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Abstract: Engines powered by compressed air as a source of propulsion are known for many years. Nevertheless, this type of drive is not
commonly used. The main reason for not using commonly is the problem with the low energy density of the compressed air. They offer
a number of advantages, primarily focusing on the possibility of significantly lowering the emissions of the engine. Their emissivity mainly
depends on the method of obtaining compressed air. This also has an impact on the economic aspects of the drive. Currently there are
only a few, ready to implement, compressed air powered engine solutions available on the market. A major advantage is the ability
to convert internal combustion engines to run with compressed air. The study provides a literature review of solutions, focusing
on a multifaceted analysis of pneumatic drives. Increasing vehicle approval requirements relating to their emissions performance
are encouraging for the search of alternative power sources. This creates an opportunity for the development of unpopular propulsion
systems, including pneumatic engines. Analysing the works of some researchers, it is possible to notice a significant increase

in the efficiency of the drive, which may contribute to its popularisation.
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1. INTRODUCTION

As a result of a significant decrease of air quality in large cities
and the fight against emissions of harmful substances, more and
more restrictive and at the same time more difficult to fulfil legisla-
tive limits for exhaust emissions are introduced (Bielaczyc and
Woodburn, 2019; Kamguia Simeu and Kim, 2018; Pavlovic et al.,
2016; Varella et al., 2017). An additional factor contributing to the
tightening of the criteria necessary for the approval of vehicles
was the detection of fraud done by the automotive companies
during the emissivity tests, which directly contributed to the modi-
fication of the driving tests (Puskar et al., 2019). The main chang-
es to the approval tests are the introduction of a new exhaust
emission test cycle known as Worldwide Harmonized Light Vehi-
cles Test Procedure (WLTP) replacing the cycle New European
Driving Cycle (NEDC) and the implementation of the measure-
ment in real traffic real drive test (RDE) (Hooftman et al., 2018;
Sileghem et al., 2014). The main differences between the WLTP
cycle and the NEDC cycle are the increased measurement dura-
tion time, the more than doubled total distance travelled during the
test and the higher average velocity (Ligterink et al., 2016). These
changes, together with the complementation of laboratory tests
with tests in road traffic, contribute to bringing the test results
closer to the real-vehicle emissivity. Another step undertaken by
the European Commission is the tightening of the limit on the
average COz emissions imposed on vehicle manufacturers, from
2020, CO2 emissions during vehicle approval can be 95 g/km, a
15% reduction by 2025 and a 37.5% reduction by 2030 (Garcia et
al., 2020). This forces automotive companies to look for new
solutions for reducing the emissions of internal combustion en-
gines (Fig. 1), including the following:

ATAC (Active Thermo-Atmosphere Combustion) — heating of
the fuel and air mixture causing more rapid combustion (Akira
and Hideo, 2004; Onishi et al., 1979; Xingcai et al., 2008);
ACT (Active Cylinder Technology) — system which deactivates
the work in cylinders when driving with a constant load
(Gosala et al., 2017; Joshi et al., 2017; Lee et al., 2018;
Muhamad Said et al., 2014);

SPCCI (Spark-Controlled Compression Ignition) — com-
pressed mixture ignition controlled by a spark plug (Hannan et
al., 2014; Olesky et al., 2014; Robertson and Prucka, 2019;
Shuai et al., 2018);

HCCI/CAI  (Homogeneous Charge Compression Igni-
tion/Controlled Auto-ignition) — combustion of a homogeneous
mixture (Jeuland et al., 2004; Khandal et al., 2019; Saiteja and
Ashok, 2021; Wang et al., 2010);

RCCI (Reactivity Controlled Compression Ignition) - combus-
tion using mixtures with different chemical activities
(Duraisamy et al., 2020; Garcia et al., 2020; Kakaee et al.,
2016; Mikulski et al., 2018; Reitz and Duraisamy, 2015);

TWC (Three-Way Catalytic Converter) — high performance
catalytic reactors (Heck and Farrauto, 2001; Keav et al., 2014;
Santos and Costa, 2008);

DPF (Diesel Particulate Filter) — particulate filters for com-
pression ignition engines (Bensaid et al., 2011; Guan et al.,
2015; Khair, 2003; Myung et al., 2009);

GPF (Gasoline Particulate Filter) — particulate filters for spark
ignition engines (Joshi and Johnson, 2018; Ko et al., 2019;
Lambert et al., 2017; Xia et al., 2017; Yang et al., 2018);

SCR (Selective Catalytic Reduction) — selective catalytic
reduction systems (Forzatti, 2001; Guan et al., 2014; Latha et
al,, 2019; Liet al., 2011).
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Using this type of system causes considerable complications
in the construction of the drive unit and further increasing the
costs associated with vehicle manufacturing. In the majority of
cases, the reduction level of harmful emissions is, however, not
fully satisfactory. Another option is the use of alternative propul-
sion sources. A number of solutions have been developed over
the years, including the use of fuels so that the combustion pro-
cess is less harmful to the environment, the development of hybrid
systems combining an internal combustion engine with another
source of propulsion, or using only propulsion systems which do
not require combustion. Among the fuels enabling to obtain lower
emission results, the liquefied petroleum gas (LPG) (Ashok et al.,
2015; Beik et al., 2020; Usman et al., 2020) and compressed
natural gas (CNG) (Weaver, 1989; Yeh, 2007) should be men-
tioned as important ones. Conversion of an internal combustion
engine to operate with LPG is popular in the case of passenger
cars, although this is not favoured in the more complicated design
of the engines. (Borawski, 2015; Mitukiewicz et al., 2015; Szpica
et al., 2014). CNG gas as a fuel is more commonly applied in
commercial vehicles as well as in work machines (Thiruvengadam
et al., 2018). Hybrid systems typically use a combination of an
internal combustion engine with an electric drive, nowadays the
majority of manufacturers offer vehicles with this type of power
system (Hannan et al., 2014; Raslavi€ius et al., 2017). A less
common solution combines a combustion engine with a pneumat-
ic or hydraulic drive (http:/www.groupe-psa.com). In this configu-
ration of the system, energy is accumulated in the form of a pres-
surised fluid. Drive systems use a hydraulic drive combined with
an internal combustion engine enable a high potential for emission
reduction through braking energy recovery (Baseley et al., 2007;
Zhou et al., 2020). In the case of propulsion systems which do not
require a combustion process, fully electric cars predominate and
considerable emphasis is also being placed on the development
of cars powered by fuel cells (Manoharan et al., 2019; Raslavi€ius
et al., 2015). Vehicles powered only by pneumatic propulsion
have not gained significant popularity so far.

