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Abstract: Cabin acclimatization in electric vehicles requires a large 

fraction of the energy from the battery, and as such, they play an important 

part in optimizing the driving range while still maintaining good 

passenger comfort. To study cabin conditions, zonal climate models have 

been commonly used. In this paper, a 4-zone cabin model has been 

modelled with the transport of temperature, CO2 and humidity. This 

model was verified using a CHT simulation of a passenger vehicle with 

about 5% variation for temperature estimation, and under 3% for the heat 

losses from the cabin. The JOS-3 thermoregulation model was used in 

conjunction with the zonal model to study the evolution of skin and core 

temperatures, and the UCB-Zhang thermal comfort model was later used 

to compute thermal sensation and comfort.  

1 Introduction  

Customer expectations for improved comfort in vehicles have increased over the past 

decades that excellent thermal comfort is a requirement for automobile OEMs. 

Heating ventilation air conditioning (HVAC) systems ensure that each occupant has 

the necessary thermal comfort. This means that these systems must take quick and 

robust measures to achieve the required targets. Typically, subjective assessments and 

calibration are performed for this purpose, which means that the process takes place 

at the late phase of vehicle development.  

To mitigate this, and to investigate energy-efficient solutions for the HVAC, 

numerous cabin modeling strategies have been developed, each with respective 

advantages and disadvantages. A classification can be made depending on their levels 

of fidelity into low (Poovendran et al., 2020; Torregrosa-Jaime et al., 2015) and high-

fidelity models (Chang et al., 2018; Lorenz et al., 2014; Ramesh Babu et al., 2023). 

The low fidelity methods typically include a lumped thermal, and zonal model that 

Contribution: 13th FKFS-Conference - Vehicle Aerodynamics and Thermal Management | 11 - 12 October 2023 | Stuttgart



 

 

are characterized by simplified physical representations of the systems. They are grey-

box, meaning their behavior can be influenced by fundamental principles with some 

calibration based on existing datasets. Recently, low-fidelity black-box models in the 

form of neural networks have been suggested (Bandi et al., 2023; Warey et al., 2021). 

However, more research is required to ensure that these models perform adequately 

well under cases with transient conditions. The high-fidelity models include 

computational fluid dynamics (CFD) simulations which numerically solve the 

transport equations in space and time. These simulations are the most representative 

of the real world but are extremely expensive to solve. Hence, the grey-box models 

are usually preferred to study the cabin and its interactions with the climate systems. 

In this study, a 4-zone cabin model was developed based on the principles of mass 

and heat conservation and was verified using a heat-up test with the results of a 

validated CFD model from previous work. The JOS-3 thermoregulation (Takahashi 

et al., 2021 was then used in the zones of the cabin to investigate thermal comfort 

metrics based on the UCB-Zhang scale (Zhang H., 2002) and PMV-PPD models. This 

was coded in Python and the package of the model was released in 

https://github.com/anandhSRB/fourZoneVehicleCab.git.  

 

2 Cabin modelling 

In this work, the cabin was developed using the work of (Poovendran et al., 2020). A 

schematic of the four-zone cabin model has been illustrated in Figure 1.  The air was 

modeled as incompressible air with each zone conserving mass and energy. The mass 

entering zones 1 and 2, is carried into zones 3 and 4, respectively with, lateral mass 

flow being neglected.  

Figure 1. Schematic of the four zones in the vehicle cabin. 
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 The energy balance in each zone 𝑖 can be represented as, 

𝐶𝑖
𝑑𝑇𝑖

𝑑𝑡
= 𝑄𝐻𝑉𝐴𝐶,𝑖 + 𝑄𝑐𝑜𝑛𝑣,𝑖𝑛𝑡,𝑖 + 𝑄𝑐𝑜𝑛𝑣,𝑒𝑥𝑡,𝑖 + Σ𝑗𝑄𝑒𝑥𝑐ℎ,𝑖𝑗 + 𝑄𝑜𝑐𝑐,𝑖  (1) 

where 𝐶 is the total capacitance of air in each zone, T is the temperature, 𝑄ℎ𝑉𝐴𝐶 is the 

energy from the HVAC, 𝑄𝑐𝑜𝑛𝑣,𝑖𝑛𝑡 and 𝑄𝑐𝑜𝑛𝑣,𝑒𝑥𝑡 are the convective losses to the 

internal solids and external ambient, respectively, 𝑄𝑒𝑥𝑐ℎ,𝑗 is the heat loss to the 

neighboring zones, 𝑄𝑜𝑐𝑐 is the heat from the occupants.  

