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

I. INTRODUCTION22

Due to the impending shortage of fossil fuels and increas-23

ingly stricter exhaust regulations around the globe, the global24

annual electric vehicles (EV) sales has increased by the factor25

of ten from 134 thousand in 2012 (0.07% vehicle market26

share) to 1.281 million in 2017 (1.34% market share) [1].27

The increasing demand for electric drivetrains [2], [3] applies28

not only to private transportation but also to public transport29

The associate editor coordinating the review of this manuscript and

approving it for publication was Chandan Kumar .

as well. While the majority of trains are already electri- 30

cally driven, most passenger buses are still equipped with 31

conventional combustion engines. One of the factors is the 32

limited range and in turn the versatility of the electric drive 33

train [4]. While the energy consumption of auxiliary equip- 34

ment marginally influences the range of conventional vehi- 35

cles, it is critical in the scenario of EVs. While several 36

studies have focused on the the planning/optimization of 37

renewable integration (e.g., [5], [6], [7]) in order to accom- 38

modate Electric Vehicle, another aspect that needs to be 39

critically addressed fpr this given scenario is the need/desire 40
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to reduce the power consumption of the auxiliary systems.41

In this context, the most significant is the heating, ventilation42

and air conditioning (HVAC) system which can reduce the43

cruising range of battery electric vehicles (BEVs) by up to44

22% depending on drive cycle and climate conditions [8],45

[9], [10], [11], [12]. In particular due to the disadvantageous46

initial cabin temperatures (i.e. after parking in the sun) the47

range can even be reduced by 68% [13].48

One key element in achieving theHVACpower reduction is49

avoiding the use of an oversized HVAC unit in the first place.50

The second approach includes the thermal optimization of51

the vehicle itself, by implementing measures such as increas-52

ing the use of insulation materials, reflective paints, etc.53

To include these two considerations at an early state stage in54

the design process of a new vehicle and to avoid high costs for55

prototyping and testing, numerical modelling and simulation56

of the vehicle and thereby predicting its thermal performance57

is necessary. The thermal model introduced in this study58

aims to serve the purpose mentioned above. It can be used59

to either identify the necessary HVAC system capacity for60

new vehicle designs or to assess the efficacy of different opti-61

mization approaches to reduce the HVAC power requirement.62

A similar thermal model was developed by Jefferies et al.63

to analyse the life cycle costs of different HVAC systems64

for a city bus in middle European climate [14]. A one-65

dimensional (1D) energy balance model of the bus passenger66

cabin was used to evaluate heating and cooling demands for67

the HVAC unit. The cabin was modelled as one volume with68

uniform temperature distribution. All heat transfer processes69

and thermal loads were based on analytic relations. A detailed70

HVAC unit model (including vapor compression cycle, elec-71

tric resistance heater, etc.) was used to evaluate the power72

demand. Paulke et al. [15] conducted a three-dimensional73

(3D) CFD simulation to predict passenger comfort in a city74

bus, and the HVAC power demand to enforce a constant75

cabin temperature based on various boundary conditions was76

successfully evaluated. CFD simulations have also been used77

by Patil et al. [16] to validate a 1D solar heating model of78

a standing car and by Zhang et al. [17] to predict the tem-79

perature and airflow distribution in the driver cabin of a80

truck. Kusiak et al. [18] proposed a data-driven approach to81

model and optimize the HVAC energy consumption of build-82

ings by using data-mining and particle swarm optimization83