ACT HCCI/CAI

ATAC @ Rrecl

SCR TWC
GPF DPF

Fig. 1. Solutions applied by automotive companies to reduce exhaust
emissions

The idea of using compressed air to power vehicles is not
new, which dates to the middle of the 19th century (Mishra and
Sugandh, 2014). Although the first attempts in a new type of
propulsion, carried out on a passenger vehicle by French inven-
tors Andraud and Tessie of Motay (Wasbari et al., 2017), were
successful, this solution has not gained popularity. Only the tram-
way powered by compressed air, developed by Ludwik Mekarski,
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made this type of propulsion more widespread (Thipse, 2008). It
had an innovative heating system for the supplying air using a
steam heater, which eliminated the problem of freezing of drive
train  components caused by the expansion of air
(https:/iwww.tramwayinfo.com). Initial tests were carried out on
the streets of Paris, while in 1879 in the city of Nantes, vehicles
powered by compressed air were introduced into the developing
tramway network. The new type of public transport grew in popu-
larity, and over the following years the fleet of Mekarski trams
expanded to 94 units only in the city of Nantes
(https:/iwww.tramwayinfo.com). Similar solutions of tramways, as
well as locomotives of other designers, have found applications in
many large cities in the world such as London and New York
among others. With the intensive development of the urban elec-
tricity network in the early 20th century, compressed air tramways
were gradually replaced by electrically powered vehicles. Howev-
er, it did not lead to a complete suspension of the development of
rail vehicles powered by compressed air. They were widely used
in mines and other places where other types of power supply were
not able to work, e.g. in the construction of tunnels. The H. K.
Porter Company started to introduce compressed air powered
locomotives for use in mines from the end of the 19th century
(https:/famericanindustrialmining.com). By using an engine in
which the air was expanded in two stages, the range between
refilling the air tanks was significantly increased. For many years,
this type of propulsion system had no alternatives in places requir-
ing special working conditions. The first attempts of building a car
powered by compressed air engines date to the turn of the 1920s
and 1930s. (Wasbari et al., 2017). Some of the engine solutions
have been patented (Archer, 1929; Eliot, 1934; Friar and Hold-
croft, 1925; Wittig, 1925), but none of them entered into serial
production. The reasons for this are due to the dynamic develop-
ment of combustion engines and the unlimited access to fossil
fuels. The interest in the compressed air engine subject revived
with the fuel crisis of the 1970s. Again, attempts were made to
implement a new type of propulsion system for cars. The inven-
tors have patented several solutions (Brown, 1972; Cestero, 1985;
Johnson, 1983; Miller, 1980; Wagner, 1975). In the early 1990s,
French engineer Guy Negre, the founder of MDI company, began
work on a prototype of a vehicle powered by compressed air.
Over the years, MDI has made several prototypes of small vehi-
cles with a range reaching up to 200 km, although serial produc-
tion has not been undertaken (https://www.mdi.lu). Inventor Ange-
lo Di Pietro has developed a design for an unconventional pneu-
matic engine which is ready to be implemented in vehicles
(https:/iwww.engineair.com.au; Di Pietro, 1999). During the entire
period of motor vehicle development, work on compressed air
power solutions has been repeatedly revisited. However, it usually
did not lead to the initiation of serial production on a mass scale.
Following the current trends in emissions reduction, it is possible
to forecast the prospect of long-term development of alternative
power sources, including pneumatic engines (Shi et al., 2016).

2. PRIMARY ASPECTS OF PNEUMATIC DRIVES

2.1. Ecological Aspects

The compressed air engine concept is a zero-emission drive,
the only product of its operation is the air cooled by the expansion
process. In fact, similarly to electric drives, it transfers the problem
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of emissions from the engine itself, to the stage of energy genera-
tion. The emissivity of pneumatic drives is mainly dependent on
the method of producing compressed air. With the use of energy
from renewable sources, it is possible to achieve zero-emission
propulsion. This is facilitated by the multitude of solutions for air
compression equipment, as well as the types of power supply.
The simplest system is powering an electric compressor with
energy created by photovoltaic panels or a wind power plant.
Similar solutions are used in compressed air energy storage
(CAES) systems (Budt et al., 2016; Luo et al., 2014; Wang et al.,
2017; Zhou et al., 2019) to store energy using compressed air.
The operation of this system is based on the compression of air at
a time of low electricity demand and storing it in underground
tanks (Lund and Salgi, 2009). At the time of increased electricity
consumption, the compressed air powers the generators which
produce electricity. These solutions, similarly to pneumatic drives,
are still in the developmental stage, their major problems are the
temperature changes during compression and expansion pro-
cesses, and the losses associated with this. Despite these adver-
sities, so far there are already two facilities in the world using this
technology (Chen et al., 2016). At the current stage of develop-
ment, facilities of this type cannot replace other sources of elec-
tricity generation and storage, although they can significantly help
to relieve them, which would also contribute to reducing the harm-
ful effects of human activity on the environment. A similar situation
occurs with pneumatic drives.

