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ABSTRACT
With the development of electric cars the cooling and heating of the passenger compartment became an even larger
challenge for the automotive industry. Apart from the passenger compartment, the A/C system in today’s electric
vehicles both cools and heats auxiliary devices like the battery and the power electronics. The high demand of
heating and cooling power leads to a significant reduction in cruising range.
For the A/C systems of electric vehicles, electric driven scroll compressors are widely used. These compressors have
several advantages compared to axial piston compressors used in conventional cars, e.g. easy controllability as well
as good efficiencies at high speeds. However, there are also some disadvantages like the higher production costs.
Apart from these two mentioned compressor types, other compression principles are rarely investigated for the use
in electric vehicles.
Therefore, this contribution compares and evaluates different compressor types for the application in electric cars.
The focus is on scroll, axial piston and rotary piston compressors. The main benchmarks are aspects like the
coefficient of performance, the pressure pulsation and the compressor efficiencies at different operating conditions.
The contribution starts with a short overview of the specific requirements for refrigerant compressors in electric
vehicles. Then the mentioned compressors are investigated in detail on the basis of geometric and physical based
numerical simulation models. Subsequently, their influence on the entire A/C circuit is presented. The paper closes
with some recommendations for the application of the compressors as well as future development concepts.

1. INTRODUCTION
The significant additional costs and the limited cruising range of electrical cars compared to conventional ones are
major buying resistances for European customers. This is caused by the high costs for the traction battery, which
were at 275 € per kWh in 2015. Due to an optimization of the used materials as well as the production processes, the
costs are steadily decreasing. But even with predicted costs of 108 €/kWh in 2020 (Statista, 2018) the battery net
costs are at about 4000 € for a typical medium-sized electric vehicle battery, excluding any additional costs for
battery management, housing, cooling or charging devices. Therefore, the stored energy has to be used carefully to
ensure a maximum cruising range.
Figure 1 illustrates the typical energy consumption of a medium-sized electric car at the WLTP driving cycle for
different weather conditions. For a summery scenario, an ambient temperature of 35 °C and a solar radiation of
850 W/m² were assumed. In spring there is a temperature of 20 °C at a low solar radiation of 110 W/m² and in
winter an ambient temperature of -10 °C without any solar radiation.
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Figure 1: Distribution of the energy consumption of a medium-sized car in the WLTP driving cycle
The figure points out that aside the driving resistances the heating of the passenger compartment in winter (38 %)
and the cooling in summer (21 %) have the most significant influence on the cruising range. Consequently, the
optimization of these auxiliary systems is a major task for the automotive industry. This contribution focusses on the
cooling case at summery weather conditions.
Before going into detail, it is important to have a closer look on the special requirements of air conditioning systems
in electric vehicles because there are major differences compared to conventional cars.
The first important difference is the absence of a permanent running internal combustion engine. This engine makes
it possible to run an A/C compressor using a belt drive. In order to control the refrigerant mass flow rate depending
on the refrigerating capacity demand, externally controlled axial piston compressors are widely used. Contrastingly,
with electric cars the electric traction motor stops whenever the car stops. So this drive cannot be easily used to run
the A/C compressor. To ensure cabin cooling even during stop phases e.g. at red traffic lights, an extra drive or a
latent cold storage might be necessary which leads to an additional effort. Usually, a separate electric motor drives
the A/C compressor.
Another difference is the use of the air conditioning system. With conventional cars, the A/C system is only used to
achieve a comfortable climate in the passenger compartment. The refrigerant circuit is comparatively simple: there
is one compressor, one condenser at the front of the vehicle to release the heat from the refrigerant to the ambient
air, one thermostatic expansion valve and one evaporator to cool the air before it flows into the cabin. In addition,
electric cars often require a cooling of their battery. In many cases, the refrigerant circuit is used for this purpose:
downstream the condenser an additional expansion valve and a refrigerant-coolant heat exchanger (chiller) are
integrated. Electronic expansion valves are widely used. The additional need for refrigerating capacity leads to a
higher load for both compressor and condenser, which has to be considered during the design process of these
components.
Furthermore, with electrical cars the amount of waste heat from the drivetrain components is significantly reduced
and at a lower temperature level compared with conventional cars. To heat the cabin, electrical heaters are widely
used, but their efficiency is very low. An alternative option to improve the heating is the use of the refrigerant circuit
in a heat pump mode. This requires at least some additional valves and tubes and increases the complexity and
application effort of the overall air conditioning system.
The key component of the refrigerant circuit in any design is the refrigerant compressor. As already mentioned,
electric driven compressors are usually used in the A/C system of electric vehicles, largely scroll compressors. Other
compressor types are rarely investigated for this use-case. Therefore, this contribution focusses on a comparison of
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different compressor types, mainly on scroll, axial piston and rotary piston compressors. These compressor types are
investigated in detail based on geometric and physical based numerical simulation models as described in the
following chapter. Chapter 3 presents their performance data as well as their influence on the entire A/C circuit. This
paper closes with some recommendations for the application of the compressors as well as with an outlook for
further investigations.

