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Abstract: Compressed air is crucial on an electric or electrified heavy-duty vehicle. The objective
of this work was to experimentally determine the performance parameters of the first prototype
of an electric-driven sliding-vane air compressor, specifically designed for electric and electrified
heavy-duty vehicles, during the transient conditions of cold start-ups. The transient was analyzed
for different thermostatic temperatures: 0 ◦C, −10 ◦C, −20 ◦C, and −30 ◦C. The air compressor unit
was placed in a climatic chamber and connected to the electric grid, the water-cooling loop, and the
compressed air measuring and controlling rig. The required start-up time was greater the lower the
thermostatic temperature, ranging from 30 min at 0 ◦C to 221 min at −30 ◦C and depending largely
on the volume of the lubricant oil filled initially. The volume flow rate of the compressed air was
lower than nominal at the beginning, but it showed a step increase well beyond nominal when the
oil reached 50 ◦C and then decreased gently towards nominal, while the input power kept steady at
nominal after a short initial peak. These facts must be considered when estimating the time and the
energy required by the air compressor unit to fill up the compressed air tanks of the vehicles.

Keywords: transport sector; positive-displacement compressor; sliding-vane compressor; climatic
chamber; transient behavior

1. Introduction

Today, the transport sector consumes 49% of the planet oil production and generates
27% of the overall anthropogenic carbon dioxide emission, causing a critical impact on the
energy resources as well as on the local and the global environments [1,2]. In this sector,
freight transport and non-urban public transport, which employ heavy-duty vehicles, are
expected to become even more significant worldwide in the short-term future [3]. Carbon
dioxide emissions of such vehicles can be as high as 25% of road transport emissions as a
whole [4]. In response to the potentially larger and larger energy and environmental issues,
electric vehicles have been proposed as an urgent countermeasure, with a global fleet
expected to rise from 8.5 million in 2020 to 116 million vehicles in 2030, and a 28% share
on the new sales [5]. In addition to the diffusion of electric vehicles, vehicle electrification,
which is the electrification of the sole auxiliaries but not of the powertrain, has also been
suggested as an effective countermeasure to reduce energy consumptions [6]. Rupp et al.
highlight the potential reduction in emissions related to electrification in heavy-duty vehi-
cles [7]. Unsurprisingly, the global outlook on electric vehicles by the International Energy
Agency states that the electrification of heavy-duty vehicles represents an opportunity to
be seized by manufacturers in the next decade [8].

Onboard an electric vehicle, the auxiliaries account for a fraction of 5–15% of the
battery consumption when the vehicle itself moves at a speed of 60 km/h [9]. In heavy-
duty vehicles, the auxiliaries with the highest energy consumption are the power steering
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unit and the air compressor unit. Pettersson and Johansson showed that the consumption
of auxiliaries in trucks powered by an internal combustion engine is 4–7% of the total
energy consumption. They underlined that the impact of auxiliaries and their control
strategy on the overall efficiency of the vehicle is mentioned in literature, although their
accurate modeling is a quite unexplored area [10]. The effect of downsizing and of a better
control strategy due to auxiliary electrification was simulated by Pretsch and Winter, who
investigated the power steering unit and the air compressor unit predicting fuel savings of
3% [11]. The importance of the electrification of the main auxiliaries was also underlined
by Kulikov et al., who showed that the power consumption by the air compressor unit and
the power steering unit accounts for 55% of the overall auxiliary load in urban driving [6].

Compressed air on electric or electrified heavy-duty vehicles is mainly employed to
actuate the brakes and the springs. The core of the air compressor unit is the air compressor
that, on one side, consumes electricity, and on the other, requires a coolant. The control
strategy of air compressor units was investigated by Tretsiak et al., who highlighted the
benefit of a closed-loop control system and numerically proved a 24.3% reduction of battery
energy consumption by the compressor itself [12]. The cooling system of the air compressor
usually takes advantage of the engine coolant. In electric heavy-duty vehicles, the cooling
system is expected to exploit the coolant after the electric motor and the power electronics,
resulting in an inlet temperature of 80 ◦C. In fact, the loop of the cooling system taking
care of the electric motor and the power electronics has a temperature of 75–80 ◦C [13].
In electrified heavy-duty vehicles, the cooling system exploits the coolant of the internal
combustion engine, resulting in an inlet temperature higher than 80 ◦C.