Powering the air compressor with an internal combustion en-
gine contributes to increasing the overall emissivity of the pneu-
matic drive. However, it should be emphasised that the internal
combustion engine used to drive the compressor could be operat-
ed in a ‘phlegmatic’ drive mode, within a limited range of specific
rotational speeds. In such a case, it is possible to optimise the
drive system to a high level in terms of emissivity and fuel con-
sumption.

A further important environmental aspect is the materials from
which the compressed air engine can be manufactured. As op-
posed to the internal combustion engine or electric motor, the
pneumatic engine during operation does not become warm, in-
stead cooling as a result of air expansion. During long operation,
this may lead to the freezing of certain components, in particular
the exhaust manifold. The problem can be simply solved by heat-
ing the supply air or using a heat exchanger. In comparison to
other drive units, it results in a reducing temperature range in
which the engine operates, thus the engine design does not re-
quire the use of materials with high resistance parameters and
sufficient thermal expandability under varying thermal load
(Borawski, 2020; Mieczkowski, 2016a; Myagkov et al., 2014). The
possibility of using commonly available engineering materials for
the design of the propulsion system has a wide-ranging environ-
mental impact. Specialised materials involve the use of admix-
tures of elements rarely found in the environment, which extrac-
tion and processing often requires the consumption of large
amounts of energy. The extraction of these raw materials is also
associated with irreversible environmental impacts. If the raw
material is only found in a few places on earth, an additional factor
generating further emissivity arises — transport to the place of
further processing (Sen et al., 2019). The use of unconventional
materials in design, which require complex technological process-
es, also contributes to the complication of repairs of components.
It often contributes to the fact that the repair of a component is
economically unviable. As a result, the operating period of the
product is reduced. Used, end-of-life components cannot always
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be recycled or utilised, and even if they can, the process is not as
easy as with typical engineering materials (Harper et al., 2019).
This once again results in the generation of pollution. All of this
contributes to generating a carbon footprint even before the vehi-
cle is used, which often is not taken into account in assessing the
emissions performance of a specific fuel type (Hawkins et al.,
2013). Today, the field of materials science is developing at a
dynamic rate, and new materials are created with taking into
account environmental issues during their design. Nevertheless,
engineers still have to make compromises between the selected
parameters. For materials with low strength requirements, it is
easier to find a substitute in the form of an alternative raw materi-
al, which can be partly made of recycled materials.

The other advantage of running in a lower operating tempera-
ture range is the lack of need to use viscosity grade oils in the
drive unit (Gotebiowski et al., 2019a, 2019b, 2018). The functional
properties of oil in pneumatic engines are only limited to lubrica-
tion of the cooperating parts and there is no need for oil to dissi-
pate heat from thermally stressed components. For many years,
internal combustion engine manufacturers have been trying to
extend oil change intervals by using long-life oils. Studies demon-
strate that this does not always have a positive effect on the life
span of the drive unit (Kral et al., 2014). In a compressed air
powered engine, there is no combustion process which mainly
causes oil contamination, directly contributing to the degradation
of the lubricant. It enables to extend the maintenance interval of
the vehicle. According to MDI Company, for the engine designed
by them, one litre of vegetable oil allows to use the engine for
25,000 km  (https://air-volution.com.au). From an environmental
point of view, this is a considerable reduction in the pollutants
generated during the production of synthetic oils. In case of leak-
age from the engine, vegetable oil causes no harmful effects on
nature and its eventual release into the groundwater will not pose
a threat of pollution of the environment. It also solves the problem
of used oil utilisation, which with the current lubricants used in
internal combustion engines contributes to environmental degra-
dation.

A similar situation occurs with the cooling system, the com-
pressed air engine does not require a cooling system using a
liquid due to the absence of high temperatures. This eliminates
the consumption of one of the basic operating fluids, whose pro-
duction and possible leaks also contribute to environmental dam-
age. Over the lifetime of the vehicle, assuming an average cooling
system volume of approximately 7 litres, and a fluid change of the
entire system every 2 years, the savings per vehicle will be signifi-
cant (Hudgens and Bustamante, 1993). Regarding electric vehi-
cles, as a substitute for engine cooling, the problem of maintaining
an adequate temperature of the battery pack has to be taken into
account. As the temperature decreases, the efficiency of the
battery declines, leading to a reduction in the vehicle’s range,
whereas excessively high temperatures may lead to overheating
dangerously. For this purpose, thermal management system
(TMS) systems are created to maintain the specified temperature
in the battery unit (Pesaran, 2001; Zhao et al., 2020). Currently
there are various TMS solutions in use, some of the most efficient
are active systems using a liquid like glycol or gas like refrigerant
R134a (Katoch and Eswaramoorthy, 2020; Kim et al., 2019).
Despite testing of the use of an environmentally friendly sub-
stance for this purpose, the problem is still not solved, and further
efforts to improve a vehicle’s range and reduce recharge times
may result in the need for active systems (Wu et al., 2019). In
comparison to electric and internal combustion engines, pneumat-
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ic engines generate zero or minimal environmental impact in this
aspect.

Considering the environmental aspects of an air engine, it is
important to pay attention not only to the emissivity of the com-
pressed air preparation stage itself, but also to the overall view of
the issue. The simplicity of the design and the low strength re-
quirements of the drive unit components contribute to a signifi-
cantly lower impact on environmental degradation.

