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ABSTRACT
The ever-increasing population especially in urban and suburban areas requires new mobility concepts. At least for
the next years, the individual motor traffic will play a major role. However, there will be an increase in electric
driven city cars and microcars.
The energy efficient heating and air conditioning of these cars is challenging since the installation space and the
battery capacity are highly limited due to the low vehicle size. In particular, under wintry conditions the heating is a
critical factor regarding the energy demand and the resulting cruising range decrease. A possible solution is the
installation of an energy efficient heat pump system.
However, available heat pumps with R134a or R1234yf as refrigerant cannot be used at very low temperatures, e.g.
below -5 °C. In contrast, systems with the refrigerant CO2 (R744) do not have this restriction, but they have a very
high pressure level and they are significantly more expensive which limits their applicability especially in cost
sensitive small cars.
A possible solution approach is the use of propane (R290) combined with a compact air conditioning and heat pump
system.
This contribution starts with a comparison of different refrigerants and system concepts for the application in
electric driven city cars and microcars, followed by the specific requirements for the heating and cooling of these
vehicles. Afterwards, different circuits for a propane based air conditioning and heat pump system are described and
simulated in detail. Furthermore, the systems are evaluated in terms of the pressures and temperatures as well as the
power requirements and the energy efficiency. The paper closes with some conclusions and an outlook for future
topics.

1. INTRODUCTION
Nowadays, already 70 % of the European population live in urban or suburban areas. This trend is increasing not
only in Europe but also in Asia and in the United States. As a side effect, 80 % of all car trips are shorter than 25 km
and 55 % even shorter than 10 km (Toyota, 2009). Since today’s cars are neither designed for such short-haul trips
nor optimized for narrow inner-city parking lots, new mobility concepts are required. At least for the next years, the
individual motor traffic will play a major role. However, there will be an increase in electric driven city cars and
microcars which is a result of a Toyota study from 2009, too (Toyota, 2009).
A common property of these cars is their very small size, resulting in highly limited installation space for any
component. Moreover, the sales price for vehicles from these segments should be less than 20,000 € which strongly
limits the individual price for all components, especially for the battery. To achieve a reasonable cruising range, the
energy efficiency of any component is crucial.
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A vehicle must be usable for the entire year, independently from the vehicle size, to meet the customer requirements.
Thus, a full heating and cooling system must be installed even in the small segment cars. This system should set and
maintain a comfortable climate in the passenger cabin at least between -20 °C and 40 °C ambient temperature.
As already mentioned, with the city car and microcar segment the battery capacity and the installation space are
usually highly limited. Therefore, the climatization system should be very energy efficient at a minimum package
space that means a switchable heat pump and air conditioning system is worthwhile.
Most of today’s cars are equipped with an air conditioning system using R134a or R1234yf as refrigerant. These
systems are capable of being used in heat pump mode but there is a limitation at temperatures below approximately
-5 °C. The reason therefore is the minimum operating pressure in the refrigerant circuit, which is usually set to a
value between 1.0 to 1.5 bars. A pressure below the atmospheric pressure (≈ 1 bar) has to be avoided at any time
because this could lead to a leakage and an intake of ambient air into the refrigerant circuit, resulting in a malfunction or failure.
Figure 1 illustrates the evaporation pressure of different refrigerants depending on the ambient temperature and the
heating capacity for a simplified automotive heat pump circuit, using ambient air as a heat source. Since R134a and
R1234yf nearly have the same evaporation pressure at a given evaporation temperature, only R1234yf is shown (The
evaporation pressure at -30 °C is 0.99 bar for R1234yf and 0.84 bar for R134a). In addition, the same diagram is
displayed for R290 (propane) and R744 (CO2). The grey plane illustrates the atmospheric pressure (1 bar).
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Figure 1: Evaporation pressure depending on the ambient temperature and the heating capacity for the refrigerants
R1234yf, R290 and R744. The grey plane visualizes the atmospheric pressure (1 bar).
The left diagram for R1234yf makes clear, that the mentioned requirement (evaporation pressure above 1 bar) is
only met up to a temperature of -5…-10 °C, depending on the required heating power. This value is influenced e.g.
by the vehicle size and configuration. Below this temperature, the achievable heating power decreases dramatically,
as the system pressure needs to be higher than the atmospheric pressure at any time. Thus, the cabin must be
additionally heated with an electric heating system (e.g. PTC-heater) which decreases the heating coefficient of
performance (COP) significantly.
The right diagram in Figure 1 shows, that the refrigerant R744 does not have this restriction. The system pressure is
above the atmospheric pressure for all considered operating conditions with a minimum value of about 10 bars at an
ambient temperature of -20 °C and a heating power of 5 kW. However, the high-pressure side of a CO2 refrigerant
circuit shows operating pressures up to 170 bars and a burst pressure of even 340 bars. This leads to very high
requirements for all system components including the compressor, the heat exchangers and any connection with
tubes and hoses. This higher system effort consequently causes higher costs which limit the applicability especially
in cost sensitive small cars.
A possible solution approach is the use of R290, which is displayed in the center diagram in Figure 1. The
illustration makes clear, that an evaporation pressure above the atmospheric pressure is maintained at all considered
operating conditions. Moreover, the high-pressure side of a R290 system is not substantially higher, compared to the
conventional refrigerants R134a or R1234yf. This makes it possible to use the conventional components also for a
R290 system. As a single negative point, it has to be mentioned, that R290 is highly flammable. For this reason, the
compulsory amount of gas is usually limited to 150 g per system, e.g. (VDMA, 2012). Table 1 goes a bit more into
detail by comparing some refrigerant properties of R290 in contrast to the conventional refrigerant R1234yf.
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Table 1: Comparison of the refrigerant properties for R1234yf and R290.
Tx=1