2. SIMULATION MODELS
Since the following investigations focus on the compressor, the refrigerant circuit is kept simple in order to
minimize the number of influencing factors on the results. The main model for the A/C system consists of geometry
and physical based submodels for the following components:
•
•
•

compressor (different compressor types as described in the following)
heat exchangers: condenser and evaporator (microchannel heat exchangers)
expansion valve (thermostatic)

These submodels are connected to a circuit model in a way that the outlet state of one component (e.g. evaporator) is
equal to the inlet state of the subsequent component (e.g. compressor). A pressure loss or a heat exchange in the
refrigerant tubes between these components is neglected. However, the pressure loss inside the components is
considered. The refrigerant gas mass inside the circuit is used as a further parameter to determine the pressure levels
and thus the operation point of the system. The simulations are executed for the refrigerant R1234yf.
The heat exchanger and expansion valve geometries are set accordingly to the respective components of a
Volkswagen Golf as a typical medium-sized car. For the refrigerant compressor, different types are investigated:
•
•
•

a scroll compressor (Denso ES34)
an externally controlled axial piston compressor (Denso 6SEU14C)
a rotary piston compressor (scaled Rechi 39F1AWD)

All the simulation models were validated in detail using measurements. The simulation models as well as the
validation results are described e.g. in Baumgart (2010), Aurich, Baumgart and Tomoscheit (2016) and Aurich,
Baumgart and Danzer (2014).
The major interest hereby is a general description of the structure of the compressor simulation models, because
their design is very similar for all compressor types. Figure 2 illustrates the iterative solution process, which will be
described in the following.
For all compressors, this process starts with different geometric calculations for particular compressor properties
including the chamber volumes depending on the driving angle, flow and leakage areas as well as the valve
geometry. This has to be done once for each geometrical set of a compressor, because the results of these precalculations are independent of the specific operating point. The results are very different between the compressor
types, however, the methodology is always the same: in order to get accurate results quickly the chamber volumes
and their derivatives are calculated analytically based on the compressor geometry.
In the next step, the change of temperature and gas mass for any chamber j depending on the operating point is
calculated by the simulation model. For that purpose, initial values for the temperature, the pressure and the
refrigerant mass are assumed, first. Then the derivatives can be calculated using conservation of mass and energy as
described in the following.
Applying the conservation of mass for any chamber, the difference between refrigerant mass entering the chamber
and mass leaving the chamber is the derivation of the mass with respect to time:

dm j
dt

  min, j  mout , j
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Expressing the above equation with derivation transformations from dt to dφ by



d
dt

(2)

the final conservation of mass equation is given as

dm j
d



1



   min, j  mout , j 

(3)

Start

Calculation
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•
•

Flow areas
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Assume initial values for each chamber at φ = 0
Temperature (Tj ), Pressure (p j ), Gas mass (mj )

φ = 0, i = 1

ODE-solving

•
•

dm j
d
dT j
d

: deduced from mass flow rate equations
: deduced from energy conservation law

φ = φ+ dφ
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Figure 2: Basic structure of the compressor simulation models
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The law of conservation of energy states that the total energy of an isolated system remains constant in a given
reference time span. This can be explained with a general form of energy conservation equation:

dE j
dt

  min, j  hin, j  mout , j  hout , j  Q  W

(4)

In this equation, Q̇ is the heat exchange between the refrigerant and the compressor walls. The work Ẇ is the
expended work term and hence can be also written as

W  pj

dV j

(5)

dt

Assuming, that the change in kinetic and potential energies are negligible, the change in internal energy can be
written as the product of mass and specific internal energy E = m·u.

dE j
dt

 mj 

The derivative of the specific internal energy

du j
dt



du j
dt

du j
dt

 uj 

dm j

(6)

dt

can be calculated as a function of T and υ as

 u j dT  u j d



 T dt  dt

(7)

