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Cabin Thermal Management Analysis for SuperTruck II Next-Generation Hybrid 

Electric Truck Design 
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Abstract 

This paper presents a multistage, coupled thermal management 

simulation approach, informed by physical testing where available, to 

aid design decisions for PACCAR’s SuperTruck II hybrid truck cabin 

concept. Focus areas include cabin insulation, battery sizing, and 

sleeper curtain position, as well as heating, ventilating, and air-

conditioning (HVAC) component and accessory configurations to 

maintain or improve thermal comfort while saving energy. The authors 

analyzed weather data and determined the national vehicle miles 

traveled weighted temperature and solar conditions for long-haul 

trucks. Example weather day profiles were selected to approximate the 

5th and 95th percentile weighted conditions. A daylong drive cycle 

was developed to impose appropriate external wind conditions during 

rest and driving periods. Using the National Renewable Energy 

Laboratory’s vehicle HVAC modeling and simulation tool VTCab, 

HVAC load design trade-off studies for the new truck geometry 

concept were completed. Parameters analyzed included effects of paint 

color, insulation, glass transmissivity, and curtain location. Simulation 

results helped with early design material selections for efficient cabin 

climate control. A detailed three-dimensional computer-aided 

engineering, computational fluid dynamics, radiation, and human 

physiology co-simulation, referred to in this paper as CAE Thermal-

CFD, was used to evaluate thermal comfort and energy impacts of 

diffuser configurations and air supply settings in driving and hoteling 

modes. Analysis revealed that it is more difficult to heat the cabin in 

hoteling mode during the winter than to cool the space in the summer. 

This seasonal load profile drives the requirement of additional energy 

storage for heating comfort. To determine the battery capacity 

requirement, multiday HVAC operation drive cycle simulations were 

then completed, showing that a 15-kWh battery would be required for 

HVAC operation during hoteling. Results helped reduce cabin thermal 

loads, determine component sizing requirements, and improve 

occupant comfort to save fuel and contribute to the economic viability 

of the hybrid system. 

Introduction 

The US Department of Energy Vehicle Technologies Office 

SuperTruck II program targets include increasing freight efficiency by 

100%; achieving a minimum 55% engine brake thermal efficiency at 

65 mph; and developing cost-effective efficiency technologies. 

PACCAR’s additional objectives include maintaining driver and 

occupant comfort, reducing parasitic power losses, vehicle weight, 

complexity, and cost. PACCAR analysis shows that hoteling accounts 

for up to 73% of the hybrid system’s annual savings for medium- and 

heavy-duty trucks, and thus is important to the real-world economic 

viability. Efficient design of vehicle thermal systems and intelligent 

thermal management methods are therefore needed to reduce down-

the-road parasitic losses, enable electrified rest period operation, and 

reduce overall energy consumption without compromising the thermal 

comfort of the occupant. The new PACCAR SuperTruck II cabin 

concept features a unique design that incorporates multimode heat 

transfer mitigation technologies specifically developed to meet the 

aforementioned comfort, energy, and cost objectives. 

In recent years, extensive computational analysis has become a key 

aspect of vehicle design. Moreover, access to large and informative 

data sets has enabled development of realistic scenarios to capture real-

world implementation more closely in simulation models. Previous 

work [1, 2, 3] has attempted to capture real-world ambient conditions 

experienced by vehicles, some more focused on national-scale 

distribution and/or ambient temperature alone, neglecting humidity 

and other factors. More recently, the National Renewable Energy 

Laboratory conducted studies using real-world data to quantify the 

representative prevalence of multiple ambient conditions 

simultaneously (temperature, solar irradiance, humidity, and air 

density) while considering both temporal and spatial factors associated 

with typical light-duty vehicle operation [4]. A similar representative 

ambient weather methodology was applied for long-haul trucks and is 

used in the current study.  

Contemporary virtual simulation studies on electric vehicle thermal 

management generally employ coupled approaches to manage 

computational complexity and time [5, 6]. Recent work has focused on 

analysis of heating, ventilating, and air-conditioning (HVAC) systems 

and their effects on the cabin through computational fluid dynamics 

(CFD) 1D/3D coupled approaches [6] or system-level analysis carried 

out with lower-fidelity models [7]. Several of these studies have 

highlighted the most important properties affecting the cabin thermal 

response, which include body paint, window glazing, and cab 

insulation [6, 8]. Other prior work has demonstrated reasonable 

application of well-known thermal comfort models to cabin interior 

simulation for evaluating HVAC system operation effects on the 

occupant [5]. 

In this work, the authors conducted thermal analysis and design trade-

off studies using a lumped parameter model and a high-fidelity detailed 

computer-aided engineering (CAE), CFD, thermal radiation, and 

human physiology/psychological co-simulation model (CAE Thermal-

CFD) of PACCAR’s SuperTruck II geometry concept. Initial study on 

insulation, curtain location, and glass transmissivity trade-offs was 

performed with the lumped model. The high-fidelity model was used 

to evaluate the thermal comfort and energy trade-offs of various cabin 

HVAC system configurations. The authors helped inform design 

decisions by investigating HVAC system diffuser configurations and 

air supply settings in driving and hoteling scenarios, considering 

hardware packaging constraints and determining promising pathways 

for comfort and energy trade-offs. Combined results from both models 

helped PACCAR finalize decisions on material selection and HVAC 

system design. Daylong drive cycle simulations, including HVAC 

operation during drive and rest periods, were completed. These 

transient simulation results were used to predict energy consumption 

during operation under 5th and 95th percentile weather conditions.  

Methodology 

Weather Profile Development 

Building on previous work [9], national typical meteorological year 

(TMY3) temperature and solar data were analyzed to determine 

appropriate ambient conditions for representative testing and 

modeling. TMY3 weather data provide a representative year using the 

most typical data for each month from a 30-year data set at each 

location [10]. From all 1,020 TMY3 weather station locations 

nationwide, 200 stations most closely corresponding to truck line-haul 

operating coordinates were selected. This down selection was done on 

the basis of truck vehicle miles traveled from the freight analysis 

framework [11]. Selecting the representative weather stations based on 

truck traffic ensured that the data correlated to locations where trucks 

are operated and eliminated weather stations that were not 

representative of likely conditions. Weather data for these 200 stations 

were then weighted by vehicle miles traveled for each station to 
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determine the frequency with which a given set of conditions occurs in 

the United States. From this weighted set, 5th and 95th percentile 

weather conditions were identified. The 5th percentile represents the 

set of weather conditions where only 5% of datapoints from the 200 

weather stations show more-extreme cold conditions. Conversely, the 

95th percentile indicates where only 5% of available datapoints show 

more-extreme hot conditions. See Table 1 for weather conditions that 

represent cold and hot (5th and 95th percentile) design conditions for 

the United States for trucks. These adverse points were chosen to 

ensure designs were able to meet thermal loads and provide adequate 

performance in cases of peak heating and cooling demand.  

Table 1: Target weather conditions for simulations. 

Cooling Study Heating Study 

Temperature (°C) 30 −6 

Relative Humidity (%) 97 28 

Solar Load (W/m2) 775 0 

The TMY3 data were then analyzed to identify locations and 

respective time periods where the target weather conditions were well 

represented by the locations’ daily averages of these targets across a 

span of three days. Minneapolis-Crystal, Minnesota, and Van Nuys, 

California, were selected to represent the heating and cooling cases, 

respectively. Weather conditions for each case are shown in Figure 1. 

Unless otherwise noted, these weather conditions were used for the 

simulations. 