The benchmark for the evaluation of air compressor packages for stationary applica-
tion is the standard ISO 1217, which provides specifications for the acceptance tests, with a
dedicated procedure for electric-driven positive-displacement compressors in its Annex
C. The standard defines as reference conditions an ambient air at 20 ◦C, 100 kPa, and 0%
relative humidity. Moreover, it includes as performance parameters the volume flow rate,
the input power, and the specific energy requirement. Apart from this standard, there
seems to be no other national or international reference documentation specifically for the
transportation sector; therefore, electric and electrified vehicle manufacturers have their
own testing protocols for air compressor units under diverse operating conditions.

The objective of the present work was to experimentally determine the performance pa-
rameters of the first prototype of an electric-driven sliding-vane air compressor, specifically
designed for electric and electrified heavy-duty vehicles, during the transient conditions
of cold start-ups. Among the performance parameters, the lubricant oil temperature as
detected in the lubricant tank was analyzed to assess the time required for the whole
transient to be completed. Cold start-ups are considered particularly challenging because
of the low temperature and, hence, the high viscosity of the lubricant oil, which might
negatively affect the functionality and the performances of the air compressor unit.

The methodology was based on an experimental campaign in which the air compressor
unit was placed inside a climatic chamber to emulate cold conditions. The cold start-up
transient was analyzed for different thermostatic temperatures: 0 ◦C, −10 ◦C, −20 ◦C,
and −30 ◦C. During the tests the air compressor discharge pressure was controlled at
1.0 MPa, which is the upper bound of air pressure levels in heavy-duty vehicles [14]. The
temperature in the lubricant tank, the air volume flow rate, the input power, and volume-
to-power ratio were recorded for all tests and reported here normalized with respect to the
nominal performance parameters at 20 ◦C. The volume-to-power ratio is numerically the
reciprocal of the specific energy requirement defined in ISO 1217; this ratio was preferred
here because it is more immediate for the design of the electric circuit of an electric or
electrified vehicle. Lastly, each thermostatic temperature was replicated on at least two
different days for repeatability.

To our knowledge, the literature has not specifically assessed the experimental deter-
mination of the performances of an electric-driven air compressor during cold start-up
transients in a climatic chamber. In an analogue investigation, van Gompel and Koornneef
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described an impressive climatic-altitude chamber for testing whole heavy-duty vehicles
and powertrains, but not air compressors [15]. In another, Li et al. presented an accurate
method for measuring the performances of reciprocating air compressors, but not under
severe climatic conditions [16]. Conceptually, the present work combines both approaches.
Continuing on a preceding activity [17], this work provides a full set of information for
developing numerical models and control logics of air compressor units for electric and
electrified heavy-duty vehicles and, in general, for designing preliminarily these units.

The following sections describe the experimental setup, the experimental results and
their discussion, the general recommendations, and ultimately the work’s conclusions.

2. Experimental Setup

The experimental setup was realized and conducted at the Laboratory of Energy
Conversion and Storage of Politecnico di Milano. This section describes the air compressor
unit under investigation; the test rig and the instruments employed in the campaign; and,
finally, the testing procedure executed for all the tests at each thermostatic temperature.