2.2. Economic Aspects

The development of pneumatic drives has repeatedly been
displaced by other, more promising types of drives. Partly it is due
to the economic circumstances characterising the compressed air
supply. Pneumatic drives have for years faced problems due to
the physical properties of air. Compressed air as an energy carrier
has a low energy density, particularly in relation to liquid fuels. A
summary of energy densities for currently used vehicle power
sources is given in Fig. 2.

It contributes to the demand for a much higher volume of
compressed air needed to achieve the same range compared to
other propulsion sources. In a study (Creutzig et al., 2009), a
comparison of power systems is presented in a city car as an
example. The authors conducted the analysis taking into account
a number of factors, including the efficiency of each propulsion
source. In order to achieve a range of 115 km, the vehicle used
for the analysis needed 4 litres of fuel or, equivalently, 780 litres of
compressed air. Such a volume requires a significant amount of
space in the vehicle for the compressed air tank. An intermediate
solution to the problem is the increasing the pressure of the air
storage. This raises the problem of the proper design of the tank
as well as the losses occurring during the air compression pro-
cess. Electric vehicles also have an advantage over compressed
air power, although the difference with the internal combustion
engine is not as pronounced. On comparing the weight of the fuel,
the respective weights found to be 4.8 kg for liquid fuel, 53 kg for
compressed air and 140.3 kg for electric power. The range of
compressed air and electric vehicles is strongly dependent on
their total weight, although it should be noted that the weight of
the battery does not change with the level of charge. The large
weight of the electric battery pack affects the vehicles driveability
and worsens its handling, which becomes apparent also during
the ‘moose’ test (Mazumder et al., 2012; Szpica, 2019). Another
problem is the losses caused by the change of air temperature
when increasing or decreasing its pressure. Compression of air
causes an increase in its energy, which in turn increases the
temperature of the gas (Zhang et al., 2014). In ideal conditions,
the air would have sufficient time to equilibrate the temperature to
ambient temperature - the transformation would then be isother-
mal. In fact, the operation of most compressors has a character
closer to an adiabatic conversion, resulting in a higher energy
requirement to compress the same amount of air as in an iso-
thermal conversion. Slowdown compression process is not a good
solution due to increased vehicle charging time. Another way is to
use multistage compressors, in which heat exchangers are used
between the individual compression stages to cool the air
(Grazzini and Milazzo, 2012; Yang et al., 2013). The air expansion
process in the pneumatic engine has an adiabatic character due
to its dynamic nature, where air temperature is reduced as a result
of the release of energy accumulated in the air. In this case, also
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the progressive expansion of the air, additionally with heating to
equalise the air temperature is beneficial. In practice; this solution
consists of first reducing the air pressure from the value at which it
is stored in the tank to an intermediate pressure, and then reduc-
ing the pressure to the working pressure prevailing in the engine
and heating it before performing work.
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Fig. 2. Summary of energy density parameter for different power sources
(Papson et al., 2010)

The economy of pneumatic drives is highly dependent on the
achieved efficiency. The designs achieving low efficiency are not
only economically unjustifiable, but may also be ultimately envi-
ronmentally unfriendly as they require significantly more energy in
comparison to other propulsion sources. The key to achieving the
right efficiency is the appropriate use of available technology to
eliminate compression and expansion losses. In addition, com-
pressed air powered engines are not extensively researched, in
relation to internal combustion engines or electric drives. There
are not many studies dedicated to the evaluation of the impact of
power supply conditions on compressed air engine performance.
Commercial constructions demonstrate the validity of this type of
drive. Developing existing units and new designs can provide
measurable benefits in terms of economy.

2.3. Safety Aspects

Until now, official crash test of a vehicle powered by com-
pressed air has not been conducted. In terms of design require-
ments, the bodywork of such a vehicle does not differ from the
currently used solutions. The difference is the presence of a com-
pressed air tank, which has to comply with a number of safety
requirements. Compressed air storage in pressure tanks is a well-
known, widely used issue. In the case of vehicles, an important
element is the proper installation of the tank, ensuring its stable
position in the vehicle and protecting it against damage or tearing
out. Over the years, the necessary standards and norms have
been developed for steel and composite tanks respectively, allow-
ing for safe operation. Inspection of the tanks occurring during the
mandatory technical inspection of the vehicle would ensure an
appropriate interval for checking the condition of the tank. Legisla-
tive standards require an assumed operating lifetime over a mini-
mum of 15 years when calculating the strength of the tank. Re-
garding LPG gas systems, the approval for the tank is only issued
for 10 years, after which the tank must be replaced or renewed,
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approval for CNG gas the lifetime is 20 years. The warranty period
for the battery in currently manufactured electric vehicles is a
maximum of 10 years, applicable to only a few manufacturers.
However, this does not mean that the battery is no longer usable,
although it should be noted that over the years, batteries lose their
capacity. This adversely affects the vehicle range, causing more
frequent charging, which also contributes to the deterioration of
the batteries performance (Hoke et al., 2011). The cost of a new
battery pack for an electric car is significantly greater than the
replacement of a steel or even composite air tank. Another im-
portant element responsible for safety in a vehicle using pneumat-
ic drive is the safety valve. Its operation shall be periodically in-
spected to ensure that the pressure in the tank cannot rise above
the admissible level. If the admissible value is exceeded, which
can occur when refilling the compressed air, the valve starts with
bleed air until the safe pressure is reached, at which it will auto-
matically close (Crosby Valve Inc., 1997). This solution is much
safer than charging the battery of an electric vehicle, which in
extreme cases of overcharging can result in a potential fire. Ana-
lysing extreme cases of hazards related to the compressed air
supply system, attention should be primarily focused on bursting
of tanks under high pressure as a result of defects. Compressed
air, as opposed to other gases used as propulsion sources, is
non-flammable, therefore there is no risk of ignition even if a large
volume is released in a short period of time. A real health risk for
people in the surroundings is the high sound level during an ex-
plosion. To ensure safety, the tank shall be mounted on the vehi-
cle in such a way to minimise the possibility of physical damage to
the tank while the vehicle is running. (Thipse, 2008).