Multiday Drive Cycle Schedule 

To examine the relative impacts imposed on the HVAC demand and 

resulting battery requirements by various design choices over three 

days of vehicle operation, a driver activity schedule and velocity trace 

for the project test route between Beach and New Salem, North 

Dakota, was used. This activity schedule is described in Table 2. 

Simulations were completed utilizing this operational schedule in 

concert with the weather data selected to represent the 5th and 95th 

percentile conditions. The velocity trace, provided by PACCAR, was 

selected to be consistent with their other efforts and consists of 

highway driving speeds around 104 km/hr (65 mph) when the vehicle 

is in motion (Figure A1). Transient simulations were run for the 

multiday drive cycle and required implementation of a thermostat in 

CAE Thermal-CFD to track the discrete set point temperatures in the 

schedule. The HVAC thermostat was designed using JavaScript and 

integrated into the model. A proportional feedback + feedforward 

control logic was implemented by executing the thermostat script at 

the end of each simulation time step to maintain the interior air at set 

point temperatures. The script utilizes functions for accessing the air 

temperatures (fluid node temperature, serving as a sensor for feedback 

control) in real time and computes the required supply airflow rate, 

thereby controlling the heat input to the air: 

𝑄𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑚̇𝑐𝑝(𝑇𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑇𝑎𝑖𝑟), (1) 

𝑚̇ = 𝑚̇𝑓𝑓 + 𝑚̇𝑓𝑏 , (2) 

𝑚̇𝑓𝑏 = 𝐾(𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝑇𝑎𝑖𝑟), (3) 

where 𝑄𝑠𝑢𝑝𝑝𝑙𝑦 is the heat delivered to the zone from the HVAC

system, 𝑚̇ is the supply air mass flow rate, 𝑐𝑝 is specific heat of air,

𝑇𝑠𝑢𝑝𝑝𝑙𝑦 is the supply air temperature, and 𝑇𝑎𝑖𝑟 is the average air

temperature in the zone. The mass flow rate, 𝑚̇, is the control input, 

and consists of feedback and feedforward components 𝑚̇𝑓𝑏  and 𝑚̇𝑓𝑓,

respectively. 𝑚̇𝑓𝑏  is calculated from a proportional control gain 𝐾, the

set point temperature 𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡, and the current air temperature 𝑇𝑎𝑖𝑟.

𝑚̇𝑓𝑓 is a fixed value determined from steady-state calculations of the

system at desired operating conditions.

Figure 1: Weather conditions imposed on model for (A) heating simulations and (B) cooling simulations. 

Table 2: Daylong drive cycle reduced operational schedule. Gold highlights indicate change in operational state. 

Time Driver Activity Direction 
Drive Speed 

Schedule 

Sleeper 

Curtain State 

Cab Privacy 

Curtain State 

Sleeper Privacy 

Curtain State 

Cab/Sleeper 

HVAC State 

Heating/Cooling 

Set Point (°C) 

6:30 Wake/Breakfast (2 hr) East 0 (Rest) Open Closed Closed On/On 21.5/24.5 

8:30 Drive #1 (2 hr) East Velocity Trace Open Open Closed On/Off 21.5/24.5 

10:30 Drive #1 (2 hr) West Velocity Trace Open Open Closed On/Off 21.5/24.5 

12:30 Lunch & Fuel (0.5 hr) West 0 (Rest) Open Open Closed On/Off 21.5/24.5 

13:00 Drive #2 (2 hr) East Velocity Trace Open Open Closed On/Off 21.5/24.5 

15:00 Drive #2 (2 hr) West Velocity Trace Open Open Closed On/Off 21.5/24.5 

17:00 Weigh Station (0.5 hr) West 0 (Rest) Open Open Closed On/Off 21.5/24.5 

17:30 Drive #3 (1.5 hr) East Velocity Trace Open Open Closed On/Off 21.5/24.5 

19:00 Drive #3 (1.5 hr) West Velocity Trace Open Open Closed On/Off 21.5/24.5 

20:30 Plan Route (1.5 hr) East 0 (Rest) Closed Closed Closed Off/On 21.5/24.5 

22:30 Sleep (8 hr) East 0 (Rest) Closed Closed Closed Off/On 16/20 

A B 
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PACCAR Insulation Test Methodology 

Calorimeter testing was completed by PACCAR to evaluate the 

performance of different insulation materials and to inform material 

properties in the simulations. The test setup employed can be seen in 

Figure 2. Testing was conducted at simulated solar load levels of 600 

W/m2, 1,000 W/m2, and 1,200 W/m2 to determine an average heat 

transfer coefficient (U-value) for the materials. These are the solar load 

levels used by PACCAR for vehicle level testing. Insulation properties 

were calculated based on the temperature drop from the hot side of the 

insulation under the black body panel to the temperature 25 mm below 

the insulation surface on the inside of the test box. This depth was 

chosen to calculate the temperature drop because it showed less 

variation than the temperature in the center of the box and was more 

representative of the vehicle internal air space than a temperature on 

or within a few millimeters of the insulation surface. The calorimeter 

test measured the rate of heat transfer through the insulation materials 

to calculate the materials’ U-value according to the following 

equation: 

 
U-value =

𝑄̇

𝐴Δ𝑇
 

(4) 

where 𝑄̇ (Watts) is the solar heat energy applied, 𝐴 is the surface area 

of the test panel, and Δ𝑇 is the temperature drop measured between the 

hot side of the insulation and 25mm below the insulation surface in the 

test enclosure. 

 
Figure 2: PACCAR insultation testing experimental setup. 

The test setup was intended to simulate heating of the cab interior due 

to high solar load inputs on a black body panel. The U-values reported 

in Table 3 are the average values from testing completed at each solar 

load level. The average value was used for the purpose of directly 

comparing the insulation material performance across the range of 

solar loads used for vehicle level testing. The insulation materials 

chosen for evaluation and their material properties are given in Table 

3. The baseline insulation is representative of the insulation used in 

current production vehicles. It is a nonwoven layered fiber insulation 

with no reflective surfaces. The alternative insulation materials tested 

were products proposed by three different insulation material 

suppliers. The products from Suppliers 1 and 3 were nonwoven layered 

fiber insulation systems that also had a reflective Mylar layer on one 

or more surfaces. The insulation from Supplier 2 was a vertically 

lapped nonwoven fiber with a reflective Mylar layer on both surfaces. 

Material Property and Construction Assumptions  

Material property and wall construction assumptions were developed 

iteratively during the study. Paint properties were based on prior work 

[12]. For insulation assumptions, values from calorimeter testing were 

used when available; otherwise, engineering estimates were made 

based on expected material types. To reduce complexity, the lumped 

thermal models simulate conductivity as a one-dimensional layered 

structure for each surface. Actual wall constructions are more 

complicated and can have structural metal pathways that lack 

insulation, which cause “thermal shorts.” To approximate the effect of 

these thermal short-circuits, the conductivity is modeled as an 

equivalent thermal resistance with two parallel paths, shown in Figure 

3. Rinsulated path
 is the sum of all resistances in the wall structure without 

a thermal short and Rshort path
 is the sum of all resistances in the heat 

flow path with a thermal short. The areas used to weight these values 

were estimated based on planned wall constructions and the thermal 

resistance of insulation materials, ranging from 3.04 to 4.15 m2K/W. 

 
Figure 3: Thermal short-circuit: (A) standard wall model and (B) parallel path 

short-circuit model. 

Glass properties were another important consideration in the model. 