algorithms, thus avoiding detailed modeling of the physical84

principles. Perez-Lombard et al. [19] introduced an energy85

map for building HVAC systems based on energy balance to86

identify the energy-saving potentials at different stages of the87

HVAC energy chain. There have also been studies performed88

by Jari et al., [20] as well as Irfan et al., [21] who focused on89

energy demand prediction in different operating conditions90

using surrogate and regression-based models, respectively.91

Additionally, Amier and Fangming [19] recently provided92

an overview of different numerical models for EV energy93

demand predictions with a focus on equivalent circuit models.94

Compared to the current state-of-the-art, the 1D model95

described in this paper differs from the previously mentioned96

approaches, as it utilizes a combination of analytical relations 97

and CFD inferred heat transfer coefficients to model airflow 98

and heat flux through the passenger cabin, the air ducts, 99

and the HVAC unit, thus combining the accuracy of a CFD 100

simulation with the versatility and reduced computing time of 101

a one-dimensional model. As the duct and cabin volumes are 102

divided into separate regions and the positions of air vents are 103

specified, the non-uniform temperature distribution within 104

the volumes is taken into account. The overall contribution 105

of the paper are: 106

1) Exploring the novel technique of coupling 3D CFD 107

simulations with 1D simulations to achieve results that 108

are accurate and reliable while avoiding reliance on 109

costly physical testing and developing a modular math 110

based system model. 111

2) Developing methods and tool by relying mainly on a 112

1Dmodel as the main solver and being used effectively 113

as a parametric tool to perform quick performance and 114

efficiency studies for various factors influencing per- 115

formance of EV andHVAC systems such as human fac- 116

tors, environmental factors, material properties, vehicle 117

operating conditions etc. 118

3) Generating a 1D tool capable of providing accurate 119

reliable results based only on preliminary design and 120

verification parameters, thus enabling the math based 121

tool to be easily adopted for application across a wide 122

range of systems and domain. 123

4) The main contribution of the tool is its ability for faster 124

turn around of design, optimisation and verification 125

tasks and it’s agility to be applied across a wide range 126

of domains due to its inherent simple block and math- 127

based architecture. 128

The rest of the paper is organized as follows.At first, this 129

paper deals with the fundamentals of vehicle HVAC systems 130

in general and bus HVAC systems in particular. In the next 131

step, the method to infer heat transfer coefficients (HTCs) 132

from a CFD simulation and the corresponding CFD model 133

are addressed. Next, the paper discusses the implementation 134

of the 1D numerical model. Finally, the developed 1D model 135

is used to evaluate the sensitivity of the bus HVAC power 136

demand concerning two optimization strategies. 137

II. VEHICLE HVAC SYSTEM FUNDAMENTALS 138

Vehicle HVAC systems [22] serve to provide a comfortable 139

cabin climate for the passengers regardless of the ambient 140

conditions. To maintain this climate, the unit has to com- 141

pensate any heat and humidity loads on the cabin, i.e. it has 142

to dehumidify and heat/cool the cabin air. The cabin air 143

is therefore dragged into the return air inlet of the HVAC 144

unit. The conditioned air is then distributed from the HVAC 145

unit via a duct system into the cabin. Some of the thermal 146

loads enter the vehicle via its boundary surfaces (roof, floor, 147

walls and windows) without mass exchange. Others come 148

with the mass exchange between cabin and ambience due to 149

leakage and open doors or are emitted by the passengers. The 150
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following list of all processes involved in loading the cabin151