pR1234yf

pR290

ρR1234yf

ρR290

ΔhR290

ΔhR290/ΔhR1234yf

°C

bar

bar

kg/m3

kg/m3

ρR290/ρR1234yf ΔhR1234yf
-

kJ/kg

kJ/kg

-

-40
-10
0
20
80

0.6
2.2
3.2
5.9
25.2

1.1
3.5
4.7
8.5
31.3

3.79
12.56
17.56
32.80
180.33

2.63
7.63
10.35
18.08
84.41

0.69
0.61
0.59
0.55
0.47

185.5
169.5
163.3
149.3
78.4

423.4
388.3
374.9
344.3
189.8

2.28
2.29
2.30
2.31
2.42

The properties are displayed at the dew point line (saturated-vapor phase boundary) for five exemplary
temperatures. At -40 °C, the pressure is 0.6 bar for R1234yf. For R290 it is 1.1 bar, still above atmospheric pressure.
At a temperature of 80 °C, the pressure is 25.2 bar for R1234yf and 31.3 bar for R290, respectively. As already
mentioned, the pressures between these two refrigerants are thus at similar level.
The density of R290 is about 45 % to 70 % of R1234yf’s density. However, the evaporation enthalpy of R290
compared to R1234yf is 2.2 to 2.4 times higher. This leads to an increase of the refrigerating capacity of 1.3 to 1.5 at
a constant compressor speed and displacement as well as constant evaporation and condensation temperatures.
Consequently, there might be a potential for a decrease of the required compressor size. Since R290 is a natural gas
with an ODP of zero and a GWP of three, it is very environmentally friendly. Moreover, the refrigerant is very
cheap, not protected by any patent and easily available.
The favorable refrigerant properties, particularly the high evaporation enthalpy, the possibility to use standard
components from conventional R134a/R1234yf-based systems and the good characteristics in a heat pump mode
even at very low temperatures make R290 a very interesting refrigerant for the use in an air conditioning and heat
pump system especially for city cars and microcars.
In the next chapters, a suitable system concept of a R290 air conditioning and heat pump system for the application
in electric driven city cars and microcars is presented, first. This is followed by the specific requirements for the
climatization of these cars. Afterwards, the different circuits are described and simulated in detail. Furthermore, the
systems will be evaluated in terms of the operating pressures and temperatures as well as the power requirements
and the energy efficiency. Finally, the paper closes with some major conclusions and an outlook for future topics