Spectral averages for radiative properties of glass were used, and the 

key properties with respect to impacts on thermal loads were identified 

as thickness and transmittance. These properties were provided for 

windshield and window glass materials (Table 4); all other glass 

properties were retained from previous work.  

Table 4: Windshield and window glass material properties. 

Parameter Windshield Window 

Thickness (m) 0.0067 0.004 

Solar Transmittance at Normal 
Incidence 

0.47 0.52 

Solar Reflectance at Normal Incidence 0.055 0.055 

Visible Transmittance at Normal 
Incidence 

0.725 0.745 

Visible Reflectance at Normal 
Incidence 

0.07 0.07 

Infrared Transmittance at Normal 
Incidence 

0.05 0.05 

Infrared Hemispherical Emissivity 0.75 0.75 

Conductivity (W/m·K) 0.9 0.9 

 

Table 3: Calorimeter test insulation materials and their properties. 

Supplier Material ID 
Weight 

(g/ft2) 

Thickness 

(mm) 

Cost 

($/ft2) 

Average U-Value 

(W/m2K) 

Cost × Performance  

($ U-Value/ft2) 

Supplier 1 Baseline 87.24 60 0.52 26.68 13.79 

Supplier 1 System 1 107.3 70 0.71 24.73 17.59 

Supplier 1 System 2 109.3 65 1.05 25.81 27.07 

Supplier 1 System 3 151.8 85 1.31 24.09 31.45 

Supplier 2 System 1 99.34 48 1.00 26.07 26.19 

Supplier 2 System 2 107.7 48 1.15 25.24 29.15 

Supplier 3 System 1 124.02 68 0.62 24.85 15.45 

Supplier 3 System 2 61.74 30 0.31 32.85 10.18 

       A  B 
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Lumped Parameter Model 

The lumped parameter model was developed using VTCab, a rapid, 

physics-based HVAC modeling and load estimation tool [13] that 

utilizes the U.S. Department of Energy’s EnergyPlus program as a 

computational engine for thermal and HVAC load simulation of 

vehicle cabins. These simulations were used to provide heating and 

cooling load estimates to both evaluate and inform early design 

decisions such as insulation selection and exterior paint color. 

Simulations were also used to inform higher-fidelity CAE Thermal-

CFD models at later stages.  

Truck Geometry in Lumped Parameter Model 

Early simulations were completed using a generic long-haul cab model 

[13]. This model was built and tuned to provide a good representation 

of typical long-haul truck designs. Once the new SuperTruck II cab 

geometry was available, it was defeatured to conform to the polygonal 

expectations of VTCab. The cab and sleeper zones are separated by a 

fenestration surface that acts as an interface between the two zones. 

This surface approximates the curtain that divides the cab from the 

sleeper. Air mixing between the two zones is then imposed. There is 

also one unconditioned thermal zone in this model—the luggage 

compartment—which experiences air mixing with both the external air 

and sleeper zone.  

Lumped Model Simulation Setup 

The lumped model simulations were used to develop a high-level 

understanding of material property selection and configuration effects 

on heating and cooling loads. Material constructions were applied to 

each respective one-dimensional layered wall construction of the truck 

model. Internal mass objects were activated to account for additional 

items that exist in the model that may contribute to the thermal 

capacitance of the model but are not drawn as part of the geometry. 

The air volume contained in the model plays a key role in the 

calculation of HVAC loads. The generic cab was built to use the 

computed internal volumes of 4.59 m3, 8.2 m3, 1.76 m3, and 1.08 m3 

for the cab, sleeper, engine, and luggage compartment, respectively. 

The new model used internal volume estimates of 5 m3 for both the cab 

and sleeper zones. Zone mixing and infiltration rates from the generic 

cab model were used for both models (Table 5). For driving conditions, 

the vehicle speed trace was used in conjunction with the weather file 

to compute wind speed and direction for simulations run under the 

multiday drive cycle conditions. Additionally, the vehicle orientation 

was set according to the same operational schedule. The HVAC 

systems were controlled using temperature set points and availability 

schedules. HVAC availability schedules were set according to 

operational condition schedules for a given simulation. 

Table 5: Zone volumes and mixing rates for curtain placement study. 

Curtain 

Configuration 
Zone Pair 

Air Mixing 

Rate (m3/s) 

Large Sleeper Cab ⇌ Sleeper (Sleeper Curtain 

Closed) 
0.0025 

 Sleeper ⇌ Luggage Compartment 0.0020 

Small Sleeper Cab ⇌ Sleeper (Sleeper Curtain 

Closed) 
0.0025 

 Cab ⇌ Luggage Compartment 0.0010 

 Sleeper ⇌ Luggage Compartment 0.0010 

 

CAE Thermal-CFD and Human Comfort Model 

A high-fidelity, three-dimensional CAE Thermal-CFD model was 

built to perform analysis of the interior airflow and temperature 

distribution in the truck cabin, inform design of the interior diffuser 

configuration, investigate impacts on the driver’s thermal comfort, and 

complement and verify the lower-fidelity lumped parameter studies. 

Various software tools were employed at different stages of the study. 

Assumptions and modifications to the original computer-aided design 

geometry were made to best capture the essential features of the truck 

while eliminating unnecessary complexities to reduce computational 

cost. A thermal model was built in TAITherm [14] to impose a natural 

weather environment on the truck, incorporate the effects of solar 

radiation, and model the human thermophysical and psychological 

response to the interior environment of the vehicle. The CFD model, 

built using ANSYS Fluent [15], complements the thermal model by 

capturing the effects of fluid flow within the cabin and the thermal 

exchange between the fluid and the inner surfaces of the cabin. A 

communication model for the CAE Thermal-CFD coupling was built 

using CoTherm [16] to seamlessly transfer solutions and boundary 

conditions across the solvers under certain convergence criteria.  

CAE 3D Truck Geometry  

Model defeaturing and extraction of key components were 

implemented to develop models suitable for the CAE analysis 

performed in this work. Moreover, essential components and sub-

models were included, such as HVAC system diffusers (modeled as 

inlets/outlets, no explicit ductwork, fans, or heat exchangers) and the 

human driver geometry, to arrive at the complete models for the CAE 

Thermal-CFD analysis. Two distinct geometries were made for driving 

and hoteling scenarios. The CAE thermal simulations use the geometry 

surfaces for calculations, whereas the CFD simulations use both the 

geometry surfaces and entire volume. For all the analysis done in this 

study, it is assumed that the sleeper curtain is open in driving mode 

and closed in hoteling mode. Hence, the driving mode geometry does 

not include a curtain. In addition, the SuperTruck II cab is purposely 

designed to accommodate one occupant, so there is only one human 

occupant modeled in all the studies, either driving or laying down on 

the sleeper bunk. 

CAE Thermal Model Setup 

A surface mesh of the geometry was created using ANSYS ICEM CFD 

[17] before importing into TAITherm. The key parameters for setting 

up the thermal model (excluding the human comfort model) include 

the weather environment, the material combinations for the truck walls 

and windows, and boundary conditions for other inputs to the system 

such as heat from the HVAC system. The model output is the 

temperature map of all surfaces of the truck model. The material 

selection and wall construction were set to match the combinations 

used in the lumped model. The mesh contains 56,340 elements and the 

whole model consists of 44 parts including the vehicle parts, human 

body segments, and two fluid nodes—parts with no geometry attached. 