air is visualized in Figure 10:152

• Solar heating of external boundary surfaces153

• Radiation heat exchange between external boundary sur-154

faces and ambient objects155

• External convection heat exchange between vehicle156

body panels and ambient air157

• Internal convection heat exchange between vehicle body158

panels and cabin air159

• Internal convection heat exchange between internal160

masses (seats, etc.) and cabin air161

• Internal conduction and radiation heat exchange162

between vehicle parts (engine, exhaust, etc.) and bound-163

ary surfaces164

• Passenger heat and humidity loads (acting directly on165

cabin air)166

• Air exchange between cabin and ambience due to leak-167

age, open doors and fresh air intake (heat load and168

humidity load)169

For their complexity the humidity load as well as the mass170

exchange between cabin and ambient air were omitted in the171

developed model but are desired to be taken into account by172

further research. The engine heat load is neglected due to173

low waste heat production by the electric power train in the174

analysed vehicle. The internal convection [23] was addressed175

in the 1D model by implementing HTC values gained from176

the CFD analysis, as this heat transfer mechanism depends177

on the geometries and vent positions of the analysed vehi-178

cle. All other heat transfer processes were included in form179

of analytical relations provided in the standard literature180

(e.g. [24], [25]). Details on the implementation in the 1D181

model can be found in later in the paper. Different technolo-182

gies for vehicle HVAC systems are available. Cooling and183

dehumidification is usually achieved by utilizing a vapour184

compression cycle. This system can theoretically also provide185

a heating function (reversed cycle heat pump). The simplest186

implementation of a vapour compression cycle is displayed187

shown in Figure 1.188

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

Details on fundamentals, calculation methods and design189

of vapour compression cycles can be found in corresponding190

literature (e.g. [26], [27]). Other methods to heat the cabin191

air include electrical resistance heaters and engine cooling 192

cycle heaters which use the waste heat of a combustion 193

engine. The latter are optionally equipped with additional 194

auxiliary heaters and are generally not applicable for electric 195

buses, as the electric power-train does not provide sufficient 196

quantities of waste heat. Furthermore, it is not desired to 197

eliminate the zero local-emission advantage of electric vehi- 198

cles by implementing fuel powered auxiliary heaters. Both 199

the electrical resistance heaters and the engine cooling cycle 200

heaters can be directlymounted in the passenger cabin as con- 201

vectors or be implemented in the HVAC system. The HVAC 202

system implemented in the 1Dmodel is the ‘‘X−1000E ′′ unit 203

manufactured by Thermo King Cooperation, a roof mounted 204

vapour compression system with electric resistance heating 205

functionality. The technical specifications of this unit are to 206

be found in Table 1. 207

TABLE 1. Technical data of the implemented HVAC unit.

The analysed vehicle is an electric 12.5 metre city bus. The 208

geometry is based on the ‘‘XDi12.5 Metre’’ bus of Bustech 209

Pty Ltd. 210

III. EVALUATION OF INTERNAL HTCS FROM CFD 211

SIMULATION 212

The main cabin air heat load consists of convection heat 213

exchange with the vehicle body panels. The resulting heat 214

flux generally depends on the fluid properties (in this case 215

air) and the flow situation of the fluid. The cabin air flow is 216

actively influenced by the conditioned air entering from the 217

vents, leading to forced convection heat transfer. Analytical 218

relations for convection are only available for simple fluid 219

flow scenarios (e.g. parallel flow over a flat plane). As the 220

flow field in the analysed bus passenger cabin is a complex 221

scenario, a steady state CFD simulation was conducted to 222

evaluate the heat transfer. Therefore, a simplified 3D CAD 223

model of the XDi bus was created and meshed using tetra- 224

hedral cells. The three main volume regions (cabin, left-hand 225

side duct and right-hand side duct) were each divided in seven 226

subregions along the length of the bus to address non-uniform 227

temperature distribution within the volumes. A schematic of 228

the used geometry is shown in Figure 2. 229

After the required mesh quality (maximum skewness < 230

0.95) was achieved, boundary conditions (as specified in 231

Table 2) and physical models (as specified in Table 3) were 232

applied to the CFD model. 233

Constant temperature boundary conditions were applied to 234

all cabin surfaces. The temperature of the air flowing into the 235

cabin was also set as constant. From the steady state solution 236
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FIGURE 2. Vehicle geometry used, with numbered sub-regions.

TABLE 2. Boundary conditions for the CFD simulation.

