is, to throttle the actuator air flow [23,33,34]. This method increases the complexity of
the entire pneumatic system, and energy savings are calculated to be up to 5%. The exhaust
air recovery system works on the principle of a spring, in which exhaust air from the extend
movement is used for the piston retract movement [17]. Energy savings are estimated at
43%; the additional investment cost is 83% of the cost of a classic pneumatic system. Cum-
mins et al. [35] presented the idea of staging a pneumatic system (high- and low-pressure)
using an isobaric air tank and achieved energy savings of 32 to 78%. Another method is a
closed pneumatic system in which exhaust air is pumped to the low pressure tank and then
compressed back to the pneumatic system using a booster [36,37]. Researchers achieved
energy savings of up to 40%. Dindorf et al. [38] presented a method for improving the
efficiency of CASs with the development of a tank charging and discharge system. They
explored compressed air receiver tanks (CARTs) and highlighted their potential to enhance
energy efficiency in pneumatic systems.

Raisch and Sawodny [39] introduced a cascade system, which consists of a high- and
low-pressure subsystem that achieved air savings of 65%. Luo et al. [40] used a vane-type
air expander for exhaust air and converted air energy into electricity. They gained energy
savings of 15–23% at a back pressure of 3.5 bar. Leszczynski and Grybos [11,41] proposed
that methods that involve the staging of the pneumatic system should be classified as a
double transmission, double expansion solution.

This paper presents a system for recovering waste energy from compressed air and
converting it into electricity, which is called the exhaust air recovery system. Its imple-
mentations in industrial infrastructure are shown. The novelty of this paper is focused
on a holistic approach to reduce the over-consumption of the pneumatic system, because
instead of focusing on one actuator as in the abovementioned methods, the whole or part
of the pneumatic system is considered. As a result, the complexity of the system does not
increase as rapidly as in other solutions. The research carried out allows for the analysis of
the process and the real benefits resulting from the use of energy recovery technology.

2. Theoretical Setup

As noted in [15], in CASs, most of the useful energy in the pneumatic system is
obtained through transmission energy, while expansion energy is practically lost with the
exhaust air. The authors in [15] described the air power in the compressed state as follows:

PA = pAV̇ ln
pA
p0

(1)

where pA is the compressed air pressure, V is the volume, and p0 is the ambient pressure
The transmission air power PT describes the isobaric transformation work of the

volume change in the actuator at a constant pressure:

PT = (pA − p0)V̇A (2)
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where pA is the compressed air pressure, p0 is the ambient pressure, and V̇A is the vol-
ume flow.

The single transmission single expansion (STSE) power PE is related to the pressure
change of the exhaust air during isothermal transformation:

PE = pAV̇A

(
ln

pA
p0

+
p0

pA
− 1
)

(3)

The solution proposed by the authors [41] is called double transmission double ex-
pansion (DTDE), which increases the share of expansion power during the operation of
the pneumatic actuator. It involves capturing the expansion power from a high-pressure
actuator and then using it in another low-pressure actuator. When the double transmission
double expansion approach of the pneumatic system is installed, the utilisation stage of the
compressed air is divided into high- and low-pressure stages with interpressures defined
as pb. In the high-pressure stage, compressed air converts transmission power into piston
movment, as force is created until it reaches the end position in the pneumatic machine.
In this case, air is expanded from the supply pressure to the back pressure pb. Without
the DTDE approach, compressed air is exhausted into the atmosphere. With the DTDE
approach, compressed air flows further into the tank at a pressure of pb and expands in the
low-pressure stage of the pneumatic system, such as, for example, from the energy recovery
system into the ambient environment. This results in partial recovery of the expansion
power from the exhaust air. By collecting the exhausted air from the pneumatic system, we
create a system for reutilising compressed air. The exhaust air recovery system comprises
a tank, pneumatic valves, pneumatic actuator, a set of mechanical transmissions, and a
permanent magnet synchronous generator (PMSG). The pneumatic system with the DTDE
approach and energy recovery system is presented in Figure 1 and has been divided into
three sections: collectoring, expansion, and generation. Compressed air exhausted from
pneumatic devices is collected in the collectoring section. As a result of the installed exhaust
air collector with nonreturn valves, the air from several pneumatic machines flows into
the storage tank. The next two sections of expansion and generation contain an exhaust air
recovery system consisting of control valves, a piston expander, and a electrical generator.
In the expansion section, air is sequentially expanded in the expander chambers and then
released into the atmosphere. Then, the mechanical energy of the compressed air is con-
verted into electrical energy through the reciprocating motion of the expander piston and
the electrical generator.

