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Abstract:

This paper presents the experimental validation of component-level models of an air-to-air heat pump used in
a B-segment electric vehicle, based on measurements obtained from a dedicated test bench. The system
consists of three heat exchangers (one outdoor and two in the so-called HVAC unit), a scroll compressor,
valves, and an accumulator. This three-exchanger layout provides cabin cooling, cabin heating, and
dehumidification capability while avoiding refrigerant-flow reversal. The working fluid is R1234yf. This
dedicated test bench was conceived as a didactic platform for teaching technical thermodynamics and vehicle
thermal-management principles. Developed within a project-based learning framework, the bench was
designed, assembled, and commissioned by engineering students, and has since been used as a hands-on
educational tool. In this work, component-level models of the heat pump were developed by students using
Engineering Equation Solver (EES), based on physical modeling approaches. Experimental data collected on
the test bench during laboratory sessions were used to calibrate and validate these models. Comparison
between simulated and measured data demonstrates the ability of the component-level models to reproduce
the system’s performance across different operating conditions, providing a reliable tool for both research and
educational purposes.
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1. Introduction
1.1 Context

Europe’s energy transition is driving the large-scale deployment of electric vehicles (EVs) and promoting low-
carbon energy solutions. Although the transport sector has achieved emission reductions over the past
decades, it remains the largest source of greenhouse gas emissions in the European Union in 2025 according
to the European Environment Agency [1]. The land transport sector has a strong potential for rapid
transformation due to its relatively short operational lifetime compared to power plants [2]. Consequently, there
is a growing interest in the thermal management of EV systems, including Air Conditioning (AC), batteries,
powertrain components, and auxiliary equipment, as these directly impact driving range, component lifetime,
and overall efficiency [3]. AC has become an essential feature for ensuring passenger comfort and safety.
However, in electric vehicles, its use significantly affects battery autonomy, representing a key limitation of the
technology, as highlighted in [4]. Unlike internal combustion engine vehicles, electric motors generate very little
waste heat, meaning that free thermal energy is not readily available for cabin heating. In this context,
reversible heat pumps are now widely adopted in electric vehicles to provide both heating and cooling, offering
higher efficiency than conventional resistive heating systems.

1.2 Motivation and Objectives

From a research perspective, the objective of this work is to develop component-level models of key elements
of an EV reversible AC system, such as the compressor and heat exchangers, and to experimentally validate
them. The reliability of such models depends on their validation under realistic operating conditions. To this
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end, experimental data collected on a dedicated test bench are used to assess the models through direct
comparison between simulated and measured results.

From an educational standpoint, teaching thermodynamics and thermal systems in engineering programs
often remains challenging due to the abstract nature of the concepts and the limited exposure of students to
real systems. To address this issue, the objective is to provide interactive laboratory sessions in which students
develop component-level models of a heat pump cycle and validate them using experimentally acquired data.
Several studies have shown that active and hands-on learning strategies significantly improve student
engagement, conceptual understanding, and knowledge retention in engineering education [5], [6]. In
particular, project-based learning (PBL) has been demonstrated to enhance system-level understanding and
student autonomy [7].

Overall, this work addresses a dual objective: from a research perspective, the development and experimental
validation of component-level models for an EV reversible heat pump system; and from an educational
perspective, the implementation of a project-based learning approach enabling students to connect theoretical
modeling with real experimental data. This creates a mutually beneficial framework for both research and
education.

2. Test bench description

The system studied here is a reversible AC of an EV previously presented in [8]. The system is composed of
three heat exchangers, a scroll compressor, valves, and an accumulator. The refrigerant used is R1234yf. A
solenoid valve system is employed to switch between operating modes, as directly reversing the refrigerant
flow direction is physically impractical. This is due to several constraints: the calibrated orifice tube cannot
operate under bidirectional flow, and the internal heat exchangers of the HVAC system are dimensioned
differently for each operating mode, which prevents reverse operation. Figure 1 and Figure 2 represent the
P&ID of the test bench in heating and cooling modes, respectively.

In cooling mode, the refrigerant enters the compressor as a low-pressure vapor and is compressed to a high-
pressure, high-temperature state. It then flows through the heat exchanger HTX2 without significant heat
exchange, as no air is circulated through it in this mode. The refrigerant subsequently enters the condenser
(HTX1), where it releases heat to the ambient air and condenses into a liquid state. After passing through the
orifice tube (V1), the refrigerant undergoes a pressure drop and becomes a low-temperature two-phase
mixture. It then flows through the evaporator (HTX3), where it absorbs heat from the cabin air and evaporates
before returning to the compressor. An accumulator is placed upstream of the compressor to ensure a
saturated vapor state at its inlet and to prevent liquid refrigerant from entering the compressor. This is
particularly important as superheating cannot be actively controlled in this system, due to the absence of an
expansion valve and the use of fixed orifice tubes. As a result, the accumulator guarantees stable compressor
inlet conditions over a wide range of operating conditions.
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Figure 1. P&ID in cooling mode



In heating mode, the refrigerant is compressed from a low-pressure vapor to a high-pressure, high-temperature
state. It then flows through the indoor heat exchanger (HTX2), where it releases heat to the air and condenses.
The refrigerant subsequently passes through the orifice tube (V2), inducing a pressure drop and forming a
two-phase mixture. Finally, it enters the outdoor heat exchanger (HTX1), where it absorbs heat from the
ambient air and evaporates before returning to the compressor.
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Figure 2. P&ID in heating mode
e HTX1: External heat exchanger Measurements: (noted with a circle)
e HTX2: Inner condenser e Temperature (T)
e HTX3: Inner evaporator e Absolute Pressure (P)
e HVAC: Air conditioning unit of the car o Differential Pressure (AP)
e Cp: Compressor e Current ()
e LT: Accumulator e Flow meter (M)
e E: Electrovalves ¢ Relative Humidity (HR)
e V: Orifice tubes
e F:Airfan Air flows directions are represented by =—p-
e EH: Electric heater
e S: Switch inside the HVAC

All components of the test bench replicate those of a commercially available B-segment electric vehicle
reversible heat pump system. The only exception is the compressor, which is a PWM (Pulse Width Modulation)-
controlled scroll unit with a larger displacement (34 cm?® vs. 27 cm?®) [9]. The test bench allows controlled
operating conditions through two main variables. The compressor rotational speed is adjusted via its duty
cycle. In addition, the outdoor air temperature is regulated using dedicated air conditioning units. The sensors
used in this setup, including their measurement ranges and associated uncertainties, are listed in Table 1.

Table 1. Bench sensors characteristics

Parameter Type Range Accuracy
Temperature Type T thermocouples [-270;370] °C +1K
Pressure Absolute [0;30] bar +0.02 bar
[0;10] bar +0.05 bar
Differential [0;1] bar +2.5 mbar
[0;0.5] bar +5 mbar
Relative humidity Humidity sensor [0;100] % +2% r.h
Working fluid mass flow Coriolis [0;1230] kg/h +0.1% m.v.

DC current Current sensor [0;25] A +0.7% f.s.




3. Methodology and Modelling

Within the framework of a course dedicated to thermal systems, students are tasked with developing and
validating component-level models of a heat pump system. Each student focuses on a specific component,
such as a compressor or a heat exchanger, and develops a physically based model using experimental data
collected during laboratory sessions on the dedicated test bench. The models are implemented in Engineering
Equation Solver (EES) and calibrated through comparison with measured data. In a broader perspective, these
individual models are intended to be integrated into a complete system-level model.

3.1 Heat exchanger modelling approach

The modelling of the heat exchangers (HTX1, HTX2, and HTX3) is based on a simplified moving-boundary
(three-zone) approach adapted from the methodology described in [10]. The level of complexity is intentionally
reduced to make the model suitable for student implementation during laboratory sessions. Students are
required to acquire their own experimental data and use it to develop and parameterize the model of one
selected heat exchanger.

Although the heat exchangers are fin-and-tube heat exchangers, they are modelled as counter-flow heat
exchangers to simplify the analysis. The exchanger is divided into three distinct zones; liquid zone, two-phase
zone and vapor zone. Each zone is characterized by a heat transfer area (4;) and an overall heat transfer
coefficient U;. For each zone, the overall heat transfer coefficient is calculated by considering two convective
resistances in series (refrigerant side and air side):
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The refrigerant-side heat transfer coefficient varies depending on the phase:

e h,;:liquid zone
® h, - two-phase zone

® h,,.vapor zone

These coefficients depend on the refrigerant mass flow rate and are estimated using:
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where

* a,,is the nominal value
e m,,.r is the reference mass flow rate (typically the average of experimental measurements)
e ais an empirical coefficient (initially set to 0,8)

For each zone, the thermal conductance AU is determined using the Log Mean Temperature Difference
(LMTD) method:
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Using the calculated U; and AU;, the corresponding heat transfer area for each zone is obtained:
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The total heat transfer area of the heat exchanger is then expressed as:

Atot = Al + Atp + Av



The nominal heat transfer coefficients (hy; n, Ry tpn, Rryn, he)are notknown a priori and must be calibrated
using experimental data collected by the students during laboratory sessions. The calibration consists in
adjusting the nominal heat transfer coefficients so that the calculated heat transfer area matches the measured
one over all experimental points. During the laboratory session, the students first determine the effective heat
transfer A.rfmeqs from direct physical measurements of the heat exchanger. Then, using the previously
described model and the measured operating conditions as inputs, they compute the corresponding heat
transfer area A.frcqc. Figure 3 presents a schematic representation of the model. The experimental
measurements (shown in blue) are used as inputs for the calibration, the model parameters to be calibrated
(shown in green) are the nominal heat transfer coefficients, and the model output (shown in red) is the
calculated effective heat transfer area A.ff cqic-
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Figure 3. Information diagram of the heat exchanger model. The experimental measurements are shown in
blue, the parameters to calibrate are shown in green and the output in red.

For a given set of parameters, the model is evaluated for each experimental point i, yielding A.¢¢ carc,i- A
global error function is then defined as:

N
error = Z Aeff,meas - Aeff,calc,i
i=1

where N is the number of experimental points.

After calibration of the nominal convective heat transfer coefficients, the model can be used to predict the
exhaust enthalpies of both the refrigerant and the air. Figure 4 and Figure 5 compare the refrigerant exhaust
enthalpies calculated by the model with the corresponding experimental values for all operating points. The
results concern only the heating mode of the reversible AC system. A good agreement is observed between
the simulated and measured values, with all the data points lying within the £10% deviation band, indicating
that the model is able to accurately predict the outlet enthalpies.
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Figure 4. Parity plots of the measured Figure 5. Parity plots of the measured
enthalpies versus the calculated enthalpies enthalpies versus the calculated enthalpies
for HTX2 (heating mode). for HTX1 (heating mode).

3.2 Compressor modelling approach

The compressor is modeled using a semi-empirical approach based on the methodology proposed by [11].
This type of model combines physical relationships with empirical parameters, allowing an accurate
representation of the compressor behavior while remaining suitable for student implementation. The model
uses measured operating conditions as inputs and predicts the refrigerant mass flow rate, discharge
temperature, and compressor power consumption. A schematic representation of the model, including inputs,
outputs, and parameters, is presented in Figure 6.
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Figure 6. Information diagram of the compressor model. The experimental measurements are shown in blue,
the parameters to calibrate are shown in green and the output in red.

The model includes several parameters that must be calibrated using experimental data, namely: AU,,,,;,, AUg,,
AUy, Aear, @, and Wy, o. These parameters account for heat transfer, internal leakage and mechanical losses
within the compressor. The calibration is performed using an optimization-based approach. An objective
function is defined to quantify the deviation between model predictions and experimental measurements. It
includes the normalized errors on compressor power consumption, discharge temperature, and refrigerant
mass flow rate:
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where N is the number of experimental points.

The model parameters are identified by minimizing this error function over the full set of experimental data.
Once calibrated, the model is able to reproduce the main performance characteristics of the compressor under
different operating conditions.

The performance of the calibrated compressor model is evaluated by comparing the simulated outputs with
the corresponding experimental measurements over the full range of operating conditions. Figure 7 to Figure
9 present parity plots for the compressor power consumption, refrigerant mass flow rate, and discharge
temperature, respectively. For the compressor power consumption (Figure 7), the model predictions are in
good agreement with experimental measurements, with most operating points remaining within a £10% error
band. A similar trend is observed for the discharge temperature (Figure 8), where the model accurately
captures the main operating behavior and remains within the same uncertainty range.
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Figure 7. Parity plots of the measured compressor Figure 8. Parity plots of the measured exhaust
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However, a larger deviation is observed for the refrigerant mass flow rate (Figure 9), where the model shows
a reduced predictive accuracy and several points fall outside the £10% error band. This indicates that the
mass flow rate is more sensitive to model assumptions and calibration parameters than the other variables.
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Figure 9. Parity plots of the measured refrigerant versus the
calculated one.



3.3 System modelling

The component-level models developed in this work will be integrated into a complete system-level model of
the reversible heat pump. This model will include additional components such as the accumulator and the
orifice tubes, in order to represent the full cycle behavior. The integration of the different sub-models will be
carried out in a Python environment using the open-source library LaboThApPy [12], developed at the
laboratory. This framework will allow the assembly of the complete system model and the simulation of the full
thermodynamic cycle of the heat pump. Figure 10 illustrates the structure of the complete system model and
the coupling between the different components.
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Figure 10. Solver architecture of the reversible AC. System inputs are in orange, guesses in red, and values
used to determine residuals in pink.

4. Conclusion and Perspectives

This paper presented the development of component-level models of a reversible AC system for an EV, along
with their calibration and experimental validation using data obtained from a dedicated test bench. The
modeling approach focused on key components of the system, namely the heat exchangers and the
compressor. The results show that the proposed modeling approach is able to accurately reproduce the main
performance trends of the system components. In particular, good agreement between simulated and
measured data was obtained for compressor power consumption and discharge temperature, while larger
deviations were observed for the refrigerant mass flow rate. In addition, the heat exchanger models
demonstrated good predictive capability.

From an educational perspective, this work highlights the effectiveness of a project-based learning framework
in which students actively develop, calibrate, and validate models using real experimental data. This approach
enables a strong connection between theoretical concepts and practical applications in thermal system
engineering. Future work will focus on integrating the different component-level models into a complete
system-level model of the heat pump. This will be achieved by implementing the models in a Python
environment and assembling them using the open-source library LaboThApPy. Additional components, such
as the accumulator and expansion devices, will be included to represent the full thermodynamic cycle. This
development will enable more comprehensive simulations and support both research and educational
applications.



Nomenclature

Symbols

A area, md

AU heat transfer coefficient, W/K
heat transfer coefficient, W/(m?2 K)
specific enthalpy (J/kg)

mass flow rate, kg/s

rotational speed, rpm
temperature, °C

pressure, bar

~

heat transfer rate, kW
swept volume, m?3

SO TN =S

electrical power, kW

Subscripts

a air

amb ambient
calc calculated
cd condenser
cp compressor
ev evaporator
ex exhaust

n nominal
r refrigerant
su supply

oT orifice tube
meas measured

Acronyms:
AC  air conditioning

EV  electric vehicle
PBL project based learning
PWM pulse width modulation
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