2. SYSTEM CONCEPT
Since the refrigerant filling mass must not exceed the above-mentioned 150 g, the size of the refrigerant circuit is
limited. Especially the tubes connecting the main components should be as short as possible. For that reason, the
first idea was to build up a refrigerant circuit with two secondary loops (cf. Figure 2a). This system consists of an
A/C compressor, an expansion valve and two refrigerant/coolant heat exchangers, called chillers. The expansion
valve as well as the heat exchangers are designed in a way that the refrigerant can flow in both directions.
Furthermore, there are two coolant circuits including a pump and an air/coolant heat exchanger each. The refrigerant
circuit is reversible in order to switch between cooling and heating the passenger compartment, using a switching
valve (SV). Advantages of this structure are e.g. the very simple air ducts to the heat exchangers and the very
compact refrigerant system, which makes it possible to restrain the filling mass below the compulsory limit of 150 g.
Such a compact refrigerant unit (CRU) was already built up and tested, e.g. by Denso (Hünemörder, 2018).
However, there are also some disadvantages: Since there is no direct connection between a refrigerant heat
exchanger and the air led to the cabin, the thermal inertia of the system is comparable high. In addition, there are in
total four heat exchangers and three pumps (including the A/C compressor), which might be critical in terms of the
installation space and the costs.
To eliminate these disadvantages, the system concept presented here has only one secondary loop (Figure 2b), which
means that the heat exchanger for the cabin is integrated directly in the refrigerant circuit. By reversing the system,
this heat exchanger can be used as condenser to heat the cabin or as evaporator to cool the cabin. In this way, the
thermal inertia on the cabin side is significantly reduced thereby keeping the size of the refrigerant system
approximately constant. There is just one coolant circuit to the ambient air heat exchanger, which can be installed
flexibly in the vehicle without increasing the refrigerant filling mass. Since there is only one heat exchanger inside
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the HVAC unit, a dehumidification of the air is not possible, neither with this system nor with the before mentioned
full secondary loop circuit. This could be done e.g. by an electric window heating which is more effective and better
in terms of the installation space than a conventional air based defrost and defog system.
Figure 2c illustrates a direct system layout without any coolant circuit. The HVAC heat exchanger is used in the
same way as with the one secondary loop circuit. However, the second heat exchanger of the refrigerant circuit is
integrated directly in the ambient air path. Depending on the system mode, each one of the heat exchangers can
operate as condenser or evaporator. Advantages of this layout are the further reduction of thermal inertia and the
reduction of the heat resistance between the refrigerant and the ambient air, since there is no heat transfer from the
refrigerant to the coolant and from the coolant to the ambient air, but a direct transfer from the refrigerant to the
ambient air. A disadvantage might be the limitation of the ambient air heat exchanger positioning in order avoid the
maximum filling mass to exceed the maximum limit of the system.

One secondary loop
Ambient air
heat exchanger

c)

Pump
Compressor
EXV

SV

HVAC heat exchanger

Pump 2

HVAC heat exchanger

SV

Compressor
EXV

EXV

SV

HVAC heat exchanger

Chiller 2

Compressor

Ambient air
heat exchanger

Chiller

SV

Chiller 1

Direct circuit

SV

b)

SV

Two secondary loops
Ambient air
heat exchanger

Pump 1

a)