The formulations for terms 𝑄𝑒𝑥𝑐ℎ,𝑗 and 𝑄𝐻𝑉𝐴𝐶 are in (Poovendran et al., 2020). The 

heat loss through convection from each zone is taken as, 

𝑄𝑐𝑜𝑛𝑣,𝑖𝑛𝑡,𝑖 = ℎ𝑖𝑛𝑡,𝑖 𝐴𝑖  (𝑇𝑠,𝑖 − 𝑇𝑖)   (2) 

Where ℎ𝑖𝑛𝑡,𝑖 is the internal heat transfer coefficient, 𝐴 is the area of contact with the 

solids inside the zone and 𝑇𝑠 is the temperature of the solids. The internal heat transfer 

coefficient has been computed based on the empirical expressions of the Nusselt 

number (Ghiaasiaan, 2018), 

𝑁𝑢 =

{
 
 

 
 𝐴. 𝑅𝑒0.5, 𝐵𝑜 > 10

𝐵. 𝐺𝑟0.25, 𝐵𝑜 < 0.1

𝐴

𝑅𝑒−0.5
(1 + (

𝐵

𝐴
 𝐵𝑜0.25)

3
)

1

3

, otherwise

  (3) 

Where 𝐴 and 𝐵 are functions of Prandtl number (𝑃𝑟), and are equal to 0.579, and 

0.526, respectively assuming that air has a 𝑃𝑟=0.7.  

The buoyancy number (Bo) is defined as 𝐵𝑜 =
𝐺𝑟

𝑅𝑒2
, where 𝐺𝑟 is the Grashof number 

and 𝑅𝑒 is the Reynold’s number. The length scale (𝐿) for these terms was taken as the 

square root of the zonal area. Using these expressions, the internal heat transfer 

coefficient was computed as,  

𝑁𝑢𝑖 =
ℎ𝑐𝑜𝑛𝑣,𝑖𝑛𝑡,𝑖𝐿𝑖

𝑘
     (4) 

and 𝑘 is the thermal conductivity of air. Similarly, the heat transfer to the ambient was 

computed as, 

𝑄𝑐𝑜𝑛𝑣,𝑒𝑥𝑡,𝑖 =
𝑇𝑖−𝑇∞

𝑅𝑡,𝑖  
    (5) 

Where 𝑇∞ is the ambient temperature and 𝑅𝑡,𝑖 is the resistance to heat transfer. The 

resistance was computed in three parts: the internal convection resistance (1/ℎ𝑖𝑛𝑡) as 

shown above with a representative length for the windows, the thermal resistance of 

the windshield and windows (𝑡/𝑘), and external heat transfer resistance (1/ℎ𝑒𝑥𝑡), 
where ℎ𝑒𝑥𝑡 is the external heat transfer coefficient defined as (Zhang et al., 2009), 

ℎ𝑒𝑥𝑡 = 1.163(4 + 10√𝑣)    (6) 
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The temperature of the solids inside the cabin was computed similar to eqn. (1), with 

energy from internal convection, and solar radiation. The reader can refer the original 

work (Poovendran et al., 2020) for more information on the formulations.  

In addition to temperature, two transport equations, CO2 and specific humidity were 

solved in each zone as,  

𝑀𝑖
𝑑𝛼𝑖

𝑑𝑡
= 𝑚̇𝑖𝑛(𝛼𝑖 − 𝛼𝑖𝑛,𝑖) + Αs,i + ΣjΑ𝑒𝑥𝑐ℎ,𝑖𝑗  (7) 

Where 𝑀𝑖 is the mass of the cabin, 𝑚̇𝑖𝑛 is the inlet mass flow rate, 𝛼𝑖𝑛 is the 

concentration of the transport quantity (CO2 or specific humidity), Α𝑠 is the source 

term from the human, and Α𝑒𝑥𝑐ℎis the species exchange across zones (computed 

similarly to 𝑄𝑒𝑥𝑐ℎ).  

The JOS-3 thermoregulation model was included in the model with one occupant in 

each zone. The zonal conditions, i.e., air temperature, solid temperature, relative 

humidity (RH), and air velocity were taken into the JOS-3 model to simulate each 

time step. The heat produced by the occupant (𝑄𝑜𝑐𝑐 in eqn. (1)) was estimated from 

the JOS-3 as the total sensible heat loss from the human, which was computed as, 

𝑄𝑜𝑐𝑐,𝑖 = Σ𝑗
(𝑇𝑠𝑘𝑗−𝑇𝑜,𝑖)

𝑅𝑡ℎ,𝑗 
     (8) 

Where j represents individual segments of the JOS-3 model such as the head, neck, 

back, pelvis, left and right arms, and so on, 𝑇𝑠𝑘𝑗  is the skin temperature of each 

segment, 𝑇𝑜 is the operative temperature computed based on the air and radiation 

temperatures, and air velocity. 𝑅𝑡ℎis the thermal resistance between the zone and the 

skin which includes clothing resistances, and convective and radiation resistances.  