By equating eq. 4 and eq. 6 as well as using the above mentioned derivation transformation (eq. 2) the temperature
derivative is

dT j
d



Q
1

mj  mj

 uj
 dV j  min , j  hin , j   mout , j  hout , j dm j

 pj 


 
 d
mj 
d
 j

uj


 1
uj
  h j  p j  j 
 j  

 m
 j

 j

(8)

T
This equation can also be found in a similar way in Baumgart (2010) and Röttger (1975).
The described calculations are repeatedly executed until a full revolution of the compressor is completed.
Afterwards, the final states of temperature, pressure and gas mass are compared with the assumed initial states and
the initialization is adjusted for the next iteration loop. With converged result values the compressor driving power,
the forces and torques as well as the compressor efficiencies can be calculated to conclude the compressor solution
for the respective operating point.
All compressor models have also a detailed mass-spring-damper based valve model according to Baumgart (2010).
For calculating the leakage mass flows and heat transfer the work of Bell (2011) was taken as a basis. Since the
compressors are compared only in a thermodynamic way, friction and mechanical losses were neglected here.

3. RESULTS
In this chapter the results of the compressor simulation for different compressor types are discussed. As mentioned
before, the compressor model requires particular operating points as an input, defined by the inlet and outlet pressure
of the refrigerant, its superheating or enthalpy at the inlet as well as the compressor speed. In case of an externally
controlled axial piston compressor, the relative displacement is another essential information. However, for a
complete air conditions system these values are usually unknown. Therefore, a refrigerant circuit simulation has to
be carried out to determine the operating points of the compressor.
The simulations are performed for different operating conditions, which are listed in Table 1. The investigations
include operating points at a high load (I-III), at partial load (IV-VI) and at low load (VII-VIII).
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Table 1: Operating conditions for the refrigerant circuit simulation
No.
I
II
III
IV
V
VI
VII
VIII

Compressor
Speed
[rpm]
1,000
2,500
5,000
1,000
2,500
4,000
1,000
2,500

Condenser
Air Speed
[m/s]
1.5
2.5
3.5
1.5
2.5
3.5
1.5
2.5

Evaporator Air
Mass Flow Rate
[kg/h]

Air Inlet
Temperature
[°C]

Air Inlet
Rel. Humidity
[%]

40

40

30

50

20

80

340

The following figure illustrates some exemplary results of the circuit simulation in a pressure-enthalpy-diagram. The
left diagram shows the high load operating conditions and the right diagram the partial load cases. The diagrams
display the results using the scroll compressor.
High load conditions

Partial load conditions
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1
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V
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Figure 3: Results of the refrigerant circuit simulation using a scroll compressor (high load and partial load)
As expected, the high load conditions show an increase of the condensing and a decrease of the evaporating pressure
with an increasing compressor speed. At 5,000 rpm, the maximum pressure is 17.5 bar and the maximum mass flow
rate is 211.0 kg/h. This leads to a refrigerating capacity of 5.3 kW at the evaporator. The air outlet temperature is
10.8 °C and the condensation rate 3.7 kg/h. Furthermore, the increasing mass flow rate leads to an increased
pressure loss, esp. at the evaporator, which reaches 743 mbar at operating point III. The refrigerant superheating at
the evaporator outlet remains nearly constant at about 10 K, whereas the subcooling at the condenser remains at
about 2.5 K. The electrical driving power for the scroll compressor is 2.6 kW, which leads to a coefficient of
performance (COP) of 2.1.
With the partial load conditions, the condensation pressures drop significantly. Even at 4,000 rpm the pressure at the
compressor outlet is just at 12.4 bar. The refrigerating capacity is 4.5 kW at this operating point with an air outlet
temperature of 3.6 °C and a condensation rate of 2.9 kg/h. The simulated scroll compressor has a power requirement
of 1.8 kW and the COP increases to 2.5.
At low load conditions, the condensation pressures decreased even further below 10 bar. At 2,500 rpm (operating
point VIII) the refrigerating capacity is 3.3 kW at an outlet temperature of 2.6 °C. The compressor power is 0.9 kW,
which leads to a very good COP of 3.7. The compressor powers will be discussed later in detail.
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The refrigerant circuit simulations are also performed with an externally controlled axial piston compressor and a
rotary piston compressor. For the rotary piston compressor, all geometric parameters of the Rechi 39F1AWD
compressor were scaled in order to have the same displacement volume of 34 cm³ like the scroll compressor. The
axial piston compressor Denso 6SEU14C is simulated in two modes: in a first run, the compressor speed from
Table 1 is used. The relative displacement is controlled, so that the same refrigerating capacity at the evaporator can
be achieved as if a scroll compressor is used. In a second run, the relative displacement is set to 100 % and the
compressor speed is controlled in order to achieve the same refrigerating capacity. However, the simulations showed
that this is not possible for all operating points. Especially at conditions with lower refrigerating capacity, the
compressor would have to run at a very low speed and at 100 % relative displacement. But since the allowed
minimum compressor speed is usually about 800 rpm, these operating conditions have to be excluded from the
analysis.
The following Figure 4 illustrates some comparative values of the different compressor types. The upper left
diagram shows the refrigerating capacity of the refrigerant circuits. As expected, there is no difference between the
scroll and the axial piston compressor and just a very small difference to the rotary piston compressor type.
The bottom left diagram depicts the compressor power. Usually, the internal combustion engine drives the axial
piston compressor mechanically, whereas the scroll and rotary piston compressor are electrically driven by their
integrated electric motor. Consequently, only the indicated power is compared excluding the electric drive
efficiency. The diagram makes clear, that the axial piston compressor has the highest power requirement. The scroll
and rotary piston compressor are nearly on the same level below the axial piston compressor. With increasing
compressor speed the displayed difference increases accordingly. Even if the axial piston compressor runs at the
maximum displacement with controlled speed, the required power is a slightly higher than the scroll and rotary
piston compressors’ power.
Refrigerating capacity
high load