In the early stage of the thermal model design, the focus was on 

ensuring that the proposed interior design and generic wall 

construction were sufficient to provide adequate thermal comfort to the 

driver during vehicle operating modes. This was done by analyzing the 

steady-state human comfort response to chosen diffuser configurations 

and ambient weather conditions at fixed time periods. Following the 

thermal comfort simulation studies and final decisions on wall 

constructions, transient full-day drive cycle simulations were run to 

estimate the thermal load on the HVAC system.  

Human Model Setup  

The Human Modeling Extension was enabled to include human 

psychological and thermal response to the environment. The important 

user inputs include the human geometry; thermal, optical, and 

evaporative properties of clothing; air thermophysical properties and 

solar irradiation; and activity level and type. The Human Modeling 

Extension computes skin and core local and mean temperatures, which 

are then used by the Berkeley Comfort Extension [18] to compute 

sensation and comfort [19]. While the Berkeley Comfort Model is a 

physiology-based metric, environment-based metrics such as the 
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predicted mean vote (PMV) [20], predicted percentage dissatisfied 

(PPD) [20], and equivalent homogenous temperature (EHT) [21] were 

also calculated in the simulations. For the current study, two human 

geometries were created—a sitting, 50th percentile male for the driving 

mode and a resting, 50th percentile male for the hoteling mode. Each 

version has associated activity levels to match the driving condition 

(2.2 MET for driving and 0.8 MET for resting). A subset of the 

hoteling mode simulations included a blanket as an additional layer of 

clothing for the hoteling mode. The benefit of the human model in 

simulations was in determining trade-offs between lowering energy 

consumption in controlling the cabin temperature and maintaining 

comfortable conditions for the driver throughout occupancy.  

CFD Model Setup 

The geometry was meshed using ANSYS Meshing [22] software and 

exported to ANSYS Fluent for setting up the CFD simulation. The 

CFD model captures the interaction between the fluid domain (interior 

air) and the inner walls of the cabin, fluid-fluid interaction throughout 

the interior of the vehicle, and fluid-surface interaction for all other 

interior surfaces including the dashboard, sleeper bunk, console 

assembly, and the driver. The realizable k-epsilon turbulence model 

was employed to capture the turbulent air mixing involved in bulk fluid 

motion scenarios, energy modeling was enabled in the solver for 

temperature distribution, and buoyancy was enabled by using the ideal 

gas model for air density. These settings offer a realistic, physics-based 

prediction of the airflow and heat transfer within the truck, enabling 

informed decision-making on HVAC system design, performance, and 

battery sizing. The driving mode mesh contains 4.5 million elements 

and the hoteling mode mesh contains 4.95 million elements (curtain 

included). A mesh refinement study, with four mesh grades from 

Coarse to Very Fine, was conducted and the selected mesh size, Fine, 

offered a good balance between accuracy and computation time. The 

mesh refinement results are shown in Table A1 and Figure A2. For 

hoteling conditions, the curtain is modeled as a porous jump interface 

[23] to simulate leakage around small gaps of a closed curtain. The 

sub-models, settings, and operating conditions applied to the 

computational domain are provided in Table A2. Several simulation 

cases involved various diffuser orientations and configurations 

targeting specific segments of the body to increase comfort without 

changing supply airflow rate and temperature combinations. See 

Figure 4 for the locations of sleeper diffusers used in the study.  

 
Figure 4: Diffuser locations considered in airflow study. 

In the coupled CAE Thermal-CFD simulations, the inner wall surface 

temperatures were exported from the CAE thermal model and imposed 

as wall boundary conditions on the CFD model, while the wall heat 

transfer coefficients (HTCs) and fluid temperatures from the CFD 

model were exported to the CAE thermal model as boundary 

conditions. The co-simulation process ends when the convergence 

criteria on surface temperature changes between simulation iterations 

(average surface temperature change less than 0.2°C from prior 

simulation run) are satisfied. 

Results 

A series of simulations were conducted to inform various aspects of 

the cab thermal design, as summarized in Table 6. Early design thermal 

material selection screening was done using the lumped model. Cabin 

airflow and comfort comprise CAE Thermal-CFD-based analysis of 

diffuser configurations. Initial multiday drive cycle simulations were 

conducted with the lumped parameter model for rapid early design 

trade-off studies on battery sizing requirement and later confirmed 

with more detailed CAE Thermal-CFD models. 

Table 6: Design study classification: study, objectives, and models employed. 
 Study Objective Models 

Thermal 

Material 

Selection 

Paint 
Evaluate load effects 

of paint color 

Lumped, 

Generic Cab 

Geometry 

 Insulation 
Evaluate load effects 

of insulation 

Lumped, New 

Geometry 

 Glass Study 
Evaluate load effects 

of glass 

Lumped, New 

Geometry 

 Curtain 

Position 

Model effects of 

curtain position and 

resulting air volume 

on load 

Lumped, New 

Geometry 

Cabin 

Airflow and 

Comfort 

Diffuser 

configuration 

– driving 

mode 

Evaluate diffuser 

configurations to 

reduce energy use 

while maintaining or 

improving comfort 

CAE Thermal-

CFD 

 

Diffuser 

configuration 

– hoteling 

mode 

Evaluate diffuser 

configurations to 

reduce energy use 

while maintaining or 

improving comfort 

CAE Thermal-

CFD 

Multiday 

Drive Cycle 

Simulations 

HVAC load 

over full drive 

cycle 

Examine multiday 

HVAC performance 

and inform battery 

sizing decisions 

Lumped & 

CAE Thermal-

CFD 

Thermal Material Selection Results (Lumped Model) 

Paint Study Results  

Previous work [12] has shown there are significant impacts on thermal 

loads due to exterior paint properties, primarily attributed to color. A 

preliminary study was carried out using the generic cab geometry to 

help inform choice of standard paint color for the new design. 

Simulations were run for the respective three-day periods described 

previously and averaged across the three days to examine the trade-

offs of varying this parameter. The operational conditions employed in 

the paint simulations have some differences from the multiday drive 

cycle, given in Table 7.  

Table 7: Simulation conditions for paint, insulation, glass, and curtain placement studies (hoteling conditions with privacy and sleeper curtains closed). 
 Paint Study – Generic Cab Insulation Study Glass and Curtain Placement Study 

Conditioned Zones Sleeper and Cab Sleeper Sleeper 

HVAC Set Points 

Sleeper Heating Set Point 20°C Sleeper Heating Set Point 21.5°C Sleeper Heating Set Point (22:30–06:30) 21.5°C 

Sleeper Cooling Set Point 25°C Sleeper Cooling Set Point 23.5°C Sleeper Heating Set Point (06:30–22:30) 16.0°C 

Cab Heating Set Point 20°C   Sleeper Cooling Set Point (22:30–06:30) 23.5°C 

Cab Cooling Set Point 25°C   Sleeper Cooling Set Point (06:30–22:30) 20.0°C 
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Table 8 shows the settings and results of the paint color study. As noted 

earlier, the generic cab model was used for this study. The values 

shown are the daily HVAC loads averaged across the three-day period 

assigned to each weather location. These loads represent the 

contributions from both the sleeper and cab HVAC systems. Note that 

whereas some heating occurred during the nights for the hot weather 

scenario, no cooling occurred for the cold weather scenario. As 

expected, minimal impacts due to the paint color were observed except 

where high solar loads are present. Therefore, the only case showing 

significant effect from this parameter is the hot weather scenario. In 

this case, an increase in the cooling load of nearly 62% is observed 

when comparing the lowest load case (white) to the highest load case 

(black). Subsequent models applied red paint properties to provide a 

“middle of the road” analysis with respect to paint color choice. This 

study was not updated with the new geometry because the trends were 

expected to remain valid, and the color choice had been made. 