TABLE 3. Physical models selected for CFD simulation.

the heat flow Q̇CFD, wall surface temperature Tw, average237

adjacent cell zone temperature T(av, adj) and surface area A238

were evaluated for each surface group. Corresponding HTC239

values were calculated using the following equation:240

αCFD =
Q̇CFD

A ·
(
Tw − Tav,a dj

) (1)241

These HTC values were implemented in the 1D model to242

replicate the heat transfer characteristics from the CFD anal-243

ysis. The air mass flow and corresponding pressure drop for244

each vent group were also calculated for implementation in245

the 1Dmodel. Additionally, the HVAC return air temperature246

and the inlet and outlet energy flux were evaluated for vali-247

dation of the 1D model at a later stage.248

IV. ONE-DIMENSIONAL VEHICLE MODEL249

The one dimensional model was created using the graphi-250

cal modelling language Matlab Simulink and the Simscape251

extension. The Matlab script programming language was252

used to define all model parameters. To begin with, a simple253

model of the system was created with an aim to reproduce 254

CFD results by validating the transfer of physical behaviour 255

from the 3D model to the 1D model. This model was further 256

extended to represent realistic thermal behaviour. The model 257

contains parameter and logic values. Parameter values repre- 258

sent geometric parameters, material properties and physical 259

properties of the system and logic values represent the sys- 260

tems behaviour. Geometric properties were inferred from the 261

CAD model and the CFD mesh model, material properties 262

were based on the material used in the construction of the bus 263

and physical parameters such as HTCs, pressure drops, mass 264

flow rates, velocities, temperatures are deduced from the 3D 265

CFD model. The same boundary conditions as used in the 266

CFD model (Table 2) were implemented in the 1D model to 267

validate its response and behaviour. The physical processes 268

along with the underlying analytical relation form the logic 269

values which were built into the Simscape model. 270

Subsystem models were created in Simulink to represent 271

the physical subsystems such as the cabin, HVAC ducts and 272

the bus wall. The Simulink model components are allocated 273

with suitable parametric values in the Matlab workspace and 274

not hardcoded into the components themselves to preserve 275

the clarity of the model. Figure 3 shows the interconnected 276

subsystem models for the different cabin compartments in 277

the Simulink model. Multiple such interconnections were 278

built to represent the various volumes into which the cabin is 279

sub-divided. 280

FIGURE 3. Connection between cabin subsystems.

Figure 4 shows the different logic blocks used in the 281

Simulink model to represent the various aspects of the cabin 282

subsystems behaviour. Interaction between subsystem com- 283

ponents like walls, windows, floor and ducts with air volumes 284

in cabin in the form f air flow and heat flow were modelled. 285

A similar subsystem model was developed to represent the 286

HVAC ducts and another subsystem model was developed to 287

model the air volume contained in both the ducts and the cabin 288

subsystems to provide a connection between the heat flow and 289

the air flow. The subsystems are shown in Figure 5 and 6. 290

The resulting temperature difference between inlet and 291

outlet boundary was evaluated as 12.59K after time con- 292

vergence for the 1D model and 12.50K for the 3D model. 293

Figure 7, 8 and 9 compare the 1D model and CFD model 294

predictions for heat flux and mass flows and it can be seen 295

that there is good correlation between the results of the two 296

models. 297

After successful validation the 1D model was further 298

enhanced to implement more realistic thermal behaviour. 299

Enhancements were achieved by implementing walls with 300
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FIGURE 4. Simulink model representing the cabin subsystem behaviour.

FIGURE 5. Duct subsystem model.

thicknesses, mass and material properties, external convec-301

tive and radiation heat transfer, internal masses in the form of302

seats and passenger heat loads. Model enhancements led to303

the creation of more models for external convection subsys-304

tem, passenger subsystem, wall subsystem and a HVAC unit305

subsystem. All addressed physical processes, the methods of306

implementation and the underlying analytical relations are307

displayed in Table 4. A schematic visualization of all included308

processes is displayed in Figure 10.309

The intended model use case where the parameter and310

logic values were combined, is visualized in the user-model311

interaction diagram in Figure 11. Despite the comprehensive312

enhancements, several simplifying assumptions are included313

in the 1D model. The assumptions made in the development314

FIGURE 6. Custom pipe subsystem model.

FIGURE 7. Validation results: heat flux from ambience into main vehicle
components.