2.1. Air Compressor Unit

The air compressor unit, designed specifically for electric and electrified heavy-duty
vehicles and tested inside the climatic chamber, is illustrated by Figure 1. It comprises
an intake air filter, an air compressor connected to an electric motor, an air/oil separator,
which acts also as lubricant tank, a coalescence filter, an oil filter, and a cooling system
based on an oil-water heat exchanger. The air compressor is a sliding-vane compressor
that incorporates a lubricant oil injection system with an oil spraying nozzle to ensure
a very good lubrication of the compressor and a very effective cooling of the air during
compression to minimize the power consumption [18]. The air/oil separator unit exploits
an inertial principle to recover over 99% of the oil mixed in the compressed air stream.
The remaining oil is recovered in the coalescence filter located after the separator. The
flow of the lubricant oil to the heat exchanger is governed by a thermostatic valve, which
opens when the lubricant oil temperature approaches 70 ◦C. Moreover, the air compressor
unit features a patented anti-condensation valve and control logic that recircles part of
the compressed and hot air to the compressor intake to heat it by staying open while the
lubricant temperature is lower than 50 ◦C. Lastly, the unit features a patented oil recovery
valve and control logic that transfers the oil collected by the coalescence filter to the air
compressor intake by opening discontinuously [19–22]. The valve stays open for 1% of the
time between each opening. Based on the results from this campaign, the time parameters
of the valve opening will be improved to minimize the recycled air. Lastly, the electric
motor mounted on this prototype is a 2.2-kW and 1760-rpm asynchronous one for industrial
stationary applications because it is connected to the national electric grid, while that for
an electric or electrified vehicle will likely be of a different kind. Permanent magnet motors
seem to be more commonly applied on electric and electrified vehicles.
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The climatic chamber was the model Discovery DY 1200, manufactured by Ange-
lantoni (Italy), which is capable of producing temperatures between −40 °C and +180 °C 
and relative humidity between 10% and 98%, either in steady state conditions or following 
user-defined cycles. Furthermore, the instruments for mass flow rate, pressure, and tem-
perature were connected to a cDAQ controller and acquired by a specifically developed 
code in LabVIEW, both by National Instruments (U.S.A.). All these data were gathered 
synchronously. The electric power meter was connected to that computer and acquired 
via the software by FLUKE (Germany). The process flow diagram of the experimental rig 
is visualized in Figure 3, while the instrument characteristics are listed in Table 1. 
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2.2. Experimental Rig

The experimental rig, composing of the air compressor unit placed in the climatic
chamber and the measuring and controlling rig located outside of the chamber, is pictured
in Figure 2. The air compressor unit was connected to the electric grid and to a cooling
water loop to replicate the boundary conditions of the installation on a heavy-duty vehicle
(Figure 2a). In this campaign investigating the cold start-ups, though, cooling water was
never provided to the compressor because the tests ended when the lubricant tank reached
80 ◦C. The air compressor unit was equipped with three temperature sensors and one
pressure transducer. The sensors were located in the lubricant tank and taken as reference
during the cold start-up, in the oil line to the heat exchanger, and in the oil line from it;
the transducer was also located at the lubricant tank. The measuring and controlling rig,
connected to the air compressor discharge, was equipped with a redundant temperature
sensor at the inlet of the rig, a manual regulation valve, a pressure transducer and regulator,
two condensate separators for the protection of the downstream instruments, a thermal
mass flow meter, and a silencer (Figure 2b). The pressure transducer and regulator were
utilized to control the air discharge pressure.
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Figure 2. The experimental rig: (a) the air compressor unit to be placed inside the climatic chamber;
(b) the measuring and controlling rig located outside of the climatic chamber.

The climatic chamber was the model Discovery DY 1200, manufactured by Angelan-
toni (Italy), which is capable of producing temperatures between −40 ◦C and +180 ◦C and
relative humidity between 10% and 98%, either in steady state conditions or following
user-defined cycles. Furthermore, the instruments for mass flow rate, pressure, and tem-
perature were connected to a cDAQ controller and acquired by a specifically developed
code in LabVIEW, both by National Instruments (U.S.A.). All these data were gathered
synchronously. The electric power meter was connected to that computer and acquired via
the software by FLUKE (Germany). The process flow diagram of the experimental rig is
visualized in Figure 3, while the instrument characteristics are listed in Table 1.

Table 1. Instruments employed in the tests. Rd stands for read value, while Fs stands for full scale;
the flow rate refers to normal conditions of 0 ◦C and 101.325 kPa (absolute).