Figure 1. Topology of energy recovery system in double transmission double expansion approach.

By capturing and converting the energy from the exhaust air, our system offers the
potential for significant energy savings and increased overall efficiency in pneumatic
systems. This technology can help reduce the environmental impact of pneumatic processes
by minimising energy waste and improving resource utilisation.
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A mathematical model of the expander–generator unit was created to determine the
device’s operating parameters. The authors in [42] conducted an in-depth analysis of the
dynamics of compressed air expansion in the pneumatic piston engine system, thereby
describing each of the processes occurring in the CAS. The model of the unit was formulated
according to [42] in the form of the differential equations presented below.

J d2α
dt2 = ∑i=3

i=1 Ti

ω = dα
dt

L dI
dt = Kω − (R1 + R2)I

(4)

where J is the moment of inertia, α is the angular position of the crank , t is the time, T is the
torque, ω is the angular speed, L is the generator inductance, K is the generator constant, R
is the generator resistance, and I is the current.dditionally, the torque values resulting from
the force applied to the actuator piston and braking torques were determined:

• The driving torque is defined as follows:

T1 = rF sin α

(
(

r
l
)2 sin2 α +

r
l

cos α

√
1 − (

r
l
)2 sin2 α − 1

)
(5)

where r is the crank length, Fdrive is the driving force, α is the angular position of the
crank, and l is the crank arm length.The bearings breaking torque is defined as follows:

T2 = −
(

C0 + C1(ω)
3
2

)
sgn(ω) (6)

where C0 and C1 are the friction bearings coefficients.
• The resistance and electromagnetic torque is defined as follows:

T3 = −
(

3
2

KI
)

sgn(ω) (7)

where K is the generator constant, I is the current, and ω is the rotational speed.

The driving force is described as follows:

Fdrive = pA A1 − pB(A1 − A2)− pC A2 (8)

where pA is the pressure in the first chamber, pB is the pressure in the second chamber, pC
is the ambient pressure, A1 defines the piston cross-sections, and A2 defines the piston rod
cross-section.he cross-section of the piston is defined as follows:

Ai =
πD2

i
4

(9)

for i = 1 and i = 2.
The pressures are calculated as follows:

• The extend actuator chamber pressure is defined as follows:

pA =
RxT1m1

(1 − ( Rx
Rw

)φ ps(T1)
p0

)V1

(10)

• The retract actuator chamber pressure is defined as follows:

pB =
RxT2m2

(1 − ( Rx
Rw

)φ ps(T2)
p0

)V2

(11)
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where Rx is the air constant, T is the temperature, m is the air mass, φ is the relative
air humidity, Rw is the vapour constant, ps is the saturation pressure, p0 is the ambient
pressure, and V is the volume.

We calculate the electrical power of the generator PG as follows:

PG = R1 I2 (12)

where R1 is the generator resistance , and I is the current.

3. Experimental Setup

The experiments were carried out in two laboratory and industrial environments; the
setups are described below.

3.1. Laboratory Setup

At an industrial scale, recovery could only take place after a thorough analysis of
the pneumatic machine from which the air was being collected. Such an analysis ensured
that the operation of the device was not significantly disturbed, i.e., it did not significantly
affect the dynamics of filling and emptying the actuator or the time and speed of the
piston. Adjusting the exhaust air collector system prevents back pressure, which affects the
dynamics of the piston in the cylinder and may prevent the chamber from emptying freely.
The energy recovery machine (see, Figure 1) was connected to the exhaust of the industrial
devices through a collecting system. The air was collected and stored in a 100 L capacity
tank. As soon as the over-pressure in the tank reached ptank = 1.25 bar, a sensor sent a
signal to a logic controller, which then initiated the control of pneumatic valve switching.
Compressed air entered the actuator chamber, thereby applying a force F to the piston and
causing piston displacement to the actuator’s dead point. Then, the valves were switched,
with one chamber being emptied, while the other was powered by compressed air. The
linear motion of the piston was converted into rotary motion using a crankshaft assembly
connected to a shaft. The shaft was linked through belt transmissions to a permanent
magnet synchronous generator (PMSG), thereby generating electrical energy. The machine
operated until the pressure in the tank dropped to p0 = 0.75 bar above atmospheric pressure.