Table 8: Paint study results: heating and cooling loads by paint color. 

Paint 

Color 

Solar 

Absorptance 
Emissivity 

Van Nuys 

Cooling Load 

(kWh) 

Van Nuys 

Heating 

Load 

(kWh) 

Minneapolis 

Heating Load 

(kWh) 

 0.372 0.953 30.65 4.97 107.49 

Green 0.594 0.903 38.64 4.75 106.16 

Red 0.706 0.913 42.21 4.71 105.88 

Blue 0.880 0.951 47.26 4.69 105.68 

Black 0.953 0.951 49.55 4.67 105.43 

Insulation Study Results 

To study the effects of insulation material on energy use, the thermal 

resistance of the insulation layers was varied parametrically from 0.25 

to 5.75 m2K/W to represent a broad range of insulating materials. In 

practice, insulating material cannot typically be applied to the entire 

construction area for a given surface. Even if the total uninsulated 

surface area is small relative to the insulated area of the given surface, 

these low thermal resistance pathways, or “thermal short-circuits” 

described in the methodology section, can significantly reduce the 

overall thermal resistance of the surface. Simulations were conducted 

to examine the degree of impact that including these thermal short-

circuits would have on the thermal performance of the design. Thermal 

short area estimates are shown in Table 9. Overall construction thermal 

resistances for a sample case and operational conditions for the 

simulation are shown in Table 9 and Table 7, respectively.  

Table 9: Sample construction thermal resistance values using PACCAR 
baseline insulation material (RTh = 3.04 m2K/W). 

Construction 
Short Area 

(%) 

R
short

 

(m
2
·K/W) 

R
insulated path

 

(m
2
·K/W) 

R
composite path 

(m
2
·K/W) 

Cabin Walls 85 0.36 3.25 0.41 

Cabin Door 85 0.36 3.25 0.41 

Roof 65 0.38 3.24 0.29 

Sleeper Walls 15 0.36 3.25 1.47 

Firewall 90 0.17 3.06 0.17 

Table 10 presents comparative sleeper heating and cooling loads 

resulting from the insulation study. The red values indicate the percent 

increase in HVAC load when thermal short areas are considered 

compared to the same insulation case where thermal shorts are 

neglected completely. The results of this study showed that it was 

critical to consider the impact thermal short areas have on the overall 

insulation value of complete constructions. 

Glass Property Study Results 

Total HVAC loads were compared between simulations considering 

two window material configurations, two operational conditions, and 

the two three-day weather conditions. The first configuration used the 

default assumption set as defined in Table 4. The second configuration 

used the better thermal material properties originally defined as 

“windshield” for all the windows. This resulted in relatively small 

changes in transmissivity, from 0.52 to 0.47, and in thickness, from 4 

mm to 6.7 mm. The two operational conditions were the driving 

conditions defined in Table 2 and the hoteling-only case study as 

defined in Table 2. Due to the small changes in material properties and 

limited glazing area, a maximum HVAC load reduction benefit of 

0.61% was found for cooling during the daylong drive cycle. These 

results indicated the differences considered in the material properties 

were not significant enough to yield meaningful improvements to 

thermal performance. Results for each case can be found in Table 11. 

Table 11: Glass property study hoteling and drive cycle results. 

Operational 

Case 

Ambient 

Conditions 

HVAC Loads (kWh) 
Δ

HVAC Load
 

(%) 
Window 

Material 

Windshield 

Material 

Hoteling 
5

th
 Percentile 17.5 17.5 −0.00654 

95
th
 Percentile 7.57 7.53 −0.593 

Drive Cycle 
5

th
 Percentile 26.5 26.5 −0.0609 

95
th
 Percentile 13.7 13.6 −0.610 

Curtain Position Study Results 

Positioning the sleeper curtain closer to the bunk reduces the volume 

of space being conditioned by the sleeper HVAC system. Therefore, 

the load effect of adjusting the placement of this divider for cases 

where only the sleeper HVAC system is being used was investigated. 

The luggage compartment space under the bunk in the sleeper zone is 

separated from the sleeper by a partition. These simulations were 

conducted using hoteling conditions to evaluate performance based on 

the case where the maximum benefits are expected to occur. 

The operation schedule, Table 2, dictated that when a driver is 

sleeping, the sleeper curtain is closed and only the sleeper HVAC 

system is running. The sleeper curtain separates the cabin and sleeper 

thermal zones; therefore, moving it could reduce the volume of the 

conditioned sleeper space and allow for a reduction in the overall load. 

To explore this opportunity, simulations compared HVAC load with 

the sleeper curtain at its original position and immediately adjacent to 

the bunk. These two cases are shown in Figure 5, and their respective 

zone volumes and mixing rates are shown in Table 5.  

 
Figure 5: VTCab model variations showing different sizes of sleeper and 

luggage compartments. 

Table 10: Insulation study results: comparing HVAC loads with and without consideration for thermal shorts. 

R-Value 0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 5.25 5.75 

Cooling Loads w/o Shorts (kWh) 11.5 8.38 7.19 6.57 6.19 5.9 5.7 5.6 5.50 5.41 5.34 5.28 

Cooling Loads w/ Shorts (kWh) 

Load Increase w/ Shorts 

11.8 

2.61% 

9.57 

14.2% 

8.76 

21.8% 

8.33 

26.8% 

8.08 

30.5% 

7.90 

33.9% 

7.78 

36.5% 

7.68 

37.1% 

7.61 

38.4% 

7.55 

39.6% 

7.50 

40.5% 

7.46 

41.3% 

Heating Loads w/o Shorts (kWh) 26.9 19.6 16.6 15.0 13.9 13.2 12.7 12.3 12.0 11.8 11.6 11.4 

Heating Loads w/ Shorts (kWh) 

Load Increase w/ Shorts 

27.7 

2.97% 

22.9 

16.8% 

21.1 

27.1% 

20.1 

34.0% 

19.5 

40.3% 

19.1 

44.7% 

18.9 

44.8% 

18.6 

51.2% 

18.5 

54.2% 

18.3 

55.1% 

18.2 

56.9% 

18.1 

58.8% 
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The results in Table 12 show a 20.8% and 25.4% reduction in cooling 

and heating loads, respectively, in the smaller sleeper configuration. 

Although this represents a significant energy reduction, it comes at the 

expense of active living space for the occupant when hoteling. 

Furthermore, these results represent the best-case scenario where the 

occupant is effectively in the bunk for the entire observed period. 

Under more typical operating conditions, these improvements are 

expected to be significantly smaller. 

Table 12: Curtain position HVAC load results. 

Average Daily HVAC Loads Cooling Case Warming Case 

Large Sleeper, Load (kWh) 5.47 12.5 

Small Sleeper, Load (kWh) 4.33 9.32 

∆
Load

 (kWh) −1.14 −3.18 

∆
Load

 (%) −20.8 −25.4 

Cabin Airflow and Comfort Results Using CAE 

Thermal-CFD 

Coupled CAE Thermal-CFD simulations were run in driving and 

hoteling modes to investigate effects of diffuser configurations on 

thermal comfort and HVAC system energy consumption. The 

simulations were run at steady-state conditions with the 5th and 95th 

weather conditions to capture the design case scenario performance. In 

each simulation case and vehicle operation mode, the main parameters 

of comparison are the Berkeley, PMV, and other comfort metrics and 

the net heat transferred between the vehicle supply and exit air streams. 