Isentropic efficiency

partial load

high load

low load

5
4
3

2
1
0

low load

80
60

40
20
0

Compressor power
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2
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2II
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3
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Figure 4: Compressor comparison
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The upper right diagram illustrates the isentropic efficiency of the different compressor types. With the electric
driven compressors, the refrigerant cools the electric motor, which leads to a reduced isentropic efficiency. Another
remarkable fact is the significant reduction of isentropic efficiency of the rotary piston compressor with increasing
compressor speed at high loads. The axial piston compressor, especially in a speed-controlled mode at its maximum
displacement, shows very good isentropic efficiencies.
The reduced power and increased isentropic efficiency of the axial piston compressor at maximum displacement can
be explained as follows: with this compressor an amount of the compressed refrigerant is directed to the crankcase
using a control valve. Depending on the crankcase pressure the displacement arises. Through a thin channel the
refrigerant can flow back from the crankcase to the suction chamber. Thus, a high control mass flow rate is required
for a high crankcase pressure and a low displacement, which leads to reduced isentropic and volumetric efficiencies.
However, with a displacement of 100 % the control mass flow rate can be cut off, thereby increasing the
efficiencies.
The diagram in the bottom right shows the coefficient of performance (COPind). For a good comparability the COP ind
is defined here as the ratio between the refrigerating capacity at the evaporator and the indicated compressor power
without any electrical losses, which leads to comparatively high COPs. The rotary piston compressor shows the best
performance, followed by the scroll compressor. The performance of the axial piston compressor is generally the
lowest in this investigation. At this point it shall be mentioned, that the speed-controlled mode has some advantages
over the displacement-controlled strategy.
Based on the compressor comparison within the refrigerant circuit, the compressors now are analyzed in detail using
their component models. For that purpose, two operating points (high load and high speed III as well as partial load
and low speed IV) from the previous investigations were used. The inlet and outlet pressures as well as the
superheating are determined from the scroll compressor circuit simulation and used for all compressor types, since
these values are very similar for all compressor types. Table 2 lists the determined operating conditions.
Table 2: Operating conditions for the compressor simulation
No.
III
IV