Parameter Unit Instrument Accuracy

(Mass) flow rate (M1) m3/h Bronkhorst F-113AI ±0.5%Rd ± 0.1%Fs

Pressure (P2) Pa Bronkhorst EL-PRESS
P-502C ±0.5%Fs

Current A FLUKE 1748 ±1%Rd ± 0.02%Fs
Voltage V FLUKE 1748 ±0.1%Rd

Temperature (T1 to T4) ◦C T-type thermocouple 0.5 ◦C
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2.3. Experimental Procedure

The performance parameters considered in the present work are:

a. the temperature in the lubricant tank,
b. the start-up time, which is the time the temperature in the lubricant tank reached

80 ◦C,
c. the volume flow rate at the air compressor discharge,
d. the air compressor input power, and
e. the volume-to-power ratio, which is the ratio of the flow rate and the input power.

The thermostatic temperatures were 0 ◦C, −10 ◦C, −20 ◦C, and −30 ◦C. At least
two independent tests were performed for each thermostatic temperature to verify the
repeatability between the tests. Moreover, the order of the executed tests was random in
order to exclude any systematic error. The timespan required for each test was variable
and was based on the lubricant oil temperature in the lubricant tank, concluding the test
when it reached 80 ◦C. During the test, the coolant was not flowing into the cooling system
of the air compressor unit to allow for a start-up as fast as possible.

Every test started with setting the climatic chamber at the desired thermostatic temper-
ature and waiting until the temperature was stable both in the climatic chamber itself and
the air compressor unit. Then, the air compressor unit was switched on, while the pressure
at its discharge was controlled at 1.0 MPa. It was turned off when the temperature of the
lubricant tank reached 80 ◦C. During all tests considered, the thermostatic temperature
inside the climatic chamber remained close by a few degrees to the desired value.

3. Experimental Results and Discussion

This section presents the results in four charts: temperature in the lubricant tank,
normalized volume flow rate at the air compressor discharge, normalized input power
to the compressor, and normalized volume-to-power ratio for all the thermostatic tem-
peratures. Normalization was computed against the nominal performance parameters
at 20 ◦C. Each chart shows the results for a given temperature averaged over the tests
executed for that temperature. The tests at each temperature were repeated twice, except
for at −10 ◦C which was repeated three times, while at −30 ◦C was repeated twice, but
one test was discarded as explained next. For completeness, the results of each test are
provided in Appendix A. These results showed a high repeatability and accurate control of
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the thermostatic temperature, except for one test at −30 ◦C; hence, this specific test was
discarded from the analysis and only the other one was retained. Ultimately, the main
performances were tabulated.