Diffuser Configuration for Driving Mode – Heating 

Simulation Results  

The results for steady-state cabin heating simulations for four cases in 

driving mode are shown in Figure 6. The dashboard diffuser vent 

orientations were varied from case to case to observe their effects on 

the driver’s comfort. In all the heating simulation cases, the supply 

airflow rate and temperature are 300 cubic feet per minute (cfm) and 

35°C, respectively (see other settings and boundary conditions in Table 

A3). Case D1 represents a baseline configuration where the flow from 

the diffusers is equally distributed between the driver’s upper body, 

feet, and the cabin interior. The steady-state average temperature of the 

cabin air is 22.85°C and the net heat transfer is 2.16 kW in this 

scenario, both reasonable values considering ambient and supply air 

conditions. The driver has a neutral comfort level according to the 

PMV and Berkeley comfort scales (see Table 13). Both Case D2 and 

Case D3 show significant improvements to D1 in terms of comfort, 

where the diffusers are targeted more toward the driver’s neck and 

abdomen. Although still in the neutral comfort zone, comfort metrics 

indicate increased comfort compared to Case D1. The differences in 

energy consumption for the first three cases are not significant, 

indicating that the vent orientations, which are manually adjustable, 

are highly influential in achieving better comfort without increasing 

energy consumption.  

The best-case scenario regarding delivery of thermal comfort is shown 

by results of Case D4, where 80% of the supply airflow is directed 

toward the driver’s feet. The interior layout considers co-optimization 

of space, ergonomics, and efficient HVAC design to create passive 

flow control, which partially isolates the driver zone. Results of Case 

D4 in Figure 6 show that most of the supply airflow is circulated in the 

driver’s area, causing more heat to be transferred in that zone and 

thereby increasing the driver’s body temperature and comfort. The net 

heat transfer also increases to 2.5 kW, showing that considerably more 

heat is exchanged between the supply air and the cabin interior air in 

this case. The PMV and Berkeley scales are also indicative of better 

comfort than other cases. The results from the four cases suggest that 

good levels of thermal comfort are achievable with manipulation of the 

vent orientations at manageable cost to energy consumption. This 

result has several positive outcomes because the simulation settings are 

based on conservative assumptions. For instance, the supply air 

temperature target in the real system would likely be higher than 35°C 

(closer to 50°C), requiring a much lower flow rate at steady state to 

maintain the cabin temperature. Moreover, the steady-state simulations 

in all cases were fixed at the coldest point of the design ambient 

weather. In a real case, the ambient weather changes throughout the 

day and the heating load will vary accordingly, with mostly lower 

 
Figure 6: Driving mode steady-state heating cases: streamlines.

Table 13: Results of driving mode steady state heating simulation cases. 

 Case D1: Baseline 
Case D2: Leftmost vent targeted at 

lower body 

Case D3: Center vent 

targeted at neck area 

Case D4: Footwell vent at 

80% 

Average air temperature (°C) 22.85 23.87 23.78 23.45 

Net heat transfer (kW) 2.16 2.18 2.17 2.53 

PMV −0.5 – neutral 0.06 – neutral −0.31 – neutral 0.59 – neutral 

PPD (%) 10.18 5.09 7.04 12.3 

EHT (°C) 25.5 26.9 26.4 28.4 

Berkeley Overall Comfort −0.917 – just uncomfortable −0.837 – neutral/just uncomfortable −0.64 – neutral −0.003 – neutral 

Berkeley Overall Sensation 0.78 – neutral/slightly warm 1.06 – slightly warm 0.68 – neutral 0.87 – neutral/slightly warm 
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demand than the simulated cases. Also, comfort may be improved with 

increased clothing insulation typical of winter and in colder 

geographical regions, and not necessarily demanding more energy 

from the heating system. Overall, the results suggest good thermal 

comfort and energy use trade-offs can be achieved. 

Diffuser Configuration for Driving Mode – Cooling 

Simulation Results  

Four cases with dashboard vent orientations like the heating cases were 

investigated for driving mode cooling scenarios. The footwell vent is 

turned off in these cases, however, and airflow is directed mainly at 

the head and abdomen to deliver comfort. Hot ambient weather 

combined with high solar gain produce a worst-case scenario for the 

cooling analysis. The supply temperature is 5°C and flow rate is 300 

cfm; other boundary conditions applied are available in Table A3.  

Figure 7 shows the simulation results and highlights the vent 

orientations used to target different body segments. The comfort 

results generally lie between neutral and slightly uncomfortable (Table 

14), whereas sensation varies from slightly warm, where diffusers are 

targeted at the neck, to cold, where diffusers are oriented mostly 

toward the abdomen. Case D6 shows the best performance (neutral 

sensation), where the airflow is more evenly spread over the driver’s 

neck and upper body, suggesting that adjusting the flow rate upward 

may improve comfort through additional cooling. 

Diffuser Configuration for Hoteling Mode – Heating 

Simulation Results  

Multiple hoteling mode diffuser configurations and outlet vent 

locations were investigated for comfort and thermal load trade-offs. 

These studies also considered packaging constraints of the HVAC 

system components and ducting installation. For example, the main  

 

HVAC component assembly is located on the right side of the cabin, 

beneath the console assembly; therefore, diffuser locations with 

shorter ducting lengths are desirable. As in the driving mode study, the 

simulation boundary conditions are quite conservative for the hoteling 

mode. The supply airflow rate and temperature are 300 cfm and 35°C, 

respectively. The same cold weather ambient conditions are imposed, 

there is some leakage of air into the cab area (porous surface setting in 

CFD allowed around 10 cfm of air exchange through the curtain), and 

the driver is laying on the sleeper bunk in light clothing and without a 

blanket (see summary of boundary conditions in Table A3). Though 

generally uncomfortable results are expected for the occupant, it is 

important to observe how the comfort metrics change with respect to 

the vent configurations. Equally important is the effect these vent 

locations have on the net heat transfer in the vehicle. Figure 8 shows 

temperature distribution results for hoteling Case H1 to H4. 

Table 15 shows a summary of other key result parameters for these 

simulations. Case H2 has the worst performance in terms of Berkeley 

comfort and sensation, due to most of the supplied air exiting the 

sleeper area before heating the occupant and the zone air. While this 

configuration would have been beneficial from a packaging 

standpoint, it is clear from the results that the central location for the 

floor diffuser is preferable. Case H4 shows some improvement over 

Case H3 in that there is an additional diffuser on the right side wall of 

the sleeper zone, which has added benefits of increasing supply air 

directional options for the occupant as well as delivering lower air 

velocities from each diffuser (at the same mass flow rate with Case 

H3). The average air temperature of the sleeper zone is higher in Case 

H4 and this is achieved with less heating load than in Case H3, 

indicating better mixing of the supply air with the interior air. In 

addition, the occupant is more comfortable due to greater exposure of 

the body segments to warm incoming air. 

 

 

Figure 7: Results of driving mode steady-state cooling simulation cases: streamlines. 

Table 14: Results of driving mode steady state cooling simulation cases. 

 
Case D5: 

Two vents toward neck 

area 

Case D6: 

One vent toward neck 

area 

Case D7: 

Two vents toward upper 

abdomen 

Case D8: 

Three vents toward lower 

abdomen 

Average air temperature (°C) 24.98 23.34 24 24.43 

Net heat transfer (kW) 3.58 3.31 3.34 3.59 

PMV −0.22 - neutral 0.43 – neutral 0.3 – neutral −1.28 – slightly cool 

PPD (%) 5.96 8.87 6.81 39.31 

EHT (°C) 25.6 27.2 26.8 23.2 

Berkeley Overall Comfort −2.33 – uncomfortable −1.35 – just uncomfortable −1.46 – just uncomfortable −2.85 – uncomfortable 

Berkeley Overall Sensation 1.18 – slightly warm 0.84 – neutral 0.93 – neutral/slightly warm −3.15 – cold 
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Figure 8: Hoteling mode steady-state heating cases: streamlines. 

