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Abstract. The development and commercialization of hybrid and electric vehicles have been drastically increased over
the past years. This new endeavor presents several benefits, such as the reduction of direct emission of polluting gases,

but also brings challenges related to the efficient use of energy stored in batteries. Among the different subsystems

present in hybrid vehicles, the climate control system has a very significant effect on energy consumption. For this reason,

the main purpose of this paper is to develop a steady-state mathematical model for an automotive air conditioning system,

and use it to identify energy efficiency opportunities. The heat exchangers have been modeled based on a distributed
approach, according to which each tube of the heat exchanger was divided into nonoverlapping control volumes. Heat
transfer, for each element, is calculated considering average properties among inlet and outlet conditions, and the total
heat transfer is the sum up of those calculated at each control volume. The compressor model is based on semi-empirical
equations, where data from a compressor catalogue was used to determine the fitting coefficients. In order to simulate

the AC system cooling mode, both condenser subcooling and evaporator superheating were imposed while an isenthalpic
expansion device was considered. Based on geometric input data to heat exchangers, such as total heat transfer area
and refrigerant circuitry, a Newton-like method is used iteratively to obtain the output parameters. Mathematical
convergence is obtained when the heat transferred in heat exchangers are equal to the heat calculated over the
refrigeration loop with superheating and subcooling degrees imposed. As a result, the model comes out with the heat
exchanger temperature profile and heat duty, the working pressures, the compressor power and the coefficient of
performance (COP). The simulations results show that a decrease in the compressor speed from 6000 rpm to 3000 rpm

increases the COP by approximately 50%. In addition, it was observed that the latent heat load exceeds the sensible one
when the air dry-bulb temperature is 35°C and the relative humidity exceeds 55%, considering the SAE J2765 L35
conditions.
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1. INTRODUCTION

The commercialization of electric and hybrid vehicles has increased in recent years, being accompanied by
technological development and energy regulations associated with this new segment (IEA, 2022). Although different
technologies are already available, there is a consensus that electric efficiency and battery range extension are mandatory
for the competitiveness of this new platform in relation to internal combustion vehicles.

Besides providing passenger thermal comfort and safety requirements, the air conditioning system in hybrid and
electric vehicles represents a significant amount on energy consumption, therefore, reducing battery range and mileage
operation. Depending on the size of air-conditioning system and the driving pattern, an average of 30-40% decrease in
driving range can occur (Farrington and Rugh, 2000; Lee et al., 2013).

Although the requirements of an air conditioning system for electric and conventional vehicles are the same, there are
differences between its basic design concepts. In a conventional vehicle, a belt driven compressor is commonly coupled
with the engine, thus being dependent on the engine speed. Therefore, the compressor of the air conditioning system may
operate on a higher speed when a low cooling demand is necessary. On the other hand, a compressor driven by DC
electricity is generally used in hybrid vehicles, allowing its speed to be controlled by a frequency inverter. It is also
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observed that swash-plate type compressors are generally applicable to conventional vehicles, while scroll compressors
are more suitable for hybrid vehicles (Zhang et al., 2018).

In order to meet the energy efficiency requirements of the electric car air conditioning system, intensive research and
development activities have been required (Liang ef al., 2021). One way to reduce the time and cost of these activities is
the use of mathematical models capable of simulating the energy performance of the air conditioning system. Ko et al
(2021) developed a transient simulation integrated with the air handling unit and cabin model aiming at evaluating the
effect of the system start-up and cabin pull-down under various thermal load conditions on the power consumption. Feng
and Hrnjak (2016) presented an experimental and numerical analysis of the air conditioning system with a heat pump
cycle, and evaluated heating and cooling capacity in order to figure out the effect of the refrigerant charge imbalance
between cooling and heating modes. Da Silva and Cordoba (2017) developed a steady-state simulation model for an AC
system for a conventional vehicle, which was employed to investigate the effect of evaporator air flow rate and refrigerant
charge on the overall performance.

Although the literature review presents mathematical models for the simulation of air conditioning systems, relatively
few studies were applied to hybrid vehicles. For this reason, this work is aimed at developing a steady-state simulation
model for the air-conditioning system for a hybrid vehicle. The proposed model is able to predict the temperature profiles
and heat duties of the heat exchangers, the working pressures, the compressor power and the coefficient of performance
(COP).