Figure 4 illustrates the temperature during the cold start-up transient for the diverse
thermostatic temperatures. All curves are characterized by an initial plateau at the ther-
mostatic temperature followed by a steep increase. Then, the temperature slope decreases
continuously towards zero at approximately 70 ◦C, at which oscillations occur. Ultimately,
after the oscillations, a milder increase starts. The initial plateau is larger the lower the ther-
mostatic temperature, and this is likely related to the time required for the oil to circulate
through the compressor. In fact, the lower the temperature the higher the viscosity and,
hence, the lower the flow rate. Moreover, the steep increase is actually steeper the higher
the thermostatic temperature, and this is likely related to the lower heat transfer between
the air compressor unit and the thermostatic temperature. The oscillations at 70 ◦C are
instead related to the relatively slow opening of the thermostatic valve that let the oil flow
into the heat exchanger that was still cold at that moment. The oscillations last longer the
lower the thermostatic temperature, likely, again, due to the higher heat transfer from the
air compressor unit to the external air. The same occurs for the milder increase following
the oscillations. The transient was considered concluded at 80 ◦C, which is the reference
temperature for the coolant. The start-up time required for the whole transient was larger
the lower the thermostatic temperature. It ranged from 30 min at 0 ◦C to 221 min at −30 ◦C.
In the previous work by Valenti et al. [17], the start-up times were lower, for example
69 min at −30 ◦C, because in the present experimentation, a much higher oil quantity was
initially filled into the lubricant tank. This decision proves that the oil quantity has a direct
influence on the cold startup-up transient.
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Figure 5 represents the normalized volume flow rate during the cold start-up transient.
The data were normalized with respect to the nominal volume flow rate at 20 ◦C. All
curves are characterized by an initial plateau followed by a step increase and, lastly, by
a gentle decrease; moreover, all curves are characterized by sudden and short drops of
flow rate due to oil recovery valve opening. The initial plateau is longer the lower the
thermostatic temperature, however the flow rate after the step increase is higher the lower
the thermostatic temperature. The initial plateau is due to the anti-condensation valve
that remained open until the lubricant oil reached 50 ◦C in order to recirculate part of
the compressed and hot air to the compressor intake. Therefore, the available air at the
discharge of the compressor increased immediately as the valve closed. Furthermore, the
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cause of the periodical points with much lower flow was the oil recovery valve, which
opened discontinuously in order to empty the coalescence filter.
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Figure 6 depicts the normalized input power. The data were normalized with respect
to the nominal input power. All curves are characterized by a peak immediately after the
start-up followed by a gentle asymptotic decrease. The peak is due to the inrush current,
which is typical of an asynchronous motor, employed here for direct connection to the
national electric grid. In contrast, motors for electric and electrified heavy-duty vehicles do
not suffer from the inrush current because they are switched on by an inverter, electrically
connected directly with the battery pack of the vehicle. The consumed power was stable at
all thermostatic temperatures after the peak. Such a power was also consumed when the
anti-condensation system was reducing the available discharge air flow rate.
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Figure 7 shows the normalized volume-to-power ratio, combining the information
from Figures 5 and 6. The data were normalized with respect to the nominal ratio. All
curves are similar to those of the volume flow rate, with the difference being that there is
no initial plateau, but a steep increase due to the relatively constant volume flow rate, but
the lowering input power from the initial peak. The volume-to-power ratio highlights the
effect of the anti-condensation valve. The sudden increase on the volume-to-power ratio is
related to the closing of the valve. The effect is an increase in the discharge air flow rate
while consuming the same amount of power. The step increase of volume-to-power ratio
happened later the lower the thermostatic temperature.
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Figure 7. Normalized volume-to-power ratio averaged over the two tests executed for the diverse
thermostatic temperatures.

Ultimately, Table 2 reports the main performance parameters of the present work.
Among the parameters, the normalized volume flow rate and the normalized volume-
to-power ratio are the mean values computed after the closing of the anti-condensation
valve. The parameters show again that the start-up time was much longer the lower the
thermostatic temperature; moreover, the volume flow rate as well as the volume-to-power
ratio were slightly higher the lower that temperature.

Table 2. Main results averaged after the closing of the anti-condensation valve that recirculates
compressed and hot air, when the oil temperature reaches 50 ◦C.

Temperature Start-Up Time Normalized
Volume Flow Rate

Normalized
Volume-to-Power Ratio

0 ◦C 28.8 min 107.0% 106.9%
−10 ◦C 39.3 min 108.0% 108.1%
−20 ◦C 82.3 min 108.2% 108.9%
−30 ◦C 221.2 min 115.1% 114.5%

4. General Recommendations

This section provides a set of general recommendations for the design of air compres-
sor unit for electric and electrified heavy-duty vehicles as well as of the new prototype.

First of all, in cold climates at 0 ◦C or below, the cooling load of the air compressor
unit is null for quite long periods, likely longer than engines, motors, and battery cooling
loads. Moreover, the flow rate at the start-up is lower than nominal for periods that are
longer the lower the temperature. This fact must be addressed when designing the air
compressor unit for meeting the time required to fill up the compressed air tanks on a
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heavy-duty vehicle. However, as soon as the anti-condensation valve closes, the flow rate
immediately becomes high, and higher the lower the temperatures. In contrast, volume
flow rates should be checked carefully in hot climates, which are not covered here. Initial
input power peaks for the electric motors mounted on the vehicle should be verified.