The following Figure 2 shows the compressed air collection scheme over time and
the machine’s operating mode. Here, p0 denotes the minimum working over-pressure of
the machine, and p1 represents the pressure at which the machine begins its operation.
Due to the lack of continuous supply of compressed air to the tank, the machine operated
intermittently. The system often operated only in startup mode, thereby resulting in signifi-
cant power fluctuations. This intermittent duty cycle is visible in the chart below, where
value labeled as 0 signifies the machine’s idle mode, where the tank is being charged, or
where it is waiting for a load, whereas 1 signifies the working mode in which the expander
chambers are sequentially powered, and current is generated in generating section.

p0

p1

p t
an

k

t

(a)

0

1

D
ut

y 
cy

cl
e

t

(b)
Figure 2. Compressed air collection (a) and machine’s duty cycle (b).
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Table 2 presents construction parameters of one linear drive from expansion section of
recovery unit and set of conditions within which recovery machine can function effectively
and safely. This includes factors like electrical power, operating pressure, air consumption,
pneumatic connections, and many other relevant variables that define the operational limits
or boundaries of the machine. For a proper and safe use of the machinery, it is crucial to
obtain these values.

Table 2. Operating and construction parameters of recovery machine.

Parameter Value

Electrical Power at 1.5 bar 450 W
Operating Over-Pressure 0.75–2 bar

Air Consumption at 1.5 bar FAD 750 L/min
Pneumatic Connection 2xG1
Electrical Connection 230 V AC

Number of Phases 1
Dimensions (length × width × height) 2.1 × 0.8 × 1.6 m

Approximate Weight 400 kg
Piston diameter 0.2 m

Piston stroke 0.2 m
Connecting Rod Length, L 0.46 m

Crank Radius, r 0.1 m

3.2. Industrial Setup

To evaluate the performance of our device, an industrial test was conducted on a
semitechnical scale. During the test, the machine’s operation, its impact on processes along
the production line, and the resulting energy savings were examined. This test aimed to
validate the effectiveness of our air recovery system in real-world production environments.
Figure 3 shows the energy recovery system installed in an industrial environment. The ma-
chine’s arrangement and the collection system through pipes connected to the compressed
air tank are visible.

Figure 3. Energy recovery system installed in an industrial environment.

The collection system aims to capture the exhaust air from the outlets of pneumatic
devices in industrial area and then accumulate it in the tank of the recovery system for
reutilisation. This is achieved by replacing existing pneumatic mufflers with tubes equipped
with nonreturn valves through which air is transported to the expansion collector and
then to the storage tank. The dimensions of the pneumatic lines and the capacity of the
expansion collector are chosen so that the system installation does not adversely affect
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the operation of the devices from which the air is sourced. Exhaust air collector is shown
in Figure 4a.

(a)

(b)
Figure 4. Industrial setup scheme (a) and exhaust air collecting system (b). In the diagram, 1 is the
exhaust air inlet, 2 is the valve manifold, 3 is the exhaust air outlet, 4 is the inlet of exhaust air to
collector, 5 is the collector, and 6 is the outlet to energy recovery machine.

The continuity of supplying exhaust air depends on the work frequency of machines
from which the air is collected. The most effective solution would be to connect as many
devices as possible that operate continuously. This way, we would ensure a continuous
supply of air and constant back pressure in the tank, thereby allowing for the continuous
operation of the piston expander with constant electrical power. This solution only requires
additional pneumatic lines from pneumatic machines to expand the collecting system.

To conduct electric energy measurements, an MEW-01 meter was installed. This
electric energy monitor enables the monitoring of energy consumption through a wireless
network. The Table 3 below presents the technical data of the applied component.