FIGURE 8. Validation results: mass flow through vent groups on LHS.

of the model are categorized as the ones requiring fur- 315

ther research and those that are considered to have neg- 316

ligible influence on the overall results and hence can be 317

neglected. 318
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TABLE 4. Implementation of physical processes in the 1D model.

FIGURE 9. Validation results: mass flow through vent groups on RHS.

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

The assumptions are listed below:319

• HVAC unit modelled as heat flow extraction from recy-320

cling air. No detailed model of the vapour compression321

cycle. Additionally, the controller parameters not equal322

to real system.323

• Analytical relations for the external heat transfer pro-324

cesses. External vehicle shape assumed as cuboid. Influ-325

ence of assumption depending on real vehicle shape.326

• Internal convection HTCs only specified for maximum327

HVAC air flow. Variation in air flow with time has not328

been considered.329

FIGURE 11. Intended user-model interaction.

• Total vehicle volume assumed to be fully enclosed. 330

No air leakage. No air exchange for open doors. 331

No fresh air intake in HVAC unit. 332

• Only seats, roof, floor, windows and walls addressed as 333

internal masses. Other vehicle equipment (grab handles, 334

etc.) neglected. 335

• Heat emission of the drive train neglected. 336

• Humidity load on cabin air not taken into account. 337

Negligible influence on results: 338

• Solar irradiance load evenly distributed on all vehicle 339

sides. Real driving orientation and sun position not taken 340

into account. 341

• Walls assumed to be flat and uniform. Influence of bus 342

frame construction on wall conductivity neglected 343

• Passenger heat emission solely dependent on indi- 344

vidual cabin region temperature. Fluid flow situation 345

around passenger resulting in convective heat transfer 346

not addressed. 347

After enhancement, the 1D model was used to simulate 348

a basic case to investigate its general behaviour. Therefore 349

the time curves for air mass flow, return air temperature, 350

controller difference (temperature difference between return 351
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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.