2. AIR CONDITIONING SYSTEM DESCRIPTION

In comparison with conventional vapor cycle systems for vehicular air conditioning applications, the key difference
concerning hybrid vehicles lies on the compressor power supply. Generally, the main source of power supply comes from
the vehicle battery, compressor speed is controlled by an integrated inverter in the compressor body and might be set to
a proper value depending on cooling demand. Figure 1a shows a simplified overview of an air conditioning system, the
cycle structure is composed by four different components: (i) compressor, (ii) condenser, (iii) throttling device and (iv)
evaporator. The corresponding thermodynamic cycle is presented in Figure 1b, where the continuous and doted lines
compares an ideal and real processes, respectively. The process starts on state (1), where low pressure refrigerant enters
the compressor chamber and is compressed to the high-pressure side (2), in this process the refrigerant temperature is
increased while electric power is consumed by the compressor. High temperature and high-pressure refrigerant, then,
enters the condenser and transfer heat to the surroundings, reducing its enthalpy and leaving the condenser as liquid (3).
From the condenser exit, the refrigerant flow enters the throttling device, reducing is pressure on an ideal isenthalpic
process (4). The main differences of the real process represented in Figure 1 bare the fluid refrigerant pressure drop in the
heat exchangers and the presence of superheating and subcooling on states (1) and (3). Finally, in the evaporator, air
transfer heat to the evaporating two-phase refrigerant flow, increasing refrigerant enthalpy and leaving the evaporator the
cycle starts again. It must be noted that, on the evaporator, sensible and latent heat transfer occurs from the air, reducing
not only temperature but also its humidity ratio (Stoecker, 1998).
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Figure 1 - Air conditioning system
3. MATHEMATICAL MODEL

In order to simulate the thermodynamic cycle and its components, a few assumptions were considered: (i) steady-
state simulation, (ii) isenthalpic expansion device, (iii) semi-empirical correlations for compressor volumetric efficiency
and power consumption, (iv) superheating and subcooling imposed.
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3.1 Compressor

A semi-empirical correlation for the compressor volumetric efficiency and power consumption presented by Li
(2013) was used in the simulation. Also, an electric driven compressor datasheet was considered to determine the fitting
coefficients for the model. The following equation was used to determine the volumetric efficiency:

p 1/k
Nyrer = b1 + by ((Ps(l—jdp)) ) ()

Where 7, ¢ is the volumetric efficiency at a specified speed, P, the discharge pressure, Py the suction pressure, dp
the pressure drop inside the compressor, b; and b, the fitting coefficients. Compressor power consumption is described
by the following equation:
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Where P, is the suction pressure, V; the displacement rate, k the isentropic coefficient, W, the compressor power
consumption at a specified speed, W, the constant loss due to electro-mechanical and the fitting coefficients represented
as a4, a, and a3. For different compressor speed a polynomial equation was adjusted by the author, resulting in the
following equations for the volumetric efficiency and compressor power consumption:
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3.2 Condenser
A discrete model was considered in the condenser mathematical modeling, where the outlet condition of a control
volume is the inlet condition for the following control volume. Average properties of the refrigerant and air were also

considered during the heat transfer analysis. To determine the total heat transfer of each control volume, the effectiveness-
NTU method was considered (Shah, Ramesh K and Sekulic, 2003), where the following equations were used:

Q = ngax Q)

NTYO22
e=1—exp <—C—(exp(—CrNTU°'78) - 1)) (6)
T

Fin efficiency and surface efficiency were also considered into the analysis, the method is briefly described by Shah
and Sekulic (2003).
For each fluid, an energy balance can be obtained, resulting in the following equations:

Qcond = mr(hr,in - hr,out) (7)
Qcond = mair(hair,out - hair,in) (8)

Table 1 summarizes the correlations used in the numerical model for the heat transfer and friction factor coefficient.
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Table 1 — Air and refrigerant correlations

Air side correlations

Colburn factor (Chang and Wang, 1997)

Friction factor coefficient (Chang et al., 2000)

Refrigerant correlation — vapor and liquid region

Heat transfer coefficient (Petukhov, 1970)

Pressure drop (Churchill, 1977)
Refrigerant correlation — two-phase region

Heat transfer coefficient (Shah, Mirza M., 2016)

Pressure drop (Kim and Mudawar, 2013)

3.3 Evaporator

While on the air side of the condenser only sensible heat transfer occurs, latent heat transfer due to the vapor
condensation in the air might take place on the evaporator. To consider this part of the heat analysis, an equivalent dry
bulb temperature approach developed by Wang and Hihara (2003) was considered, the model was validated with
temperatures between 22 and 36 °C, relative humidity from 20 to 75 % and Reynolds number between 500 and 4000. The
results predicted both cooling capacity and vapor condensate with a deviation lower than 10 %.