2.4. Charging Network for Pneumatic Drives

One of the main problems of developing every vehicle power
source is the absence of a charging or refuelling station. In many
cases, this is the main reason for the limited popularity of a partic-
ular power source and the consequent reduction of its develop-
ment rate. The expansion of the drive is also strongly influenced
by all kinds of taxes relief or other forms of incentives for the
development of the necessary infrastructure, a good example of
which in recent years is the development of electric drives and the
emergence of charging stations (Foley et al., 2010; Morrow et al.,
2008). Today, almost every service station has an air compressor,
commonly used to pump up a vehicle tyre. The maximum operat-
ing pressure of most of the used compressors is only 6 bar, which
is below the operating pressure of the pneumatic engine, and
definitely lower than the pressure prevailing in the air tanks of the
existing prototype vehicles. However, there are devices available
to increase the pressure obtained in a compressor, called pres-
sure intensifiers, which could achieve a pressure sufficient to fill
the tanks of some of the current prototype designs. This could
enable current stations to have a simple and low cost adjustment
to power prototype vehicles. Similar solutions could also be ap-
plied in other places with compressed air supply infrastructure,
such as industrial plants. In the case of pneumatic vehicles, which
also allow for the use of the engine as a compressor, an electric
vehicle charging station could be used to fill the compressed air
tanks. In such a case, an electric engine powered from the
charger drives the pneumatic engine. The recharge time then
depends on the efficiency of the engine mode of operation as a
COMPressor.
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3. COMPRESSED AIR POWERED ENGINES

3.1. MDI Company Engine

The company MDI, founded by engineer Guy Negre, has de-
signed a compressed air piston engine from basic (Thipse, 2008).
The engine has pistons with different diameters in an in-line ar-
rangement (Fig. 3). The number of cylinders in the engine has
changed over the years as the power unit has developed, but the
principle of operation has remained the same.

Fig. 3. MDI engine scheme, 1 - piston with smaller diameter,
2 — crankshaft, 3 — connecting rod, 4 — larger piston,
5 - connector, (http://www.thefuture.net.nz)

The piston (1), with a smaller diameter, is connected to the
common crankshaft (2) by a conventional connecting rod (3).
Second, larger piston (4) uses an additional connector (5), which
changes the kinematics of the piston motion. The purpose of this
modification is to lower the piston velocity when approaching the
Top Dead Centre (TDC), thus increasing the time of filling the
cylinder. Engine operation starts with the opening of a valve,
allowing the smaller piston to be supplied with compressed air
from the tank. Air at a pressure of 20 bar fills it until it reaches the
Bottom Dead Centre (BDC), then the supply valve is closed. The
air is pushed into a larger cylinder, however it does not cool ex-
cessively due to the small change in pressure. It fills initially the
cylinder, then mixes with the supply air from the tank, preheating
it, thus improves efficiency. Then both pistons move in order to
empty the expanded air. The exhaust system only releases low-
temperature air. The engine also features an air heating mode,
resulting in a significant increase in the vehicle range. This occurs
at the cost of emissions — the system uses a combustion process
to heat the air. Fuel consumption is not high and to double the
vehicles range it is around 0.3L km/100 km, however the drive is
not fully combustion free anymore. The design of the engine, after
reversing the operating cycle, allows it to be used also as a com-
pressor for filling the compressed air tank. The currently offered
engine variant has a displacement of 430 cm?, which generates
7 kW and 45 Nm of torque at 1500 rpm (https://www.mdi.lu). The
vehicle has a maximum range of 120 km, using only compressed
air. A major advantage is the recharging time — when using a
station with compressed air, it takes about 2 min to fill the tank.
Alternatively, the car can be connected to an electric car charging
network, or to an electrical socket in the garage. In this case, the
pneumatic engine is used as a compressor to fill the tanks, with a
full charge time of 3.5 h.
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3.2. EngineAir Company Engine (Di Pietro Engine)

An example of an unconventional engine powered by com-
pressed air is the engine developed by the inventor Angelo Di
Pietro. The solutions used in this engine resemble the design of a
Wankel engine. The engine (Fig. 4) features a single piston (1),
fixed to the shaft by special bearings (2), enabling an eccentric
movement during operation (Zwierzchowski, 2017). It operates in
an engine cylinder with moving vanes (3). Through the use of
springs, the vanes are always pressed against the piston, creating
six sealed chambers in which the air is expanded.

Fig. 4. Di Pietro engine, 1 - piston, 2 — bearing, 3 - vane
(Zwierzchowski, 2017)

Supply air is distributed to the individual chambers by means
of a rotating cone-shaped element. The operation is based on the
expansion of air in successive chambers, thus exerting a force on
the outer part of the piston. This sets it in eccentric motion caus-
ing, due to its construction, a rotation movement of the output
shaft. As the air expands in the chamber, the piston movement
causes the opposite chamber, in which work has been done in an
earlier cycle, to become empty. Properly selected play between
the moving vanes and the cylinder, as well as the operation in
pressurised air, allows to maintain a low friction coefficient. This
has a very positive effect on engine performance. According to the
manufacturer's claims, the engine is able to operate even at a
very low pressure of 0.07 bar (https://www.engineair.com.au).
Another advantage is the constant torque, which is easily con-
trolled by changing the supply pressure. The engine is character-
ised by compact dimensions and a low weight of 6 kg. The manu-
facturer specifies a maximum torque of 40 Nm at a supply pres-
sure of 8 bar. It is possible to increase the engine performance by
expanding the dimensions of the working elements
(https://www.engineair.com.au).