Coolant circuit
Refrigerant circuit
Figure 2: System concepts for a compact air condition and heat pump system based on R290: a) two secondary
loops, b) one secondary loop, c) direct circuit. The expansion valve and the refrigerant heat exchangers
are designed in a way that the refrigerant can flow in both directions.
The investigation presented here focusses on the circuit with one secondary loop and its optimization (Figure 2b).
The direct circuit (Figure 2c) was simulated as well to classify and to compare the results. The circuit with two
secondary loops (Figure 2a) was left out due to the above-mentioned disadvantages.
For the simulation of the refrigerant circuits, a system model was built up using Matlab. This system model consists
of self-developed geometry and physical based submodels for the following components:
•
•
•
•

scroll compressor with a displacement volume of 27 cm³ (Bell, 2011), (Baumgart et. al, 2018)
air/refrigerant heat exchanger (automotive microchannel evaporator, 2 layers with 23 tubes each, mesh size
164 x 212 x 40 mm) (Baumgart, 2010)
refrigerant/coolant heat exchanger (plate heat exchanger, 37 plates, 90 x 60 x 60 mm)
electronic expansion valve (maximum opening area: 1.32 mm²)
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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 switching valve with one actuator and four
ports ensures that the cycle can be reversed in order to run in air conditioning or heat pump mode (cf. Figure 2b).
On the coolant side, the model is equipped with a standard coolant pump, a reservoir and an air/coolant heat
exchanger (1 layer with 41 tubes, mesh size 325 x 286 x 25.8 mm).
While selecting the components the main target was to use standard automotive parts ideally from the city car
segment that are easily available as hardware. Thus, there is the possibility to build up the most promising circuit
layout on a test bench later on. All the used submodels were validated in detail several times by means of
measurements for different components and refrigerants.

3. HEATING AND COOLING REQUIREMENTS
The requirements for the heating and cooling of microcars and city cars differ in comparison with standard vehicles.
A first major difference is the significantly smaller cabin size with usually only two seats. Beside the reduced cabin
volume, the window area is also smaller, reducing the solar load under summery weather conditions. Moreover,
there is usually only one climatization zone, which simplifies the HVAC unit and makes it more compact.
As a first step, the required heating and cooling capacities were calculated. Later, these values could be used to
evaluate the air conditioning and heat pump systems. For the investigations here, a detailed simulation model for
passenger compartments was used (Baumgart, 2010). Among others, the model considers the solar radiation, the
long-wave heat radiation with an automatic calculation of the view factors, the heat conduction and the convection.
Moreover, the heat and humidity release from the passengers as well as their thermal comfort can be simulated. The
model was parameterized for an exemplary microcar (Figure 3). It must be mentioned, that this car usually has side
doors without windows and no HVAC system. However, for the simulation it was assumed that the cabin is closed
like a regular car with side windows, which are also available in aftermarket.

Dashboard Passenger Rear Seat

Side door
Figure 3: Passenger compartment simulation model
The required heating and cooling capacities were simulated for a temperature range between -20 °C and 40 °C (cf.
Table 2). For each temperature a typical relative humidity and a solar radiation was assigned. The radiation was
divided in a direct (80 %) and a diffuse part (20 %). The HVAC air mass flow rate was set to 160 kg/h for all cases.
The position of the sun for calculating the solar radiation was set directly in front of the car at a declination angle of
60°. The ambient air rate was defined to 100 % for all cases. The cabin target temperature was set to 22 °C.
Table 2: Ambient conditions for passenger compartment simulation.
Case
Operation mode
Temperature [°C]
Rel. humidity [%]
Solar radiation [W/m²]
Mass flow rate [kg/h]