Table 3. Electric energy monitor’s technical data.

Parameter Value

Rated Voltage 3 × 230/400 V AC
Voltage Tolerance –20% to 15%

Frequency 50/60 Hz
Measurement Accuracy Class 2 (±2%)

Dimensions (length × width × height) 90 × 35 × 66 mm

4. Results

The selection of the appropriate installation was carried out, among other things, thanks
to the characteristics of the expander’s operation shown below. Figure 5 presents the power,
volume flow, efficiency, and actuator force versus the rotational speed of the generator.
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Figure 5. Operation characteristics of energy recovery system: (a) power generated versus the
rotational speed of the generator; (b) volume flow of air versus the rotational speed; (c) efficiency
versus the rotational speed; (d) actuator force versus the rotational. speed.

It is observed that, at lower speeds, the machine generated less power, which increased
with higher rotational speeds, reached its peak, and then decreased again. This is due to a
higher air flow rate, which delivers a greater amount of energy. With a higher rotational
speed, the compressed air engine consumes a larger mass of air, which can be critical in
terms of energy efficiency, especially if air resources are limited. With a gauge pressure
of 2 bar, the system can achieve maximum average power output ranging around 600 W.
The highest efficiency of the exhaust air recovery system was 20% for the rotational speed
between 300 and 350 rpm. Working with a gauge pressure of 1.0 bar, an average generated
power of 200 W was obtained at the point of maximum efficiency. The low efficiency of the
device resulted from the low efficiency of the expander and its undeveloped construction,
thus meaning that a single actuator or an immature air supply control system was used.
In practice, optimal pneumatic engine speeds must be selected to ensure adequate power
for a given application while not exceeding air consumption. The other solution could
be inefficient or incapable of reaching the required power. This is a crucial element in the
design and optimisation of pneumatic systems, thus having a significant impact on their
performance and effectiveness.

Figure 6 shows the performance characteristics of the recovery machine working with
supply pressures of 1.25 bar, as well as 0.75 and 5.6 ohm of generator load.

During the industrial tests, the machine operated within this range of pressures.
Due to utilisation through a single-cylinder expander, significant power fluctuations were
observed, despite the incorporation of a flywheel. The fluctuations in the power output
are inherent to the operation of a single-cylinder expander, as it experiences variations in
pressure and velocity during each cycle. It has an impact on the overall stability of the
system, thus leading to inconsistent power generation. Power fluctuations can potentially
be smoothed out by employing a multicylinder design. This represents another step in the
potential development of the energy recovery machine leading to enhance the efficiency and
effectiveness of the energy recovery machine. As the operation cycle of the energy recovery
machine is based on utilising air that is cyclically supplied from pneumatic devices, this
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causes the machine to not operate with a constant pressure. With the consumption of air
from the tank, the supply pressure drops, and consequently, the generated power decreases.
It can be expected that the power curve will not only deviate from the above characteristics,
but also that the power will decrease over time along with the pressure in the tank.

0 1 2 3 4 5 6 7 8 9 10
0

100

200

300

400
 1.25 bar
 0.75 bar

P 
(W

)

Time (s)

Figure 6. Performance characteristics of the recovery machine for 1.25 bar and 0.75 bar of supply pressures.

The following figures, Figures 7 and 8, show the machine’s performance in the industrial
environment.

0 2 4 6 8 10 12 14 16 18 20 22 24
3.0

3.5

4.0

4.5

5.0 ×10 3

En
er

gy
 (k

W
h)

Time (h)

Figure 7. Energy generated by the machine over a period of 24 h.

For better clarity, the results from a full day of machine operation have been presented.
Over the course of 24 h, the machine operated intermittently and generated electrical
energy, which was monitored by the energy meter.The energy generated by the recovery
machine over 24 h is presented in Figure 7. During a 24 h period, the machine’s tank was
powered by compressed air exhausted from the pneumatic devices. Installing the energy
recovery machine allowed for the reutilisation of compressed air that would otherwise be
considered waste. By generating electrical energy throughout the entire day, the recovery
machine contributes to increasing the efficiency of the entire industrial plant, regardless of
the amount of energy generated. The small energy values seen on the graph are associated
with the low amount of waste air and the machine’s intermittent operation. The device
not only can operate at a low supply pressure and low mass flow rate of air, but is also
flexible for the variety of the mass flow when emptying of the tank. This solution allows
for the effective adjustment of the machine operation according to variable conditions,
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which is particularly beneficial in the context of the instability of the mass flow during
tank emptying.