With the inlet equivalent dry bulb temperature, the mathematical analysis uses the same set of equations as the
condenser to obtain the heat transfer for each control volume, despite using moist air thermodynamic properties. The total
heat is the sum up of both sensible and latent portion:

Qevap = Qsen + Qlat )

It can also be described in terms of the thermodynamic properties involved in the process:

Qevap = maircp,air (Tair,in - Tair,out) + mairhlv (wair,in - wair,out) (10)
3.4 Simulation procedure

In order to simulate the air-conditioning system, two more equations are necessary to solve for the working pressures.
These equations are the global mass balance and the equality among compressor and expansion valve mass flow. It is
known that the inclusion of these equations might carry out numerical instability (Gongalves et al., 2009), to overcome
such issue the condenser subcooling and evaporator superheating were imposed into the analysis. With this assumption,
the outlet refrigerant enthalpy for each heat exchanger can also be determine and the following set of equations are
included into the model

QH =1m, [hr,in - hr,out (ATsc)] (11)
QL =m, [hr,out (ATsh) - hr,in] (12)

The solutions of the pressure distribution on the evaporator and the condenser are obtained when Egs. (11) and (12)
converge to the same result as Eqgs. (7) and (10), respectively. The algorithm procedure is described in Figure 2.
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Figure 2 - Algorithm procedure

4. RESULTS

Data from the compressor catalogue was used to determine the fitting coefficients for Eqs (1) to (4). The catalogue
available only provided cooling performance and COP values, power consumption values were then calculated based on
each set of data. Due to a lack of power consumption data, the W, value was set to zero, therefore, the entire power
available to the compressor was used during the compression phase and no mechanical nor heat loss were considered.
The fitting coefficients are presented in Table 2.

Table 2 - Fitting coefficients

Variable Value Variable Value
a; 0.4131 by 1.0629
a, 0.8938 b, —0.0421
as 1.9556e06 dp 0

Wipss 0 d, 0.8279
e, 1.2549 d, 0.2761
e, —0.3159 ds —0.0993
e 0.1340 — —

A good agreement between the fitted equation and the experimental data was obtained, for the mass flow all the
calculated values were within =10 % error band and for the compressor power 76 % of the data were within +10 %. Figure
3a shows the predicted mass flow rate while Figure 3b presents the compressor power consumption.
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Figure 3 — Comparison among compressor experimental and numerical data
The analyses were performed considering the SAE J2765 (2017) technical standard that establishes procedures to
determine system COP on a test bench, the document also specifies inlet air conditions for different test configurations.

Otherwise specified, the analyses below considered the parameters listed in Table 3.

Table 3 — Simulation parameters

Parameter Value

Ambient temperature 35°C
Compressor speed 1800 rpm

Condenser air inlet temperature 35°C

Condenser air face velocity 2 m/s

Evaporator air inlet temperature 35°C

Evaporator air inlet humidity 40 %
Evaporator air mass flow 9 kg/min

Target air temperature

3°C
downstream evaporator

Figure 4 shows the sensibility of the mathematical model to the number of elements used to discretize the heat
exchangers. It is known that a low number of elements can lead to poor results besides providing a faster simulation run
time, while a large number of elements proceed to better results although a higher run time occur. Figure 4a presents the
deviation of the heat exchanger heat duty and compressor power on the system performance, for a low number of elements
per tube a higher deviation is obtained although not being a significant deviation in terms of absolute value. Figure 4b
shows the working pressure deviation, it can be noted that the condensing pressure is more susceptible to variations due

to the number of elements per tube. Considering the data below, a number of elements higher than five is desirable to be
selected, where deviations lower than 1 % are obtained.
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Figure 4 — Sensibility analysis of the number of elements per tube
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One of the main characteristics of a hybrid vehicle is the independency of the compressor speed in relation to the
engine speed, which provides opportunities for energy saving. Figure 5 shows the evaporator heat duty as a function of
the compressor speed while the evaporating and condensing pressures were set to vary in order to a subcooling and
superheating to be obtained. It can be noted that the total heat duty increases with an increase to the compressor speed,
although part of the total heat duty corresponds to latent heat due to the decrease of the evaporating temperature and
consequently increase on condensation of water vapor. From 1000 to 8000 rpm the total heat duty is about four times
higher yet the sensible heat duty only doubles itself, the excess is due to the latent heat part.