3.3. Scroll Engine

Another example of an unconventional engine is a design
based on the design of a scroll compressor (lvlev and Misyurin,
2017; Liu and Wu, 2015). The concept of the scroll compressor
was developed at the beginning of the 20th century, however the
technological possibilities needed for serial production were de-
veloped only in the 1970s. The solution though widely used in the
refrigeration industry, did not gain popularity as a component for
supercharging of an internal combustion engine despite its many
advantages. In the design (Fig. 5), two spirals are used — one is
fixed (1), and the second performing an eccentric movement (2)
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resulting from the connection to the crankshaft having a minor
crank. The motion of the scroll leads to drawing air and the sub-
sequent compression due to the tightening of the space between
the scrolls. The compressed air outlet is located in the centre of
spiral (3). Spirals do not contact each other during operation, so
there is no need for lubrication. It also contributes to quiet opera-
tion of the unit.

Fig. 5. Scheme of a scroll compressor, 1 - fixed spiral, 2 — moving spiral,
3 — compressor outlet (Liu and Wu, 2015)

The simple design allows the compressor to be easily con-
verted into a pneumatic engine — by supplying compressed air to
the compressor outlet (3), the working cycle is reversed. The air
then expands in the chambers created between the spirals, start-
ing from the centre. The pressure of compressed air acts on the
moving spiral, causing it to move, which creates torque on the
shaft to which it is attached. The air is expanded from the inside of
the spiral to the outlet at the outer diameter, in successive cham-
bers, thus reducing losses in comparison with a piston engine. In
the study (Sergaliyev and Khajiyeva, 2017) the parameters of an
engine based on a scroll compressor were examined, the results
showing a high specific air consumption, which indicates the
expected high performance of the drive. In the literature although
many studies on scroll compressors are found, very few items
focus on their application in reverse operation. Despite this, scroll
engines are one of the more promising solutions. The cost of
manufacturing components remains a major problem, despite
technological developments.

4. HYBRID SYSTEMS USING AIR ENGINES

In spite of the numerous advantages of the pneumatic engine,
a significant problem remains in achieving adequate efficiency as
the sole source of drive. This leads to the development of using
pneumatic drives as an additional power source in hybrid sys-
tems, or using compressed air as a source to improve the effi-
ciency of the internal combustion engine (Dimitrova and Maréchal,
2015). Propulsion systems of this type do not require large com-
pressed air tanks, and the range of the vehicle on both types of
power supply is similar to internal combustion vehicles. An addi-
tional advantage is the possibility to use the vehicles kinetic ener-
gy during engine braking to charge the compressed air tanks,
similar to hybrid systems combining an internal combustion en-
gine with an electric drive, which also has a positive effect on the
wear of the brake system components (Borawski, 2018).

Researchers at ETH Zurich (Guzzella et al., 2010) presented
a concept for a pneumatic hybrid system using a downsized su-
percharged internal combustion engine as the power source. In
downsized engines, there is a common problem with the occur-
rence of turbo lag, caused among other things by the inertia of the
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supercharging system. In order to eliminate it, twin charger using
mechanical charging and a turbocharger, turbochargers with
variable geometry vanes, or twin-turbo systems with turbo-
chargers are used. All these solutions significantly increase the
complexity and cost of engine design. The concept from ETH
Zurich is an alternative solution that allows the supercharging
system to be supported by compressed air stored in a tank. The
object of the research was a twin-cylinder turbocharged engine
with a displacement of 0.75 dm3 and power of 61 kW. It was sub-
jected to a modification (Fig. 6) consisting in the replacement of
one of the two exhaust valves by a valve called Charge Valve (1).

Fig. 6. Concept of pneumatic hybrid system, 1 - charge valve
(Guzzella et al., 2010)

This valve, as opposed to the others, is electro-hydraulically
operated. It is connected to a compressed air tank with a capacity
of 30 litres. The engine can be operated in combustion mode as
well as in compressed air mode. The highest performance is
achieved in the combined mode — called supercharged mode.
This mode involves opening an additional valve during the com-
pression stroke to allow compressed air to be admitted into the
cylinder in order to inject more fuel. It has a positive effect on the
torque curve, eliminating the air deficiency at lower rotational
speeds caused by the turbocharger’s operating characteristics. As
a result, it is possible to reduce the engine’s displacement, which
indirectly contributes to reducing combustion. Supercharged mode
is only used during low rotational speed engine conditions to
assist the turbocharger. The compressed air supply can also be
used to start the engine, the response time is then faster than in
the case of the combustion mode, which is important when using
a start-stop system. The test results showed a reduction in com-
bustion in the NEDC driving cycle of around 30%.