air and desired cabin temperature) and the HVAC heat-352

ing/cooling power were evaluated (see Figure 12) for the353

model specifications detailed in Table 5.354

The specified solar radiation loads and ambient air tem-355

perature were evaluated for an average day in Melbourne,356

Australia. As can seen from the time curves, the mass flow357

converged almost immediately. At the beginning, the return358

air temperature rose continuously, while the HVAC power 359

remained zero. This process represents the heating of the 360

bus components from the initial temperatures due to the 361

disabled HVAC unit. At t = 1000s the HVAC unit controller 362

was switched on, thus leading the HVAC power to rise to 363

its negative maximum of 24 kW . In the following time the 364

return air temperature was controlled by the HVAC unit 365

to meet the desired cabin temperature. After approximately 366

35000 seconds the influence of the preheating had subsided, 367

so that a static cooling power of 9.607 kW was required to 368

maintain the return air temperature on the desired level. The 369

qualitative course of the displayed curves appears realistic. 370

The simulations were also the basis for the sensitivity analysis 371

conducted later. 372

V. SENSITIVITY ANALYSIS 373

To reduce the static HVAC energy demand while maintaining 374

a constant cabin temperature, three basic approaches will be 375

applicable: 376

• Improve insulation braess2011vieweg [28] 377

• Improve reflectivity (i.e. reduce absorptivity) of exterior 378

surfaces [28] 379

• Reduce air losses (chassis leakage, air exchange through 380

open doors) 381

As air exchange between the cabin and the ambience was 382

not included in the created 1D model, only the first two 383

options were conducted. The insulation improvement can be 384

achieved by enhancing the insulation thickness (as conducted 385

for this analysis) or by using materials with lower thermal 386

conductivity. Absorptivity reduction can be applied to wall 387

surfaces by painting or coating and to window surfaces by 388

coating or utilizing a different glass type. In order to address 389

the insulation and absorptivity improvement, the optimization 390

factors were introduced for both system qualities. A factor of 391

1.0 equals 100% of the value used in the basic case simu- 392

lation. Absorptivity and insulation were both varied by 10% 393

of the basic values. The absorptivity factor impacts exterior 394

surfaces, i.e. roof, windows, walls and floor. The insulation 395

factor on the other hand applies only to the insulation layer 396

thickness in every wall thereby not changing the insulation 397

properties of windows. 398

All combinations of these variations were simulated for 399

vehicle velocities of v = [0, 30, 50, 80] km/h. The resulting 400

simulation plan with the respective predicted absolute HVAC 401

power consumption is displayed in Table 6. 402

The resulting static HVACpower demand for all simulation 403

cases are displayed over the vehicle velocity in Figure 13. 404

As can be seen, the HVAC power demand decreases with 405

increasing vehicle speed. This occurs due to the rising heat 406

transfer coefficient at the exterior vehicle surfaces for higher 407

free stream velocities. All optimization approaches had a 408

similar impact on the HVAC power consumption regardless 409

of the vehicle speed. 410

Figure 14 to Figure 17 show the resulting HVAC power 411

reductions for all analysed specifications. The colour of each 412
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FIGURE 13. Resulting static HVAC power demand over vehicle velocity for
all specifications.

FIGURE 14. Static HVAC power demand for all specifications at
v = 0 km/h.

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-413

ative power reduction. The values within each field indicate414

FIGURE 16. Static HVAC power demand for all specifications at
v = 50 km/h.

FIGURE 17. Static HVAC power demand for all specifications at
v = 80 km/h.

the absolute static HVAC power demand, the achieved rel- 415

ative reduction (corresponding with the field colour) and 416

the achieved absolute power reduction. All power reduction 417

values (absolute and relative) are provided with respect to 418

the power demand without any optimization, i.e. insulation 419

factor = absorptivity factor = 1.0, for the specific vehicle 420

speed. As expected the most significant power reduction 421

occurred for the combination of maximum insulation and 422

minimum absorptivity at all vehicle velocities. Higher rela- 423

tive and absolute power reductions were achieved for lower 424

vehicle speeds. This can be lead back to the corresponding 425

higher HVAC power demand for these driving situations. 426

The HVAC power demand is found to be more sensitive 427

to the absorptivity than the insulation at all vehicle speeds. 428

This can be traced back to the fact that the insulation fac- 429

tor only impacts the insulation layer thicknesses, while the 430

absorptivity factor is applied to all exterior surfaces, including 431

windows. 432

96246 VOLUME 10, 2022



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

TABLE 6. Simulation plan to evaluate sensitivity for absorptivity and
insulation, with absolute results.

VI. EPILOGUE433

The one-dimensional model introduced in this paper is suit-434

able to analyse the static HVACpower demand for any vehicle435

specification under the limitation that the exterior vehicle436

shape does not significantly differ from that of a cuboid.437

Vehicle geometries, materials and boundary conditions can438

be edited manually by the user to estimate the HVAC power439

demand for a new vehicle, identify effective optimization440

strategies and gain understanding of each parameter’s impact.441

The conducted simulations showed that the HVAC power442

demand significantly depends on the vehicle velocity. Fur-443

thermore, it could be seen that for the analysed case the444

HVAC power is more sensitive towards the exterior surface445

absorptivity (Radiation factor) than the insulation thicknesses446

(conduction factor) at all vehicle speeds. However, this may447

vary for other vehicle specifications and boundary conditions.448

The appropriate choice of optimization strategy by the indi-449

vidual manufacturer depends mainly on the corresponding450

economic factors, i.e. increasing material and/or manufactur-451

ing prices to apply the analysed improvements. The devel-452

oped model only provides an estimation of the effect of these453

optimizations.454

In order to guarantee validity of the simulation results and455

the model itself, further extensive research in this domain is456

required. Specially, physical testing is highly encouraged to457

validate the current model.458

Furthermore, the model requires additional enhancement459

to eliminate the many assumptions. This mainly includes460

accounting air humidity, accurate HVAC unit modelling,461

addressing air exchange and analysing internal heat transfer462

for different HVAC air mass flows.463
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