It can also be seen that the ratio between the latent heat to the total heat is 0 % at 1000 rpm, goes up to 30 % at 4000
rpm and reaches a maximum of almost 40 % at the highest speed, therefore, only 60 % of the cooling capacity is
accountable for the sensible heat transfer.
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Figure 5 — Cooling capacity as a function of compressor speed

Figure 6 shows the air outlet temperature as a function of the compressor speed. As expected, the increase of the
compressor speed results in a decrease of the air temperature. It is observed that the air reaches the condition of 3 °C,
presented in Table 3, when the compressor speed is close to 8000 rpm.
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Figure 6 — Evaporator air outlet temperature as a function of compressor speed

Figure 7 shows the simulated results of heat duty (Qeyap) power consumption (ch) and COP as a function of the
compressor speed. Although the evaporator heat duty increases with a higher compressor speed, the system COP
decreases due to a higher increase in compressor power. At maximum speed the system can reach a COP of 2.5, which
still can be considered an adequate value, with a cooling capacity of approximately 7500 W. For low speed the system
can achieve COP values up to 7 although only 2000 W cooling capacity is available. Figure 7 also shows that the
compressor speed has a significant impact on the system COP. For instance, a decrease from 6000 rpm to 3000 rpm
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increases the COP from 2.95 to 4.45, which represents a change of 51 %. This result shows that the compressor speed
control is an effective method to increase the system energy performance.
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Figure 7 — Air conditioning system performance as a function of compressor speed

A common issue to the system is the presence of water vapor in the air, an excessive humidity deteriorates the sensible
heat transfer accountable to reduce the air temperature in the vehicle. Such issue must be covered by the entire system
considering that vehicles are susceptible to operate in any kind of conditions over its lifespan. Figure 8 shows the
evaporator heat duty while the evaporating and condensing pressures were also set to vary for a compressor speed of 6000
rpm. As can be seen, the total heat duty increases with an increase in the relative humidity despite that the sensible heat
transfer decreases during the process, as consequence the latent heat becomes higher while the water vapor condensation
process intensifies. The latent and sensible heat duty becomes equal value for approximately 55 % relative humidity,
while for 100 % relative humidity the latent heat duty is accountable for, approximately, 72 % of the total heat duty.
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Figure 8 — Cooling capacity as a function of relative humidity

Even though the sensible heat transfer decreases with the increase in the inlet air relative humidity, the system COP
increases as can be seen in Figure 9. In fact, the total heat duty becomes higher as the relative humidity increases, however,
it cannot be analyzed as a separated output due to the fact that the air conditioning system must cover not only the heat
duty but also the air outlet temperature.
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Figure 10 shows the air outlet temperature as a function of the inlet air relative humidity for a compressor speed of
6000 rpm, is notable that a high relative humidity deteriorates the condition of the outlet air. Also, depending on the
external ambient conditions and the passenger demand, the air conditioning system could not be able to achieve the
required cabinet temperature. The system is capable to attend SAE J2765 (2017) conditions up to about 25 % relative
humidity, higher than that the AC system considered in this study cannot achieve temperatures below 3 °C.
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Figure 10 — Evaporator air outlet temperature as a function of relative humidity

5. CONCLUSIONS

A steady-state air conditioning system model was presented in this paper, the model was developed based on
thermodynamics principles and empirical correlations. A Newton-Raphson like method was implemented to solve for the
system model while a successive substitution method was used to solve for the heat exchangers discretized model. It was
noted that an optimum number of control volumes per tube in the heat exchangers method can be obtained to reduce
machine execution time while a proper convergence error can also be attained, a minimum of 5 elements per tube was
identified as a proper value where deviations less than 1 % can be achieved.

The effect of the compressor speed on the main parameters of the air conditioning system was also investigated. The
cooling capacity becomes higher as the compressor speed increases, while the system COP decreases due to the increase
in compressor work power. It was observed that a decrease from 6000 rpm to 3000 rpm increases the COP by 50%,
showing that the compressor speed control is an effective method to increase the system energy performance. Although
the cooling capacity increases, part of the heat duty is due to the latent heat that occurs in the dehumidification process.
The simulated AC system can deliver cooling capacity up to about 7500 W at 8000 rpm although only 60 % is accountable
for the sensible heat transfer. Also, considering the SAE J2765 (2017) requirements, the required air outlet temperature
is achieved at a compressor speed close to 8000 rpm.
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Moreover, a sensibility analysis of the effect of the air inlet relative humidity was also evaluated. It was noted that as
the relative humidity increases the total heat duty also increases and the system COP also increases, however, the heat
increase is due to the water vapor condensation. For a high relative humidity, the latent heat is accountable for a vast part
of the total heat duty, as consequence the air outlet temperature increases and might not be able to attend the air
conditioning requirements. The simulated AC system, at compressor speed of 6000 rpm, was able to meet the outlet air
requirements for relative humidity up to 25 %, for relative humidity higher than that the air outlet temperature was higher
than 3 °C and for 100 % relative humidity the latent heat is accountable for almost 72% of the cooling capacity.
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