Another example of the use of air propulsion in a hybrid sys-
tem is the Hybrid Air drive developed by the PSA Group
(https://www.groupe-psa.com; Wasbari et al., 2017). It uses a
combination of three types of power supply (Fig. 7) — combustion,
hydraulic, and pneumatic (compressed nitrogen is used instead of
air). The basic drive is a three-cylinder spark-ignition engine (1),
supported by a hydraulic drive (3). Compressed nitrogen is used
in this case for energy storage. The drive system consists of a
hydraulic pump with a hydraulic motor (3) hydraulic fluid tank (5),
expansion chamber (4), and summation gearbox (2). The system
has three operating modes: combustion mode, air mode and
combined mode. In air mode, the vehicle is driven by a hydraulic
motor, supplied with hydraulic fluid, which is compressed in an
expansion chamber by expanding nitrogen from a tank. This mode
is used at velocities <70 km/h. During braking, the wheels drive a
hydraulic pump which pushes hydraulic fluid into the expansion
chamber and compresses the nitrogen, which acts as an energy
accumulator. Combined mode is used when accelerating and
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driving dynamically, and then the hydraulic motor supports the
combustion engine. Internal combustion engine only mode is used
when travelling at constant velocities, for example, when driving
on a highway.

Gearbox ‘

‘Hydraulic
| pump [

Fig. 7. PSA hybrid system scheme (https://www.groupe-psa.com;
Wasbari et al., 2017)

This solution is similar in its properties to electric hybrids. The
manufacturer declares a reduction of fuel consumption by 45% in
the urban cycle and by 35% in the mixed cycle
(https://www.groupe-psa.com). Hydraulic drives have been used
for many years in heavy-duty machinery, making them a well-
developed type of power supply, which is a big advantage over
electric drives. The problem with the design is the requirement of
large amount of space for the compressed nitrogen tank and with
the current size of the system, makes only sense for small and
light vehicles.

Researcher K.D. Huang presented a series of studies on hy-
brid propulsion systems combining an internal combustion engine
with a pneumatic engine (Huang et al., 2005; Huang and Tzeng,
2005). The scheme of the system is presented in Fig. 8. The
solution uses a four-stroke internal combustion engine with a
displacement of 125 cm3, operating at a constant rotational speed
for supplying the compressor that compresses the air into the
tank.

. | [ Mechanical B
Engine > | Compressor
energy /
/
/
Flow
work
—
Exhaust Mixin Flow | |Air
gas \jg/ \\work storage
/ =%

Thronle

als(

Air motor

.

Transmission

.

Power

Fig. 8. Block diagram of the hybrid system presented by K. D. Huang
(Huang and Tzeng, 2005)
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Its function is to equalise pressure and store air. Then the
compressed air is dosed by a throttle into the manifold, depending
on the current power requirement, where it is expanded at first.
The difference with other solutions is the use of a mixing chamber
in the manifold of the pneumatic engine. The compressed air is
mixed inside with the exhaust gases from the internal combustion
engine before entering into the cylinder of the pneumatic engine.
This ensures that the heat generated by the internal combustion
engine is used to heat the air that directly supplies the pneumatic
engine, improving the efficiency of the entire system. In the inter-
nal combustion engine, the heat balance is improved; the author
declares using about 60% of the waste heat, which contributes to
increasing its efficiency. Heating the compressed air before it
expands in the cylinder increases the efficiency of the pneumatic
engine. The internal combustion engine operating at a constant
load can be optimised with regard to fuel consumption and the
reduction of exhaust gases by running at the optimal rotational
speed in terms of efficiency. Experimental investigations demon-
strated an improvement of the drive parameters in relation to the
operation of the system without the use of the mixing chamber by
about 20%.

5. CONVERSION OF INTERNAL COMBUSTION ENGINE
TO COMPRESSED AIR SUPPLY

Many references in the literature can be found on the conver-
sion of the internal combustion engine to compressed air supply.
Due to the nature of their work, as well as their simple design, in
most cases two-stroke engines are modified (Kumar et al., 2014;
Szpica and Korbut, 2020, 2019). However, studies on the conver-
sion of four-stroke engines can also be found (Huang et al., 2013;
Nabil, 2019). The idea of the conversion is to generate the force
acting on the piston by means of compressed air instead of the
combustion process. For this purpose, the engine supply system
must be completely changed (Fig. 9). As an element supplying
compressed air, solenoid valves 4 are most frequently used, while
more rarely the valves opened mechanically as a result of the
rotation of the crankshaft. The reason for this is that the solenoid
valve enables the compressed air supply to be started inde-
pendently of the angle of rotation of the crankshaft, which is im-
portant for optimising the efficiency parameters of the engine. If
the valve opening and closing times need to be shortened, pie-
zoelectric actuators can be used (Caban et al, 2020;
Mieczkowski, 2016b). It is usually mounted in place of the spark
plug (5), which is superfluous in the case of an air engine. Addi-
tional advantage of this solution is the compressed air intake
located directly above the piston. The supply system also includes
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a pressure regulator (3), which reduces the pressure from the
compressed air tank (7) to the specified supply pressure.
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Fig. 9. Scheme of example for modification of an engine supply system
to operate with compressed air, 1 — compressed air tank,
2 —filter, 3 — pressure regulator, 4 - solenoid valve,
5 — intake of compressed air

Filter (2) is an important part of the supply system, aimed to
remove solid particles and condensate from the air. Depending on
the type of engine design, additional modifications may be neces-
sary. In the case of two- stroke engines, this includes the provi-
sion of lubrication to the engine, as normally the fuel mixture is
used for this purpose. Conversion of a four-stroke engine involves
a change in operating mode to a two-stroke as, for instance, there
is no need to compress the charge. This requires modifications in
the timing system (Szoka and Szpica, 2012) and, in the case of
direct supply of compressed air to the cylinder, blanking of the
intake valves. The timing should ensure the opening of the ex-
haust valves with every revolution of the crankshaft. Studies also
demonstrate the validity of lowering the compression ratio in
comparison to an internal combustion engine, using, for example,
pads between the engine head and engine block (Kaminski et al.,
2020). The conversion of an engine, in particular a two-stroke
engine, does not require high financial costs (Nabil, 2019). This
allows for the use of parts from existing engines to build propul-
sion units that do not require combustion. Adequate adjustment of
the power supply parameters of the pneumatic engine makes it
possible to approach its external indicators to the base combus-
tion units. The results obtained by the researchers (Kumar et al.,
2014; Radhakrishna and Gopikrishna, 2017; Wang et al., 2014),
presented in Tab. 1, indicate that at higher rotational speeds the
efficiency parameters of the pneumatic engine decline. The power
achieved is low compared to the base engine, while the torque is
comparable. Pneumatic drives are one of the most underdevel-
oped types of drives and further research may have a positive
impact on their performance parameters (Warguta and Kukla,
2020).