Figure 8 illustrates the self-consumed energy by the recovery machine over a 24 h
period. It is important to note that the machine only consumes energy for powering the
inverter and the control system. However, in order for the system to be constantly prepared
to perform its function, it must consume a small, steady amount of energy even when the
expander is not in operation, thus meaning energy is not being generated. The substantial
surplus of generated energy compared to the consumed energy is evident. Despite this, the
outcomes may not be considered to be overwhelmingly favorable. The interruptions in the
tank supply, attributed to an imperfect collection system, resulted in periods of machine
downtime. This led to intermittent operation, often in startup mode, which tended to
have lower efficiency levels. The fluctuations in the graph depicting the generated energy
indicate operation with a variable mass flow and pressure levels oscillating between p1
and p0. Nevertheless, the findings strongly suggest the potential for energy recovery in the
pneumatic systems. One can see the precise energy values in Table 4.
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Figure 8. Energy of self-consumption of the machine over a period of 24 h.

Table 4. Results of energy recovering system installed in industrial environment.

Energy Produced Energy Self Consumed

38.411 kWh 7.652 kWh

The results of the energy recovery system installed in an industrial environment are
noteworthy. The machine generated a total of 38.411 kWh of energy while consuming only
7.652 kWh. The visible surplus of generated energy over consumed energy indicates the
effectiveness of the machine. Depending on the purpose, the recovered energy can be used
within the facility where the machine is installed to improve the overall efficiency of the
industrial facility or can be sent back to the electrical grid to optimise the costs of electricity.

5. Conclusions

The article presents the construction, scheme, and description of a compressed air
energy recovery machine. Both laboratory experiments and industrial and tests have been
carried out. These tests allowed for an assessment of the performance and demonstrated
the applicability of such devices in the industry. It is worth noting that implementing such
a system does not disrupt the simultaneous operation of the device, which is critical for the
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continuity of industrial processes. The recovery machine was connected to the compressed
air outlet from pneumatic devices through a special collector system. Therefore, it used
exhaust air that would otherwise be considered waste and expended into the surroundings.
Our pneumatic unit introduced the second stage of transmission and expansion, thereby
creating the DTDE (double transmission double expansion) system.

The results achieved by the energy recovery machine can be considered a success. The
energy produced was over five times greater than that energy that was self-consumed by
the machine. It produced 38,411 kWh of energy that directly contributes to increasing the
efficiency of the entire industrial facility. Its low value is likely caused by an underdevel-
oped collecting system at the location where the prototype was installed, which caused
intermittent machine operation often in the startup mode. Intermittent operation of the
recovery system also negatively affected its efficiency. The need for the device to be con-
stantly ready to perform work requires constant power supply and, consequently, constant
electricity consumption despite a standstill. The value of 7.652 kWh was, therefore, mainly
the result of the energy used to maintain the readiness of the recovery system and not its
consumption during machine operation.

These findings are important for striving towards a more efficient and sustainable
use of energy in the pneumatic industry. In summary, the conducted tests open new
perspectives for the utilisation of energy recovery in pneumatic installations and show that,
with further research and enhancements, even greater savings and environmental benefits
can be expected. Further research will focus on the improvement of the collection system
and the increase in the expander efficiency. Expanding the collector system to connect more
pneumatic machines will allow for the collection of a larger volume of air and ensure the
continuous operation of the energy recovery machine. In addition, it will be possible to
achieve higher pressure in the collector tank, thereby resulting in more power generated.
The efficiency of the air expander can be increased by expanding the construction, for
example, by using a multicylinder expander. This will also result in stable generated power
during operation. The additional use of waste heat to provide heating during the expansion
process would also positively impact the efficiency of the entire system.
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