Compressor Speed Outlet pressure
[rpm]
[bar]
5000
17.5
1000
11.0

Inlet pressure
[bar]
3.8
5.2

Inlet Superheating
[K]
10.0
6.0

The following Figure 5 illustrates the pressure profile for the three different compressors at these two operating
points: the left column for the high load condition (No. III) and the right column for partial load point (No. IV).
Different curve colors in the diagrams illustrate the different compressor chambers. For the scroll compressor these
are the inlet chamber (orange), the suction chamber (dark blue), the compression chamber (light green) and the
discharge chamber (light blue), for the rotary piston compressor the suction (dark blue) and the discharge chamber
(orange) and for the axial piston compressor the six cylinder chambers.
At high load conditions the diagrams show, that there are major differences in the pressure curves between the
compressors. The pressure exaggeration value is 2.1 bar with the scroll compressor, 4.2 bar with the rotary piston
compressor and even 8 bar with the axial piston compressor. Furthermore, there is a huge difference is in the exhaust
length, which is the driving angle range where the discharge chamber pressure is higher than the outlet pressure
(outlet valve opened). The scroll compressor exhausts the compressed refrigerant at nearly two thirds of a
revolution, the rotary piston compressor only at one third. Due to the number of cylinders inside the axial piston
compressor, the refrigerant is exhausted nearly during the full revolution, but with a high degree of non-uniformity.
With partial load conditions, the exhaust phases increase because of the lower discharge pressure. Thus, the exhaust
phase is nearly the full revolution with the scroll compressor and a half revolution with the rotary piston compressor.
The refrigerant exhaust of the cylinders of the axial piston compressor overlays, so there is no interruption in the
mass flow. Additionally, the pressure exaggeration reduces as well with the partial load operating points. The
maximum is 1.1 bar with the axial piston compressor, 0.6 bar with the scroll and 0.7 bar with the rotary piston
compressor, respectively.
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A further decrease in pressure exaggeration, especially for the scroll compressor, might be possible by introducing
pre-outlets and optimizing their position. In doing so, the refrigerant can flow out of the compressing chamber if the
pressure is high enough. A continued compression process to the discharge chamber is not required in this case.
The compressor simulation results show, that the scroll compressor is the best choice in terms of a continuous mass
flow, a minimum pressure exaggeration and thus a low pressure pulsation as well as noise emission. This
compressor type also achieves good results in the circuit simulation. The rotary piston compressor shows even better
results in the circuit evaluation. However, the exhaust phase is limited and at high load conditions, there is a
considerable pressure exaggeration.
Hence, the rotary piston compressor might be used for medium loads, e.g. for a separate battery cooling circuit. A
further performance increase could be achieved using a double-rotary piston compressor, whereby the second piston
is rotated through 180°. This may lead to a continuous mass flow and reduced pulsations. The axial piston
compressor shows the lowest performance in both circuit and component simulation. The biggest advantage is the
ability to control the displacement and thus the mass flow rate independently from the compressor speed.
Nevertheless, this is only of importance for conventional and maybe hybrid vehicles. With electric cars, the
compressor usually has its own electric motor, so this possibility is redundant.
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Figure 5: Compressor comparison
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4. CONCLUSION AND OUTLOOK
This contribution starts with a general overview of heating and cooling requirements of electric vehicles as well as
specific differences to conventional cars. Hereby, the focus is laid on the air conditioning system for the passenger
compartment. The key component of these refrigerant circuits is the compressor. Therefore, three different
compressor types are compared: a scroll compressor, a rotary piston compressor and an externally controlled axial
piston compressor. First, the compressor modeling is introduced by means of a flow chart and the equations for
conservation of mass and energy are derived.
Second, a simulation of the full refrigerant circuit for different ambient conditions is explained. In the following,
results of a component simulation for different compressor types at two determined operating points are described in
detail. These results show, that a scroll compressor has an overall very good performance with a good coefficient of
performance as well as low pressure pulsation. The rotary piston compressor shows the best performance during the
circuit simulation, but also a high pressure pulsation. The use of a double-rotary piston compressor could
compensate this disadvantage. The axial piston compressor has the lowest COP and highest pressure pulsations.
However, the possibility to control the displacement is a huge advantage of this compressor type and a required
feature for conventional or hybrid cars, where the compressor is driven by the combustion engine with a belt drive.
Concluding from these results, the best option for the A/C system in electric cars is the scroll compressor. In
addition, rotary piston compressors might be interesting for a medium load, e.g. for a refrigerant-cooled battery.
Future works will extend the analysis for other compressor types. Moreover, the geometry of each of these
compressors can be optimized for the specific application using the presented simulation models.

NOMENCLATURE
E
h
m
p
P
Q
t
T

energy
specific enthalpy
mass
pressure
power
heat
time
temperature

Subscript
Comp compressor
in
inlet

(J)
(J/kg)
(kg)
(Pa)
(W)
(J)
(s)
(K)

u
V
W






specific internal energy
volume
work
efficiency
specific volume
driving angle
angular velocity

j
out

chamber index
outlet

(J/kg)
(m³)
(J)
(-)
(m³/kg)
(rad)
(rad/s)
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