The source term in eqn. (7) for CO2 was due to respiration from the human at 9l/min 

at 40,000 ppm (Chang et al., 2018) while the source term for humidity was considered 

at 90% relative humidity (RH) at the core temperature of the head (Mansour et al., 

2020).  

Thus, using this model, the temperature transport, heat losses to the solids, 

concentration of CO2, and specific humidity were simulated with appropriate 

boundary and initial conditions explicitly in time.  

2.1 Control model 

As (Poovendran et al., 2020) showed that the model was robust for control, a 

simplified control for the cabin model was created where the HVAC heating and 

cooling were modeled using a PI controller. The target was set to 22°C in the cabin.  

Thus, the HVAC rate was defined as, 
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𝑄𝐻𝑉𝐴𝐶 = 𝑘𝑝𝜖 + Σ𝑘𝑖𝜖Δ𝑡     (9) 

Where 𝜖 is defined as the difference between the mean cabin and the target 

temperature. The inlet temperature at each time step was then defined as, 

𝑇𝑖𝑛 = 𝑇∞ +
𝑄𝐻𝑉𝐴𝐶

𝑚̇𝑖𝑛𝑐𝑝
                                                         (10)  

The inlet temperatures were limited to a minimum of 2°C and a maximum of 60°C. 

Several ambient conditions ranging from temperatures between -10 to 20°C were 

simulated with a driver using the JOS-3 model as described above.  

3 Model Validation 

The model was first simulated without any passengers and verified with the data 

published in (Ramesh Babu et al., 2023). The scenario considered was a passenger car 

being heated up from -7°C while driving at 50 km/h. The definitions of the cabin are 

described in Table 1. Note that the internal area represents the area where the cabin 

air is in contact with the solids, and the 

external area represents the area where 

the windows are in contact with the 

ambient.  

The inlet temperatures in the cabin were 

taken from (Ramesh Babu et al., 2023). 

Figure 2a displays the average cabin 

temperature over 40 min of simulation 

time comparing the zonal model and 

CFD. The zonal model overpredicts the 

temperature during the initial heat-up 

phase until about 10 min as compared to 

the CFD model. This is believed to be 

because the convective jets from the 

inlets contribute to local heating effects while this energy from the HVAC is diffused 

into the control volumes in the zonal model. This is supported by the fact that in Figure 

2b, which illustrates the energy lost from the cabin air to all solids, the zonal model 

estimates the energy losses quite well throughout the simulation with marginal over-

prediction towards the end of the simulation. The deviation was found to be within 

2.5% in the net energy expenditure as compared to the CFD simulation. Another 

reason for the discrepancy in the temperature during the heat-up period can be 

attributed to the effect of buoyancy as the majority of the hot air into the cabin is 

directed at the floor and defrosters, which the zonal model could not account for. The 

biggest advantage of this model was the quick run-time as it took under a second to 

simulate 40 minutes while the CFD simulation required over 60 hours on a high-

performance cluster with 1000 cores. Thus, the model provided reasonably accurate 

and quick results.  

Parameters Values 

Dimensions 2.5m x 1.2m x 

0.85m 

Solid thermal 

capacitance  

2.4 x 106 kJ/K 

Inlet mass flow 

rate 

0.0461 kg/s 

Internal area 18.8 m2 

External area 3.5 m2 
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4 Results and discussions 

4.1 Effect of the number of occupants 

The cabin was simulated with no 

passengers to establish a reference value for 

the heat generated. In this condition, the 

cabin has no heat or contaminant sources. 

The total energy required to heat the cabin 

to 22°C from -7°C is about 1.35MJ. The 

total energy required to heat the cabin 

decreases with the increasing number of 

occupants. The JOS-3 model rejects heat 

based on the boundary conditions and the 

sensible heat loss function provides the heat 

rejected from the skin to the air in the cabin. 

For the conditions simulated, about 170W 

was rejected on average. The mean cabin 

temperature, which was used in the control 

model, increases rapidly with more occupants and, hence, a less aggressive control 

strategy was employed. Thus, the time required to achieve the target set point 

increased slightly with more occupants present in the cabin. The energy required to 

heat the cabin decreased linearly at approximately 2.5% with from 1 to 4 occupants 

relative to no occupants.  

Four cases with increasing number of occupants were simulated and the mean 

concentration of CO2 was monitored for 30 min. The mean CO2 levels increased with 

the number of occupants in the cabin, as expected. The CO2 levels for fresh air per 

Figure 2. