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ABSTRACT There has been a significant increase in demand for electric vehicles (EVs) in recent times
due to existing environmental situations and an ever rising concern for energy. Due to the electrification
of transportation and customer requirement, there is a concentrated focus on vehicle performance of EVs
as a prime criterion. Amongst performances, range anxiety caused by the poor energy densities of the
batteries, is one of the major drawbacks in these EVs. Possible mitigation for these scenarios includes,
increasing the battery capacity, using dual energy sources and/or optimising the energy demands. After the
propulsion system, auxiliary systems have an immense impact on the energy demands, the most significant
being the heating ventilation and air-conditioning (HVAC) unit. With that in mind, this study develops a
thermal model to analyse the required HVAC power for varying vehicle specifications. To benefit from the
simplicity and versatility of one-dimensional (1D) numerical models, the passenger cabin of a city bus was
modelled in Matlab Simulink. Next, empirical relations were employed to take external convection, wall
conduction, solar radiation and passenger heat generation into account. Additionally, the influence of the
forced internal convection of the conditioned air flow in the passenger cabin was modelled and analysed in
a three-dimensional (3D) CFD simulation and then transferred into the 1D model. The results of the CFD
simulation were also used to validate the 1D model in early stages of development. The model was then
used to examine the effect of insulation and reflectivity optimization on the HVAC power consumption at
different vehicle speeds. To the best of our knowledge, the model developed in this paper can be used to
evaluate the required HVAC power, thus maintaining a required cabin temperature for various heavy vehicle
specifications as well as boundary conditions.

INDEX TERMS Heating, ventilation and air conditioning, vehicle HVAC, heavy duty electric vehicle, bus
cabin model, thermal modeling.

I. INTRODUCTION
Due to the impending shortage of fossil fuels and increas-

as well. While the majority of trains are already electri-
cally driven, most passenger buses are still equipped with

ingly stricter exhaust regulations around the globe, the global
annual electric vehicles (EV) sales has increased by the factor
of ten from 134 thousand in 2012 (0.07% vehicle market
share) to 1.281 million in 2017 (1.34% market share) [1].
The increasing demand for electric drivetrains [2], [3] applies
not only to private transportation but also to public transport
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conventional combustion engines. One of the factors is the
limited range and in turn the versatility of the electric drive
train [4]. While the energy consumption of auxiliary equip-
ment marginally influences the range of conventional vehi-
cles, it is critical in the scenario of EVs. While several
studies have focused on the the planning/optimization of
renewable integration (e.g., [5], [6], [7]) in order to accom-
modate Electric Vehicle, another aspect that needs to be
critically addressed fpr this given scenario is the need/desire
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to reduce the power consumption of the auxiliary systems.
In this context, the most significant is the heating, ventilation
and air conditioning (HVAC) system which can reduce the
cruising range of battery electric vehicles (BEVs) by up to
22% depending on drive cycle and climate conditions [8],
[9], [10], [11], [12]. In particular due to the disadvantageous
initial cabin temperatures (i.e. after parking in the sun) the
range can even be reduced by 68% [13].

One key element in achieving the HVAC power reduction is
avoiding the use of an oversized HVAC unit in the first place.
The second approach includes the thermal optimization of
the vehicle itself, by implementing measures such as increas-
ing the use of insulation materials, reflective paints, etc.
To include these two considerations at an early state stage in
the design process of a new vehicle and to avoid high costs for
prototyping and testing, numerical modelling and simulation
of the vehicle and thereby predicting its thermal performance
is necessary. The thermal model introduced in this study
aims to serve the purpose mentioned above. It can be used
to either identify the necessary HVAC system capacity for
new vehicle designs or to assess the efficacy of different opti-
mization approaches to reduce the HVAC power requirement.
A similar thermal model was developed by Jefferies et al.
to analyse the life cycle costs of different HVAC systems
for a city bus in middle European climate [14]. A one-
dimensional (1D) energy balance model of the bus passenger
cabin was used to evaluate heating and cooling demands for
the HVAC unit. The cabin was modelled as one volume with
uniform temperature distribution. All heat transfer processes
and thermal loads were based on analytic relations. A detailed
HVAC unit model (including vapor compression cycle, elec-
tric resistance heater, etc.) was used to evaluate the power
demand. Paulke et al. [15] conducted a three-dimensional
(3D) CFD simulation to predict passenger comfort in a city
bus, and the HVAC power demand to enforce a constant
cabin temperature based on various boundary conditions was
successfully evaluated. CFD simulations have also been used
by Patil et al. [16] to validate a 1D solar heating model of
a standing car and by Zhang et al. [17] to predict the tem-
perature and airflow distribution in the driver cabin of a
truck. Kusiak et al. [18] proposed a data-driven approach to
model and optimize the HVAC energy consumption of build-
ings by using data-mining and particle swarm optimization
algorithms, thus avoiding detailed modeling of the physical
principles. Perez-Lombard ef al. [19] introduced an energy
map for building HVAC systems based on energy balance to
identify the energy-saving potentials at different stages of the
HVAC energy chain. There have also been studies performed
by Jari et al., [20] as well as Irfan et al., [21] who focused on
energy demand prediction in different operating conditions
using surrogate and regression-based models, respectively.
Additionally, Amier and Fangming [19] recently provided
an overview of different numerical models for EV energy
demand predictions with a focus on equivalent circuit models.

Compared to the current state-of-the-art, the 1D model
described in this paper differs from the previously mentioned
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approaches, as it utilizes a combination of analytical relations
and CFD inferred heat transfer coefficients to model airflow
and heat flux through the passenger cabin, the air ducts,
and the HVAC unit, thus combining the accuracy of a CFD
simulation with the versatility and reduced computing time of
a one-dimensional model. As the duct and cabin volumes are
divided into separate regions and the positions of air vents are
specified, the non-uniform temperature distribution within
the volumes is taken into account. The overall contribution
of the paper are:

1) Exploring the novel technique of coupling 3D CFD
simulations with 1D simulations to achieve results that
are accurate and reliable while avoiding reliance on
costly physical testing and developing a modular math
based system model.

2) Developing methods and tool by relying mainly on a
1D model as the main solver and being used effectively
as a parametric tool to perform quick performance and
efficiency studies for various factors influencing per-
formance of EV and HVAC systems such as human fac-
tors, environmental factors, material properties, vehicle
operating conditions etc.

3) Generating a 1D tool capable of providing accurate
reliable results based only on preliminary design and
verification parameters, thus enabling the math based
tool to be easily adopted for application across a wide
range of systems and domain.

4) The main contribution of the tool is its ability for faster
turn around of design, optimisation and verification
tasks and it’s agility to be applied across a wide range
of domains due to its inherent simple block and math-
based architecture.

The rest of the paper is organized as follows.At first, this
paper deals with the fundamentals of vehicle HVAC systems
in general and bus HVAC systems in particular. In the next
step, the method to infer heat transfer coefficients (HTCs)
from a CFD simulation and the corresponding CFD model
are addressed. Next, the paper discusses the implementation
of the 1D numerical model. Finally, the developed 1D model
is used to evaluate the sensitivity of the bus HVAC power
demand concerning two optimization strategies.

Il. VEHICLE HVAC SYSTEM FUNDAMENTALS

Vehicle HVAC systems [22] serve to provide a comfortable
cabin climate for the passengers regardless of the ambient
conditions. To maintain this climate, the unit has to com-
pensate any heat and humidity loads on the cabin, i.e. it has
to dehumidify and heat/cool the cabin air. The cabin air
is therefore dragged into the return air inlet of the HVAC
unit. The conditioned air is then distributed from the HVAC
unit via a duct system into the cabin. Some of the thermal
loads enter the vehicle via its boundary surfaces (roof, floor,
walls and windows) without mass exchange. Others come
with the mass exchange between cabin and ambience due to
leakage and open doors or are emitted by the passengers. The
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following list of all processes involved in loading the cabin
air is visualized in Figure 10:

« Solar heating of external boundary surfaces

« Radiation heat exchange between external boundary sur-
faces and ambient objects

o External convection heat exchange between vehicle
body panels and ambient air

« Internal convection heat exchange between vehicle body
panels and cabin air

o Internal convection heat exchange between internal
masses (seats, etc.) and cabin air

o Internal conduction and radiation heat exchange
between vehicle parts (engine, exhaust, etc.) and bound-
ary surfaces

« Passenger heat and humidity loads (acting directly on
cabin air)

« Air exchange between cabin and ambience due to leak-
age, open doors and fresh air intake (heat load and
humidity load)

For their complexity the humidity load as well as the mass
exchange between cabin and ambient air were omitted in the
developed model but are desired to be taken into account by
further research. The engine heat load is neglected due to
low waste heat production by the electric power train in the
analysed vehicle. The internal convection [23] was addressed
in the 1D model by implementing HTC values gained from
the CFD analysis, as this heat transfer mechanism depends
on the geometries and vent positions of the analysed vehi-
cle. All other heat transfer processes were included in form
of analytical relations provided in the standard literature
(e.g. [24], [25]). Details on the implementation in the 1D
model can be found in later in the paper. Different technolo-
gies for vehicle HVAC systems are available. Cooling and
dehumidification is usually achieved by utilizing a vapour
compression cycle. This system can theoretically also provide
a heating function (reversed cycle heat pump). The simplest
implementation of a vapour compression cycle is displayed
shown in Figure 1.

Low Pressure High Pressure

Expansion Valve
Oevap 1T 1 Qcong
Evaporator ’Condenser
Compressor
F N
Wcomp

FIGURE 1. Components and heat flux in a simple ideal vapour
compression cycle.

Details on fundamentals, calculation methods and design
of vapour compression cycles can be found in corresponding
literature (e.g. [26], [27]). Other methods to heat the cabin
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air include electrical resistance heaters and engine cooling
cycle heaters which use the waste heat of a combustion
engine. The latter are optionally equipped with additional
auxiliary heaters and are generally not applicable for electric
buses, as the electric power-train does not provide sufficient
quantities of waste heat. Furthermore, it is not desired to
eliminate the zero local-emission advantage of electric vehi-
cles by implementing fuel powered auxiliary heaters. Both
the electrical resistance heaters and the engine cooling cycle
heaters can be directly mounted in the passenger cabin as con-
vectors or be implemented in the HVAC system. The HVAC
system implemented in the 1D model is the <X — 1000E" unit
manufactured by Thermo King Cooperation, a roof mounted
vapour compression system with electric resistance heating
functionality. The technical specifications of this unit are to
be found in Table 1.

TABLE 1. Technical data of the implemented HVAC unit.

Measure Value
Max. evaporator air flow, Vinax 5100 m3 /h
Max. cooling capacity, Qcooz,max 24 kW
Max. heating capacity, Qheat,max 10 kW
COP of vapour compression cycle, COP,,; 2.1
COP of PTC heater, CO P eqt 1.0

The analysed vehicle is an electric 12.5 metre city bus. The
geometry is based on the “XDil2.5 Metre” bus of Bustech
Pty Ltd.

Ill. EVALUATION OF INTERNAL HTCS FROM CFD
SIMULATION

The main cabin air heat load consists of convection heat
exchange with the vehicle body panels. The resulting heat
flux generally depends on the fluid properties (in this case
air) and the flow situation of the fluid. The cabin air flow is
actively influenced by the conditioned air entering from the
vents, leading to forced convection heat transfer. Analytical
relations for convection are only available for simple fluid
flow scenarios (e.g. parallel flow over a flat plane). As the
flow field in the analysed bus passenger cabin is a complex
scenario, a steady state CFD simulation was conducted to
evaluate the heat transfer. Therefore, a simplified 3D CAD
model of the XDi bus was created and meshed using tetra-
hedral cells. The three main volume regions (cabin, left-hand
side duct and right-hand side duct) were each divided in seven
subregions along the length of the bus to address non-uniform
temperature distribution within the volumes. A schematic of
the used geometry is shown in Figure 2.

After the required mesh quality (maximum skewness <
0.95) was achieved, boundary conditions (as specified in
Table 2) and physical models (as specified in Table 3) were
applied to the CFD model.

Constant temperature boundary conditions were applied to
all cabin surfaces. The temperature of the air flowing into the
cabin was also set as constant. From the steady state solution
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FIGURE 2. Vehicle geometry used, with numbered sub-regions.

TABLE 2. Boundary conditions for the CFD simulation.

Surface Selected Fluid Specification Thermal
Groups Boundary Type Specification, T'(K)
Inlets velocity - inlet v = 3.53m/s (const.) 291.15
Outlet pressure-outlet p = 1e05Pa (const.) 300.00
Roofs wall - 333.15
Walls wall - 323.15
Windows wall - 323.15
Floors wall - 313.15
Seats wall - 313.15
TABLE 3. Physical models selected for CFD simulation.
Model Option
Multiphase Off
Energy On
Viscous (Turbulence) Realizable k-e, Standard Wall Function
Radiation Off
Heat Exchanger Off
Species Off
Discrete Phase Off
Solidification and Melting Off
Acoustics Off
Eulerian Wall Film Off
Electric Potential Off

the heat flow QCFD, wall surface temperature T,,, average
adjacent cell zone temperature T(av, adj) and surface area A
were evaluated for each surface group. Corresponding HTC
values were calculated using the following equation:

Ocrp

A- (Tw - Tav,a dj)
These HTC values were implemented in the 1D model to
replicate the heat transfer characteristics from the CFD anal-
ysis. The air mass flow and corresponding pressure drop for
each vent group were also calculated for implementation in
the 1D model. Additionally, the HVAC return air temperature
and the inlet and outlet energy flux were evaluated for vali-
dation of the 1D model at a later stage.

ey

QCFD =

IV. ONE-DIMENSIONAL VEHICLE MODEL

The one dimensional model was created using the graphi-
cal modelling language Matlab Simulink and the Simscape
extension. The Matlab script programming language was
used to define all model parameters. To begin with, a simple
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model of the system was created with an aim to reproduce
CFD results by validating the transfer of physical behaviour
from the 3D model to the 1D model. This model was further
extended to represent realistic thermal behaviour. The model
contains parameter and logic values. Parameter values repre-
sent geometric parameters, material properties and physical
properties of the system and logic values represent the sys-
tems behaviour. Geometric properties were inferred from the
CAD model and the CFD mesh model, material properties
were based on the material used in the construction of the bus
and physical parameters such as HTCs, pressure drops, mass
flow rates, velocities, temperatures are deduced from the 3D
CFD model. The same boundary conditions as used in the
CFD model (Table 2) were implemented in the 1D model to
validate its response and behaviour. The physical processes
along with the underlying analytical relation form the logic
values which were built into the Simscape model.

Subsystem models were created in Simulink to represent
the physical subsystems such as the cabin, HVAC ducts and
the bus wall. The Simulink model components are allocated
with suitable parametric values in the Matlab workspace and
not hardcoded into the components themselves to preserve
the clarity of the model. Figure 3 shows the interconnected
subsystem models for the different cabin compartments in
the Simulink model. Multiple such interconnections were
built to represent the various volumes into which the cabin is
sub-divided.

Thermal_port_rhs
Air_invent_rhs

Thermal_port_rhs
Air_invent_rhs |-

Air_invent_lhs

Thermal_port_lhs

Thermal_ref

Thermal_port_lhs

Thermal_ref

Air_in2 j Air_in2
Air_in1 Air_out1 Air_out1 Air_in1

Air_invent_lhs'

Cabin1

Cabin2

1

FIGURE 3. Connection between cabin subsystems.

Figure 4 shows the different logic blocks used in the
Simulink model to represent the various aspects of the cabin
subsystems behaviour. Interaction between subsystem com-
ponents like walls, windows, floor and ducts with air volumes
in cabin in the form f air flow and heat flow were modelled.

A similar subsystem model was developed to represent the
HVAC ducts and another subsystem model was developed to
model the air volume contained in both the ducts and the cabin
subsystems to provide a connection between the heat flow and
the air flow. The subsystems are shown in Figure 5 and 6.

The resulting temperature difference between inlet and
outlet boundary was evaluated as 12.59K after time con-
vergence for the 1D model and 12.50K for the 3D model.
Figure 7, 8 and 9 compare the 1D model and CFD model
predictions for heat flux and mass flows and it can be seen
that there is good correlation between the results of the two
models.

After successful validation the 1D model was further
enhanced to implement more realistic thermal behaviour.
Enhancements were achieved by implementing walls with
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FIGURE 4. Simulink model representing the cabin subsystem behaviour.
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Thermal_intern Convective
Heat Treatment
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FIGURE 5. Duct subsystem model.

thicknesses, mass and material properties, external convec-
tive and radiation heat transfer, internal masses in the form of
seats and passenger heat loads. Model enhancements led to
the creation of more models for external convection subsys-
tem, passenger subsystem, wall subsystem and a HVAC unit
subsystem. All addressed physical processes, the methods of
implementation and the underlying analytical relations are
displayed in Table 4. A schematic visualization of all included
processes is displayed in Figure 10.

The intended model use case where the parameter and
logic values were combined, is visualized in the user-model
interaction diagram in Figure 11. Despite the comprehensive
enhancements, several simplifying assumptions are included
in the 1D model. The assumptions made in the development
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FIGURE 6. Custom pipe subsystem model.
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FIGURE 7. Validation results: heat flux from ambience into main vehicle
components.
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FIGURE 8. Validation results: mass flow through vent groups on LHS.

of the model are categorized as the ones requiring fur-
ther research and those that are considered to have neg-
ligible influence on the overall results and hence can be
neglected.
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TABLE 4. Implementation of physical processes in the 1D model.

Physical Process

Implementation

Analytical Relation

Equation Number Origin of Equation

Solar heating Simscape block Rc = Rpncos(C—&)+ Rprrr Eq.2 Equation for heat transfer by solar irradiation
Radiation Simscape block Qu,amb = EwTA (Tf}, — Tfm b) Eq.3 Equation for heat transfer by radiation
Convection General Qu,f = aA (Tw — Tf) Eq. 4 Equation for heat transfer by convection

External HTC Matlab function a=ANu/L Eq.5 Equation for convective heat transfer coefficient
Internal HTC Simscape block a = acrFp Eq. 6 Equation for substituting in Simscape
Conduction Simscape block Qi2=MA(T1 —T») /d Eq.7 Equation for heat transfer by conduction
Qpuss = (166 - 3.8 35 W]
Passenger heat load ~ Matlab function 16°C for Jegpin < 16°C Eq. 8 From literature review [14]
Vrep = Yeabin for 16°C < Jeapin < 28°C
28°C for Yeapin > 28°C
0.25 T User 1D model
Provide basic data: Process:
02r i - geometry
’ — - materials - load data
M - HVAC power
. E - assign data to model
o
‘B) 015} i components
= Provide boundary data: )
z - driving situation - apply logic
« - ambient conditions
& o4l | - passenger quantity - solve model problem
= -
—
Vary optimization data:
0.05F - insulation material/
thickness
- reflectivity of surfaces
° : : : : . S i
2 3 4 5 6 7 Provide results:
RHS vent group Receive results: - HVAC power demand
- judge results - return air temperature
) B - identify new - as static (converged)
FIGURE 9. Validation results: mass flow through vent groups on RHS. optimization ideas value and time curve

HVAC unit

&

Solam \ Return Air ” I
. Fresh Vent
Irradiance Air Flow
Internal| External
Cclw?lt\?gg&lm En:lizgi:n Convection| Convection
B Ne &
Radiation
[C——,> Air Mass Flow
:}Convection Heat Flux
\ Passenger ) I]:Im Radiation Heat Flux

FIGURE 10. Physical processes included in the 1D model (schematic).

The assumptions are listed below:

o HVAC unit modelled as heat flow extraction from recy-
cling air. No detailed model of the vapour compression
cycle. Additionally, the controller parameters not equal
to real system.

o Analytical relations for the external heat transfer pro-
cesses. External vehicle shape assumed as cuboid. Influ-
ence of assumption depending on real vehicle shape.

« Internal convection HTCs only specified for maximum
HVAC air flow. Variation in air flow with time has not
been considered.
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FIGURE 11.

Intended user-model interaction.

Total vehicle volume assumed to be fully enclosed.
No air leakage. No air exchange for open doors.
No fresh air intake in HVAC unit.

Only seats, roof, floor, windows and walls addressed as
internal masses. Other vehicle equipment (grab handles,
etc.) neglected.

Heat emission of the drive train neglected.

Humidity load on cabin air not taken into account.

Negligible influence on results:

Solar irradiance load evenly distributed on all vehicle
sides. Real driving orientation and sun position not taken
into account.

Walls assumed to be flat and uniform. Influence of bus
frame construction on wall conductivity neglected
Passenger heat emission solely dependent on indi-
vidual cabin region temperature. Fluid flow situation
around passenger resulting in convective heat transfer
not addressed.

After enhancement, the 1D model was used to simulate
a basic case to investigate its general behaviour. Therefore
the time curves for air mass flow, return air temperature,
controller difference (temperature difference between return
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FIGURE 12. Time curves of enhanced model results for v = 0 km/h.

TABLE 5. Model parameters for basic case simulation.

Model Parameter Value
Desired cabin temperature 22°C=295.15 K
HVAC unit specifications see Table 1

Simulation time 50000 s

HVAC start time 1000 s

Wall insulation polystyrene, 38 mm

Wall cover aluminium, 2 X 3 mm
Roof insulation polystyrene, 38mm
Roof cover aluminium, 2 X 3 mm

Floor insulation
Floor cover
Window

Exterior surfaces

Ambient air temperature
Solar irradiance (direct normal)

Solar irradiance (diffuse)

Vehicle velocity

fiber glass composite, 15 mm
venyl, 3 mm
float glass, 4 mm
white lacquer
28.7°C = 301.85K
761.5W
259.13W
[0, 30,50, 80)km/h

air and desired cabin temperature) and the HVAC heat-
ing/cooling power were evaluated (see Figure 12) for the
model specifications detailed in Table 5.

The specified solar radiation loads and ambient air tem-
perature were evaluated for an average day in Melbourne,
Australia. As can seen from the time curves, the mass flow
converged almost immediately. At the beginning, the return
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air temperature rose continuously, while the HVAC power
remained zero. This process represents the heating of the
bus components from the initial temperatures due to the
disabled HVAC unit. At + = 1000s the HVAC unit controller
was switched on, thus leading the HVAC power to rise to
its negative maximum of 24 kW. In the following time the
return air temperature was controlled by the HVAC unit
to meet the desired cabin temperature. After approximately
35000 seconds the influence of the preheating had subsided,
so that a static cooling power of 9.607 kW was required to
maintain the return air temperature on the desired level. The
qualitative course of the displayed curves appears realistic.
The simulations were also the basis for the sensitivity analysis
conducted later.

V. SENSITIVITY ANALYSIS

To reduce the static HVAC energy demand while maintaining
a constant cabin temperature, three basic approaches will be
applicable:

« Improve insulation braess2011vieweg [28]

« Improve reflectivity (i.e. reduce absorptivity) of exterior
surfaces [28]

« Reduce air losses (chassis leakage, air exchange through
open doors)

As air exchange between the cabin and the ambience was
not included in the created 1D model, only the first two
options were conducted. The insulation improvement can be
achieved by enhancing the insulation thickness (as conducted
for this analysis) or by using materials with lower thermal
conductivity. Absorptivity reduction can be applied to wall
surfaces by painting or coating and to window surfaces by
coating or utilizing a different glass type. In order to address
the insulation and absorptivity improvement, the optimization
factors were introduced for both system qualities. A factor of
1.0 equals 100% of the value used in the basic case simu-
lation. Absorptivity and insulation were both varied by 10%
of the basic values. The absorptivity factor impacts exterior
surfaces, i.e. roof, windows, walls and floor. The insulation
factor on the other hand applies only to the insulation layer
thickness in every wall thereby not changing the insulation
properties of windows.

All combinations of these variations were simulated for
vehicle velocities of v = [0, 30, 50, 80] km/h. The resulting
simulation plan with the respective predicted absolute HVAC
power consumption is displayed in Table 6.

The resulting static HVAC power demand for all simulation
cases are displayed over the vehicle velocity in Figure 13.

As can be seen, the HVAC power demand decreases with
increasing vehicle speed. This occurs due to the rising heat
transfer coefficient at the exterior vehicle surfaces for higher
free stream velocities. All optimization approaches had a
similar impact on the HVAC power consumption regardless
of the vehicle speed.

Figure 14 to Figure 17 show the resulting HVAC power
reductions for all analysed specifications. The colour of each

96245



IEE E ACCGSS A. Kulkarni et al.: Numerical Model to Evaluate the HVAC Power Demand of Electric Vehicles

—5—A100-1100
—H=—A90-1100
A80-1100
—=—A100-1110
— & A100-1120

9.5

8.5 — - A90-110 |
—=— A80-1120
8 —H&—A90-1120 |

—=—A80-1110

required HVAC power [kW]
~
(5,

0 10 20 30 40 50 60 70 80
vehicle velocity [km/h]

FIGURE 13. Resulting static HVAC power demand over vehicle velocity for
all specifications.
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FIGURE 14. Static HVAC power demand for all specifications at
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FIGURE 15. Static HVAC power demand for all specifications at
v =30 km/h.

field and of the corresponding colour scale refers to the rel-
ative power reduction. The values within each field indicate
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FIGURE 17. Static HVAC power demand for all specifications at
v = 80 km/h.

the absolute static HVAC power demand, the achieved rel-
ative reduction (corresponding with the field colour) and
the achieved absolute power reduction. All power reduction
values (absolute and relative) are provided with respect to
the power demand without any optimization, i.e. insulation
factor = absorptivity factor = 1.0, for the specific vehicle
speed. As expected the most significant power reduction
occurred for the combination of maximum insulation and
minimum absorptivity at all vehicle velocities. Higher rela-
tive and absolute power reductions were achieved for lower
vehicle speeds. This can be lead back to the corresponding
higher HVAC power demand for these driving situations.

The HVAC power demand is found to be more sensitive
to the absorptivity than the insulation at all vehicle speeds.
This can be traced back to the fact that the insulation fac-
tor only impacts the insulation layer thicknesses, while the
absorptivity factor is applied to all exterior surfaces, including
windows.
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TABLE 6. Simulation plan to evaluate sensitivity for absorptivity and
insulation, with absolute results.

No. Name Abosrptivity Insulation HVAC power [kW] at: (km/h)
90% 80% 110%  120% 0 30 50 80
0 A100 — 1100 - - - - 9.607 6.943 6.279 5.746
1 A90 — 1100 X - - - 9.157 6.622 6.016 5.536
2 A80 — 1100 - X - - 8.671 6.289 5.746  5.322
3 A100 — 1100 - X - 9.382 6.802 6.160 5.644
4 A100 — 1120 - - - X 9.189 6.682 6.059 5.557
5 A90 — 1110 X - X - 8.941 6.489 5903 5.439
6 A80 — 1120 - X - X 8.289 6.056 5.548  5.151
7 A90 — 1120 X - X 8.755 6.375 5.807 5.356
8 A80 — 110 X X - 8.466 6.163 5.639 5.229

VI. EPILOGUE

The one-dimensional model introduced in this paper is suit-
able to analyse the static HVAC power demand for any vehicle
specification under the limitation that the exterior vehicle
shape does not significantly differ from that of a cuboid.
Vehicle geometries, materials and boundary conditions can
be edited manually by the user to estimate the HVAC power
demand for a new vehicle, identify effective optimization
strategies and gain understanding of each parameter’s impact.

The conducted simulations showed that the HVAC power
demand significantly depends on the vehicle velocity. Fur-
thermore, it could be seen that for the analysed case the
HVAC power is more sensitive towards the exterior surface
absorptivity (Radiation factor) than the insulation thicknesses
(conduction factor) at all vehicle speeds. However, this may
vary for other vehicle specifications and boundary conditions.
The appropriate choice of optimization strategy by the indi-
vidual manufacturer depends mainly on the corresponding
economic factors, i.e. increasing material and/or manufactur-
ing prices to apply the analysed improvements. The devel-
oped model only provides an estimation of the effect of these
optimizations.

In order to guarantee validity of the simulation results and
the model itself, further extensive research in this domain is
required. Specially, physical testing is highly encouraged to
validate the current model.

Furthermore, the model requires additional enhancement
to eliminate the many assumptions. This mainly includes
accounting air humidity, accurate HVAC unit modelling,
addressing air exchange and analysing internal heat transfer
for different HVAC air mass flows.
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