I
-20
90
0
240

II
-15
85
0
215

III

IV

Heating
-10
-5
80
75
0
0
188
166

V
0
70
0
145

VI
5
65
0
135

VII

VIII

IX

X

20
50
500
135

Cooling
25
30
35
45
40
35
625
750
875
163
190
246

XI
40
30
1000
300
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For each case, the car was simulated for two hours initially with the HVAC system switched off, to achieve a
stationary temperature of the air and any component in the compartment. Then, the HVAC was switched on to
determine the maximum required heating or cooling capacity as well as the required stationary capacity after two
hours of climatization. Figure 4 illustrates the temperature in the cabin (4a), the required air inlet temperature (4b)
and the cooling capacity (4c) for an exemplary ambient temperature of 30 °C (case IX).
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Figure 4: Passenger compartment simulation results for an ambient temperature of 30 °C: a) cabin temperature, b)
air inlet temperature, c) cooling capacity. d) Heating and cooling capacity depending on the ambient temperature
At an ambient temperature of 30 °C (case IX) with a direct solar radiation of 600 W/m² and a diffuse solar radiation
of 150 W/m², the cabin air heats up to 52.3 °C during the first phase when the HVAC system is switched off. After
starting the HVAC system, the temperature of the air led to the cabin is 5 °C, which has been set as lower boundary
value. The steady state inlet temperature is 6.6 °C then. Consequently, the maximum cooling capacity is 2.17 kW
and the steady state capacity is 2.02 kW for maintaining the 22 °C in the cabin.
Figure 4d shows the heating or cooling capacity required to achieve the target cabin temperature of 22 °C depending
on the ambient temperature (Cases I to XI). The dark blue columns represent the maximum heating or cooling
capacity when starting the HVAC system. The light blue columns represent the steady state after two hours of
climatization. These simulation results were used for the refrigerant circuit simulation afterwards.

4. RESULTS
In this chapter, the results of the refrigerant circuit simulation are discussed. In a first step, the focus is on the system
layout with one secondary loop, which has been already introduced in (Aurich and Baumgart, 2019). However, for
this investigation the model was enhanced and detailed significantly in the interim. In the second step, this system
will be compared with the direct layout and the optimization potential will be carried out, afterwards.
The following explanation is based on case II (cf. Table 2). After the HVAC system is started, a heating capacity of
3.47 kW is required in heat pump mode at -15 °C in order to achieve a cabin air inlet temperature of 42.9 °C. This
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temperature value is used to control the compressor speed, resulting in 6,140 rpm and a refrigerant mass flow rate of
27.7 kg/h (cf. Figure 5a). The high pressure at this operating point is 13.1 bar and the low pressure is 1.3 bar. This
results in a refrigerant temperature of -36.0 °C at the chiller inlet. On the coolant side, the chiller inlet temperature is
-24.4 °C and the radiator inlet temperature is -28.1 °C. This corresponds to a heat flow rate of 2.11 kW at both the
radiator and the chiller. The electric power of the compressor is 1.77 kW. Thus, the heating coefficient of
performance (COP) of the circuit is 1.96 under these operating conditions, neglecting the power consumptions of the
cooling pump and the fans. Figure 5a shows also the refrigerant circuit in a pressure-enthalpy-diagram.

Heating mode (Case II, Tamb = -15 C)
-24.6 C

b)
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3
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Coolant circuit
Refrigerant circuit (high pressure)
Refrigerant circuit (low pressure)
Figure 5: Simulation results for circuit with one secondary loop for the ambient temperatures a) = -15 °C, b) 30°C
In cooling mode, the refrigerant circuit is reversed (cf. Figure 5b): The refrigerant flows from the compressor to the
chiller, which is now working as a condenser and therefore named iCond. The heat released in the iCond is
transferred to the ambient air heat exchanger via the coolant circuit. Then the refrigerant passes the expansion valve
and is heated up in the HVAC heat exchanger that is working as evaporator now. At 30 °C (Case IX, Figure 5b), the
required cabin air inlet temperature is 5 °C. This results in a refrigerating capacity of 2.17 kW. The refrigerant
evaporates at 4.4 bar and condenses at 24.4 bar. This leads to an iCond inlet temperature of 47.7 °C and a radiator
inlet temperature of 52.7 °C in the coolant circuit, corresponding to a heat flow rate of 3.37 kW. The compressor
power consumption is 1.22 kW with a refrigerant mass flow rate of 32.3 kg/h, resulting in a cooling COP of 1.77.
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The following figure sums up the most relevant results for the eleven operating conditions in Table 2. Figure 6a
displays the heating or cooling capacity (depending on the system mode) and the required electric driving power for
the compressor as well as the heating or cooling COP. The heating COP shows good values ranging from 1.6 to 2.5.
The cooling COP has also reasonable values at moderate temperatures. However, at high-load conditions the COP
reduces dramatically. Moreover, at temperatures above 35 °C the refrigerating capacity needs to be limited because
the condensing pressure would exceed the maximum permissible value. Therefore, the diagrams in Figure 6 are
limited to 35 °C.
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Cabin Cooling
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40