Tab. 1. Comparisons of performance results for engines converted to compressed air supply

Basic engine | Compressed air Basic engine Compressed air
No. Researcher ) :
power engine power torque engine torque

1 V. Kumar, N. Kumar (Kumar et al., 2014) 4.4 kW 1.39 kW 10.1 Nm 30 Nm

2 L. Radhakrishna, N. Qopikrishna (Radhakrishna and Go- 29 kW 047 kW 204 Nm 187 Nm

pikrishna, 2017)

3 T. Nabil (Nabil, 2019) 8.5 kW 0.245 kW 11.5Nm 7.8 Nm

4 S. Allam M. Zakaria (Allam and Zakaria, 2018) 3.2 kW 1.74 kKW - -

5 | C.Huang, C.Hu,C.Yu,C.Yu,C. Sung (Huang et al., 2013) 55 kW 0.96 kw 7.44 Nm 9.9Nm

6 M. Kaminski, D. Szpica M. Korbut (Kaminski et al., 2020) 1.84 kW 0.36 kW 3.5Nm 3.1Nm
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6. PERSPECTIVES FOR FURTHER DEVELOPMENT
OF PNEUMATIC ENGINES

The current pneumatic drive designs available on the market
working as a single source of propulsion are only capable to
power vehicles with limited unladen weight. In addition, their range
is lower than currently produced electric vehicles. The situation is
different for hybrid systems. Concept studies for the new solutions
demonstrate significant improvements in emissions and economy,
and the example of PSA’s drive train design shows that they have
real potential for implementation in production. Similar situation
occurred with electric drives in the first decade of the 21st century.
The gradual introduction of hybrid drives by manufacturers has
convinced customers, among other things, by the low fuel con-
sumption. It has also contributed to the intensification of the de-
velopment of electric drive technology, which has improved its
performance parameters. The direct result of this is the great
increase in the popularity of electric drives, and also as the only
source of propulsion. The introduction of new exhaust emission
limits creates favourable conditions for the development of alter-
native power sources. The decisive factor is whether the automo-
tive corporations will consider research work towards pneumatic
drives.

The numerous developing concepts for complying with the
homologation requirements give hope that one of the companies
from the automotive industry will undertake the implementation of
the topic. Many aspects of air engine operation have not been
explored yet, which provides opportunities for further efficiency
improvements. The main advantages of pneumatic drives are
lower complexity in comparison to electric drives, the possibility of
reducing overall emissions, and cheaper construction costs. A
positive factor for the chances of pneumatic drives is also the
conviction of a clean drive because of operating results only in the
form of cooled air. Currently developed concepts of pneumatic
drives are shown in Fig. 10. Further development is closely de-
pendent on research work and their results. The road to commer-
cialisation is a long one, making it difficult to expect the rapid
appearance of cars powered by compressed air.

COMPRESSED AIR
SUPPLY

Fig. 10. Currently developed concepts of pneumatic drives
7. CONCLUSIONS

The paper focuses on a multi-faceted analysis of pneumatic
drives with regard to their application in powering vehicles. Their

acta mechanica et automatica, vol.15 no.4 (2021)

use is known for many years, although it never gained any signifi-
cant popularity. Currently, the development and research of
pneumatic drives is also negligible compared to electric drives.
Forcing manufacturers to look for alternative propulsion sources,
and slowly turning away from conventional internal combustion
engines, positively impacts on the potential for refocusing on this
type of propulsion. The greatest opportunities can be observed in
hybrid systems, as evidenced by the PSA Group solution. The use
of energy recovery or the improvement of the thermal balance by
using the exhaust gases from the internal combustion engine
favourably improves the efficiency of the drives. Current technolo-
gy and solutions do not allow for the introduction into series pro-
duction of a vehicle powered solely by a compressed-air engine
with a range adequate to other sources of propulsion. The MDI or
EngineAir company projects indicate that pneumatic drives have
potential and could be used in the future as a cheaper and more
environmentally friendly alternative to electric drives. Considering
the environmental performance of pneumatic drives, it can be
observed that they have a much lower impact on environmental
degradation. Nevertheless, further development is mainly deter-
mined by efficiency improvements, on which future research
should focus.

Nomenclature: ATAC, Active Thermo-Atmosphere Combustion; ACT,
Active Cylinder Technology; BDC, Bottom Dead Centre; CAES,
compressed air energy storage; CAl, controlled auto-ignition; CNG,
compressed natural gas; DPF, diesel particulate filter; GPF, gasoline
particulate filter; HCCI, homogeneous charge compression ignition; LPG,
liquefied petroleum gas; NEDC, New European Driving Cycle; RCCI,
reactivity controlled compression ignition; RDE, real drive test; SCR,
selective catalytic reduction; SPCCI, spark-controlled compression
ignition; TMS, thermal management system; TWC, three-way catalytic
converter; TDC, top dead centre; WLTP, Worldwide Harmonized Light
Vehicles Test Procedure;.
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