The next prototype of the compressor will be characterized by an optimized timing of
the anti-condensation valve opening, in order to minimize the recycled air, as well as an
optimized volume of lubricant oil initially filled, in order to reduce the start-up time.

5. Conclusions

The present work reports the experimental investigation of the performances during a
cold start-up transient of a prototype of a sliding-vane air compressor designed specifically
for electric and electrified heavy-duty vehicles. The results are reported after experimental
tests in a climatic chamber operating at the thermostatic temperatures of 0, −10, −20,
and −30 ◦C. The parameters considered in the investigation were the temperature in the
lubricant tank, the normalized volume flow rate of compressed air, the normalized input
power, and the normalized volume-to-power ratio. The conclusions are as follows.

• The start-up time to heat the lubricant oil up to 80 ◦C varied significantly with the ther-
mostatic temperature, ranging from 30 min at 0 ◦C to 221 min at −30 ◦C, depending
largely on the volume of lubricant oil initially filled.

• The oil temperature followed very similar trends in all the tests, although the time
lengths of each section of the curves were longer at lower temperatures.

• The volume flow rate of the compressed air was lower than nominal at the beginning,
roughly 50–70% of the nominal value, but it showed a step increase when the oil
reached 50 ◦C, and then it decreased gently towards nominal.

• The input power had a peak in the initial phase of operation, reaching almost 130% of
the nominal value at the lower thermostatic temperature of −30 ◦C, but it reduced
quite rapidly to the nominal input power for any thermostatic temperature.

• The volume-to-power ratio, which is related to air compressor efficiency, had a step
increase when the volume flow rate increased. The increase happened later at lower
temperatures, decreasing the overall efficiency during the cold start-up transient.

• Lastly, the air compressor functioned without issues in all the tests.
• In short, the cold start-up of an air compressor unit for electric and electrified heavy-

duty vehicles can lead to lower cooling loads but also to lower volume flow rates and
to initial peaks in input power, requiring an optimized timing of the valves.
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This Appendix reports the charts for the four performance parameters for each ther-
mostatic temperature showing all the tests conducted.
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Figure A1. Lubricant tank and climatic chamber temperature trend at a thermostatic temperature of 0 ◦C during the
two repetitions.
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Figure A2. Lubricant tank and climatic chamber temperature trend at a thermostatic temperature of −10 ◦C during the
three repetitions.
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Figure A3. Lubricant tank and climatic chamber temperature trend at a thermostatic temperature of −20 ◦C during the
two repetitions.
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Figure A4. Lubricant tank and climatic chamber temperature trend at a thermostatic temperature of −30 ◦C during the two
repetitions. During one of the repetitions, the thermostatic temperature was not steady.
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Figure A5. Normalized air volume flow rate trend at a thermostatic temperature of 0 ◦C during the two repetitions.
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Figure A6. Normalized air volume flow rate trend at a thermostatic temperature of −10 ◦C during the three repetitions.
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Figure A7. Normalized air volume flow rate trend at a thermostatic temperature of −20 ◦C during the two repetitions.
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Figure A8. Normalized air volume flow rate trend at a thermostatic temperature of −30 ◦C during the two repetitions.
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Figure A9. Normalized input power to the air compressor unit at the thermostatic temperature of 0 ◦C.
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Figure A10. Normalized input power to the air compressor unit at the thermostatic temperature of −10 ◦C.
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Figure A11. Normalized input power to the air compressor unit at the thermostatic temperature of −20 ◦C.
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Figure A12. Normalized input power to the air compressor unit at the thermostatic temperature of −30 ◦C.
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Figure A13. Normalized volume-to-power ratio at the thermostatic temperature of 0 ◦C.
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Figure A14. Normalized volume-to-power ratio at the thermostatic temperature of −10 ◦C.
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Figure A15. Normalized volume-to-power ratio at the thermostatic temperature of −20 ◦C.
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Figure A16. Normalized volume-to-power ratio at the thermostatic temperature of −30 ◦C.
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