Table 15: Results of hoteling mode steady-state heating simulation cases. 

 Case H1:  

Mid-Floor Vent ON 

Case H2:  

RHS Floor Vent ON 

Case H3:  

Back Wall Vents ON 

Case H4:  

Back + Side Wall Vents ON 

Average air temperature (°C) 21.36 20.19 21.95 22.65 

Cabin air temperature (°C) 17.83 17.01 19.15 19.62 

Sleeper air temperature (°C) 22.72 21.42 23.04 23.84 

Net heat transfer (kW) 1.86 1.87 2.11 1.92 

PMV −2.62 – cool/cold −2.86 – cold −2.94 – cold −2.26 – cool 

PPD (%) 95.64 98.3 98.84 86.98 

EHT (°C) 23.81 22.93 24.51 25.17 

Berkeley Overall Comfort −2.97 – uncomfortable −3.17 – uncomfortable −2.87 – uncomfortable −2.59 – uncomfortable 

Berkeley Overall Sensation −3.3 – cold −3.46 – cold −3.29 – cold −2.99 – cold 

 

 

 
Figure 9: Hoteling mode steady-state heating results: two-vent (left) versus four-vent configuration (right).

Figure 9 shows results for Case H4b and Case H5. These cases were 

run to compare the four-vent configuration of Case H4 with a two-vent 

configuration, Case H5, with minimum hardware installation 

requirements. The diffusers in the two-vent configuration have six 

times the surface area of the four-vent configuration diffusers. 

Informed by the thermal comfort results of Cases H1 to H4 

(cold/uncomfortable), the supply air assumptions were updated to 250 

cfm and 40°C for additional heating. Both configurations performed 

equally in terms of comfort and energy consumption (see Table 16). 

Whereas the two-vent configuration is favorable for packaging 

constraints, the four-vent configuration provides more options to the 

occupant in terms of airflow-diffuser orientation adjustments to target 

multiple areas of the body. 

 

Table 16: Results of hoteling mode steady-state heating simulation for two-

vent and four-vent sleeper configuration. 

 
Case H4b: Four-Vent 

Configuration 

250 cfm, 40°C supply 

Case H5: Two-Vent 

Configuration 

250 cfm, 40°C supply 

Cabin air 

temperature (°C) 
7.26 7.02 

Sleeper air 

temperature (°C) 
23.43 23.54 

Net heat transfer 

(kW) 
2.23 2.37 

PMV 1.76 – warm 1.76 – warm 

PPD (%) 64.8 64.78 

EHT (°C) 31.8 31.8 

Berkeley Overall 

Comfort 
1.03 – just comfortable 1.03 – just comfortable 

Berkeley Overall 

Sensation 
0.31 – neutral 0.31 – neutral 
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Diffuser Configuration for Hoteling Mode – Cooling 

Simulation Results  

Cabin cooling cases exhibited similar trends with heating cases in 

terms of diffuser configuration effects on comfort. Table 17 shows 

results for two other cases that were investigated specifically to 

determine HVAC cooling supply air settings to achieve comfort in 

hoteling mode. Two steady-state simulations were run at supply 

airflow rates of 300 cfm and 150 cfm. The supply temperature was 5°C 

in both cases. See the summary of boundary conditions in Table A3. 

The results showed that the 150-cfm supply (Case H7) produced a 

neutral comfort level for the driver, whereas the 300-cfm case (Case 

H6) resulted in conditions being too cold and uncomfortable.  

Table 17: Results of hoteling mode steady-state cooling simulations. 
 Case H6: 300 cfm, 5°C Case H7: 150 cfm, 5°C 

Average air 

temperature (°C) 
24.93 29.56 

Net heat transfer 
(kW) 

2.87 2.35 

PMV −3 – cold 1.15 – slightly warm 

PPD (%) 99.12 32.99 

EHT (°C) 20.21 31.84 

Berkeley Overall 

Comfort 
−3.43 – uncomfortable −0.50 – comfortable 

Berkeley Overall 
Sensation 

−3.68 – cold/very cold 0.73 – neutral/slightly warm 

Multiday Drive Cycle Simulation Results 

Initial simulations were run with the lumped model for early design 

trade-off studies on HVAC loads and battery sizing requirement. After 

final material decisions were made, more detailed and updated 

simulations were run in CAE Thermal-CFD for higher resolution. 

These results verified the initial lower-fidelity estimations and helped 

inform decisions by giving estimates for required battery energy due 

to HVAC loads during typical operation under the 5th and 95th 

percentile weather conditions. The initial lumped model analysis 

established that the cabin heating scenario was the dominant mode in 

terms of HVAC load demand. Consequently, only heating case 

simulations were carried out in the higher-fidelity multiday drive cycle 

study. The average values for the heat load and energy consumption 

over the three days are taken as the final estimates. These are calculated 

from the minute-by-minute recorded values of temperature and heat 

input to the domain over the simulation duration. 

Figures 10 and 11 show results of the transient simulations for three 

days of heating during driving and hoteling vehicle modes. Note that 

in these simulations, the sleeper curtain is open while in driving mode 

and closed during hoteling mode (see other settings and boundary 

conditions in Table A4). In driving modes, the cab area temperature is 

the controller set point, except for the 6:30–8:30 a.m. period for driver 

prep time and vehicle inspection, where both cab and sleeper zones are 

controlled. This results in the sleeper zone temperature falling steadily. 

Conversely, only the sleeper area is controlled in hoteling mode, and 

with the sleeper curtain closed, the cabin air temperature experiences 

a steep descent. 

Figure 11 shows the transient profile of the heat load on the HVAC 

system during the vehicle operation, highlighting driving and hoteling 

periods and providing the energy consumption associated with each 

drive and hotel period in the three-day simulation. These results show 

that for the simulated weather conditions, a 15-kWh battery would be 

sufficient to provide heating during the hoteling mode.

 
Figure 10: Multiday drive cycle transient simulation results: temperature profile. 

 
Figure 11: Multiday drive cycle transient simulation results: heating load profile
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The results of this transient study demonstrate good agreement with 

the prior lower-fidelity multiday study. A detailed comparison of the 

results is shown in Table 18. Area-weighted averages of the convection 

coefficients determined in the CFD model were applied to the cabin 

interior surfaces in the lumped model for a fair comparison. This 

modification was appropriate because the default correlations in the 

lumped model were developed on substantially different testing 

conditions (including differences in the wall constructions, blower 

configuration, and heating flow rates compared to the conditions in the 

current study) and tend to underpredict the heat transfer coefficients. 

Overall, the agreement between models at different levels of fidelity 

provides additional verification of the performance predictions. 

Table 18: Comparison of CAE Thermal-CFD and lumped parameter model 
results for multiday drive cycle transient simulations. 