Chiller outlet temp.

Figure 6: Results of the circuit with one secondary loop depending on the ambient temperature: a) heating/cooling
capacity, compressor power and heating/cooling COP, b) coolant temperatures.
The reason for that can be found in the coolant circuit temperature, which increases significantly at ambient
temperatures above 30 °C (cf. Figure 6b). In this diagram, the dark blue curve represents the coolant temperature at
the chiller inlet which is equal to the temperature at the air/coolant heat exchanger outlet. The light blue curve is for
the coolant temperature at the chiller outlet and the air/coolant heat exchanger inlet, respectively. The grey line
illustrates the ambient temperature which is the theoretical limit for the coolant temperatures.
The coolant temperature increase above 30 °C is caused by the general system behavior of secondary loop circuits:
A small increase in the iCond coolant inlet temperature already leads to a higher required condensation temperature
and effectively a higher condensation pressure to transfer the heat from the refrigerant to the coolant. However, with
an increasing condensation pressure, the condensation enthalpy decreases (cf. Figure 5, pressure-enthalpy-diagram).
Moreover, this increase in condensation pressure also causes an increase in the iCond refrigerant inlet temperature
due to the additional heat up of the refrigerant during the higher compression. This effect increases the heat flow rate
that needs to be transferred to the coolant. Finally, this results in a further increase in coolant temperature, leading to
the strong temperature increase above 30 °C as shown in Figure 6b.
Consequently, an optimization of the system should focus on this point. Two different optimization approaches were
investigated: The first increases the iCond size in order to maximize the heat transfer surface between the refrigerant
and the coolant circuit. With the second approach, the size of the air/coolant heat exchanger was increased, keeping
the original iCond size. Figure 7 illustrates the results of these optimizations: The cooling COP of the standard
system and the two optimizations are visualized in Figure 7a, the corresponding coolant temperatures are displayed
in Figure 7b.
The results make clear, that an increase of the iCond size lead to COP improvements only at moderate temperatures.
However, with a maximum temperature reduction of 4.9 K at 35 °C the influence on the coolant temperature is very
small. Furthermore, this optimization could not extended the operating range of the circuit above 35 °C.
The increase in air/coolant heat exchanger size leads to promising results. The cooling COP increases significantly
for all ambient conditions, especially at higher temperatures above 30 °C. This is caused by the massive decrease of
the coolant temperature. The reduction is 10.9 K at an ambient temperature of 30 °C and even 30.9 K at 35 °C. This
strong temperature reduction leads to another advantage: the air conditioning system can now operate up to an
ambient temperature of 40 °C. The condensing pressure is 31.0 bar then. However, it has to be evaluated whether a
larger heat exchanger can be integrated in a microcar.
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Figure 7: Optimization results: a) cooling COP, b) coolant temperatures.