Average Heat Load 

and Energy 

Consumption 

CAE Meshed 

Transient: Current 

Study, 

HTC Imported from 

Steady-State CFD 

Lumped Model: 

Comparison Study, 

Matched Interior 

Air Volume, Similar 

HTC 

Combined Heat Load 
(kW) 

1.59 1.47 

Daily Driving Energy 

Consumption (kWh) 
23.02 20.13 

Daily Hoteling Energy 
Consumption (kWh) 

15.04 15.15 

Combined Energy 

Consumption (kWh) 
38.06 35.28 

Interior Heat 

Transfer Coefficient 

(W/m2K) 

HTC Imported from 

Steady-State CFD 

Empirical Model 

for Interior HTC 

Cab Spatially varied 

Spatially varied 
(adjusted to 

approximate CFD) 

Sleeper Spatially varied 

Spatially varied 
(adjusted to 

approximate CFD) 

Summary/Conclusions 

In this work, the authors developed design weather conditions and 

performed a variety of HVAC simulations to inform cab thermal 

material selection, diffuser configurations for cabin airflow and 

comfort, multiday HVAC performance, and battery sizing. To define 

the design conditions, weather data were analyzed and the national, 

vehicle miles traveled weighted conditions for long-haul trucks were 

determined. Example weather day profiles were then selected to 

approximate the 5th and 95th percentile weighted conditions.  

For cab thermal material selection analysis, VTCab—a rapid vehicle 

modeling and simulation tool—was used. Paint color was found to 

have a large effect on cabin cooling loads under high solar load 

conditions, with white requiring the least cooling. Insulation had 

significant load reduction opportunities; however, they did provide 

diminishing returns as insulation increased. Within the relatively small 

range investigated for glass transmissivity and thickness, minor effects 

on HVAC loads were found. Moving the sleeper curtain to reduce the 

conditioned space during hoteling provided savings of 20.8% and 

25.4% for cooling and heating loads, respectively, but at the cost of a 

less spacious living space. Another important finding was that thermal 

short pathways in traditional cab wall construction have a negative 

impact on HVAC performance. Rethinking cab construction methods 

is a promising area of opportunity that can deliver a net reduction in 

energy use. 

Diffuser configurations for cabin airflow and comfort were simulated 

using detailed CFD, radiation, and human physiology co-simulation, 

labeled CAE Thermal-CFD. For driving, it was found that good zonal 

heating of the cab area could be achieved (even with the sleeper curtain 

opened) with 80% of the supply air flowing through the footwell vent, 

leading to improved thermal comfort. This result highlighted 

opportunities for cabin interior structure design to induce zonal 

airflow, contributing to the overall climate control in the vehicle. For 

hoteling mode, simulations showed that both a four-vent and 

simplified two-vent configuration could provide adequate 

performance. The four-vent provided additional adjustment options for 

the occupant, whereas the two-vent configuration could reduce the 

ducting required. 

Multiday HVAC simulations were conducted in the early design 

phases with the lower-fidelity model and in the later phases with the 

more detailed CAE Thermal-CFD tools. Although some minor 

assumptions remain due to the design progression, results between 

these tools were shown to have good agreement. Results from the 

three-day simulation showed that a 15-kWh battery would be sufficient 

for the heating conditions considered, which would be more 

challenging than the cooling mode due to the coefficient of 

performance of the air-conditioning system. 

The analysis identified opportunities to save energy, provide better 

comfort to the occupant, and rightsize components (e.g., the battery). 

Future opportunities to compare modeling results to prototype cab 

performance could provide valuable insights into both the cab design 

and improvement of modeling approaches. Other possible areas of 

exploration include microenvironmental control concepts such as 

heated/cooled surfaces (e.g., seats, steering wheel, etc.) and their effect 

on thermal comfort and vehicle energy consumption. 
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Definitions/Abbreviations 

CAE computer-aided engineering 

CFD computational fluid dynamics 

EHT equivalent homogenous temperature 

HTC heat transfer coefficient 

HVAC heating, ventilating, and air conditioning 

PMV predicted mean vote 

PPD predicted percentage dissatisfied 

TMY typical meteorological year 
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Appendix

Figure A1: North Dakota daylong developed drive cycle. 

Table A1: Mesh refinement study results. 

Mesh Elements 
Average Air 

Temperature 

Average 

Wall 

Temperature 

Relative 

CPU 

Time to 

Medium 

Coarse 1.23 million 41.192 ºC 41.080 ºC 0.46 

Medium 2.65 million 39.955 ºC 39.955 ºC 1 

Fine 4.95 million 39.954 ºC 39.951 ºC 1.82 

Very Fine 10.75 million 39.952 ºC 39.948 ºC 3.93 

The Medium mesh was used as a baseline to compare results for all the 

mesh densities. The chosen metrics for comparison are the volume-

weighted cabin air temperature and area-weighted cabin wall 

temperature from steady state simulations. The simulation boundary 

conditions are supply air mass flow rate of 0.144 kg/s (250 cfm) and 

temperature 40°C with insulated wall conditions. Based on the results, 

the Fine mesh was chosen for the current work as a tradeoff between 

simulation time and results accuracy. 

Figure A2: Convergence of mesh refinement results. 

Table A2: CFD solver settings in ANSYS Fluent. 

Setting Details 

Solver Pressure-Based 

Gravity Enabled 

Models Energy – On, Viscous – Realizable k-epsilon. 

Cell Zone 

Condition 
Fluid – air (ideal gas assumption for density) 

Operating 
Condition 

Atmospheric pressure, variable density for air – ideal 
gas assumption. 

Boundary 

Conditions 

Mass flow inlet for diffusers, pressure outlet for exit 

vents, porous jump for sleeper curtain – face 
permeability 5 × 10−6 m2, porous medium thickness 2 

mm, pressure jump coefficient 35,000/m, thermal 

contact resistance 0.003 m2K/W. 

Solution 

Methods 

Coupled pressure-velocity solution scheme, second 
order discretization for pressure, density, momentum, 

energy, and turbulence. 

Convergence 

Criteria 

Continuity: 0.001, momentum: 0.001, energy: 10−6, k: 

0.001, epsilon: 0.001. 

Table A3: Design weather and HVAC settings applied to steady-state CAE 

Thermal-CFD simulations. 

Van Nuys, CA, July 8, 

2 p.m. 
Crystal, MN, 

December 15, 12 p.m. 

Operational mode Driving Hoteling Driving Hoteling 

Ambient temperature (°C) 37 37 −6 −6 

Supply temperature (°C) 5 5 35 35 

Supply flow rate (cfm) 300 300 300 300 

Curtain state Open Closed Open Closed 

Infiltration/leakage No 10 cfm No 10 cfm 

Solar irradiance (W/m
2
) 958 958 235 235 

Wind speed (m/s) 2.6 2.6 4.6 4.6 

Wind direction (degrees) 120 120 170 170 

Relative humidity (%) 25 25 60 60 

Human clothing 
Light 

clothing 

Light 

clothing 

Light 

clothing 

Light 

clothing 

Table A4: Assumptions and boundary conditions for multiday CAE Thermal-

CFD transient simulation. 

Crystal, MN, December 13, 12 a.m. to 

December 16, 12 a.m. 

Solver Settings 
1 fluid node each for cabin and sleeper 

zones 

Cabin Air Volume 3,667 liters 

Sleeper Air Volume 9,362 liters 

HVAC Setting 
Proportional feedback + feedforward 

control 

Cabin-Sleeper Air Exchange 

(curtain open) 
3,000 L/min (106 cfm ) 

Cabin-Sleeper Air Exchange 
(curtain closed) 

142 L/min (5 cfm ) 

Cabin Infiltration 30 L/min (Air change rate 0.49/hr) 

Sleeper Infiltration 111 L/min (Air change rate 0.71/hr) 
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