To classify these results, a separate simulation with a direct system (cf. Figure 2c) was performed. For this purpose,
the chiller and iCond, respectively, was replaced by an air/refrigerant heat exchanger with the same mesh
dimensions like the original air/coolant heat exchanger. The results for this comparison are shown in Figure 8. The
left side (8a) illustrates the COP for all investigated variants: the circuit with one secondary loop (base circuit, dark
blue curve), the two optimizations (orange and green curves) and the direct system (light blue curve). On the right
side (8b) the corresponding condensation and evaporation pressures are displayed.
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Figure 8: Comparison to a direct system: a) heating/cooling COP, b) condensation and evaporation pressures.
These results make clear, that an optimized circuit with one secondary loop can nearly reach the cooling COP of a
direct system. Due to the increased air/coolant heat exchanger size the COP is even better at very high temperatures.
In addition, both optimizations could be combined, leading to an even further increase in efficiency. The
condensation pressure of optimization 2 in cooling mode is slightly higher compared to the direct system. At very
high temperatures, however, the condensation pressure is even a bit lower which is caused by the already mentioned
smaller heat exchanger size of the direct system. The condensation pressure in heating mode and the evaporation
pressure in cooling mode are nearly constant for all systems, since there is no change in the HVAC heat exchanger
over all variants. In heating mode, the evaporation pressure of the direct system is obviously higher than with any
indirect system, since there is no additional heat transfer from the coolant to the refrigerant.
Furthermore, the results show that in heat pump mode even the standard circuit with one secondary loop has only
minor disadvantages in comparison with the direct system. The heating COP difference is about 0.2. However, the
use of a separate coolant loop makes it possible to position the air heat exchanger more flexible in the vehicle. In
addition, other water-cooled components (e.g. electric motor) could be integrated in this circuit.
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5. CONCLUSION AND OUTLOOK
At first, this contribution compares different refrigerants and evaluates several system concepts for a propane (R290)
based air conditioning and heat pump concept in electric driven city cars and microcars. Then, an exemplary
microcar is modelled and simulated by means of a passenger compartment simulation model. The results of this first
calculation are the required heating and cooling capacities as well as the corresponding cabin air inlet temperatures
in dependence of the ambient temperature. Afterwards, a refrigerant and coolant circuit simulation is performed for
a system layout with one secondary loop. The results make clear, that a propane based heat pump system can be
used to heat up the passenger cabin even for very low temperatures like -20 °C at a heating COP of 1.69.
In cooling mode, the simulations made clear that the dimensioning of the air/coolant heat exchanger is the key value
for the overall performance of the system. With the basic heat exchanger, the system is working up to an ambient
temperature of 35 °C. By increasing the size of the heat exchanger, even at 40 °C a cooling COP of 1.69 can be
achieved for a worst-case scenario where the car is standing still and only the fan realizes the heat exchanger
airflow. Of course, the same result could be also achieved with an increased airflow at this heat exchanger.
However, the consequential acoustics must be evaluated in this case. A further optimization approach is a
combination of the increased air/coolant heat exchanger size together with an increased refrigerant/coolant heat
exchanger size.
With an optimized system with one secondary loop, the COP difference to a direct system can be reduced to around
0.2, thereby equaling the level at which both systems operate. However, an indirect system makes it possible to
position the air heat exchanger more flexible in the vehicle. Other water-cooled components (e.g. electric motor)
could be integrated in this circuit, too.
Since the refrigerant R290 is highly flammable, the allowed filling mass is limited. However, all simulated circuits
do not exceed the 150 g limitation. For the system layout with one secondary loop, the required mass is 60 g.
As a next step, the system will be built up on a test bench in order to validate the simulation results and to get some
practical experiences with a propane based refrigerant circuit. Moreover, de-icing strategies for the ambient air heat
exchanger will be developed. Afterwards it is our target, to equip a microcar with this air conditioning and heat
pump system to evaluate the system behavior in the vehicle. This will be combined with further thermal measures
that were already simulated using the passenger compartment model, e.g. a heated windshield, a panel heating and a
special glazing.

NOMENCLATURE
h
p

specific enthalpy
pressure

(J/kg)
(Pa)

ρ
T

density
temperature

(kg/m³)
(°C)
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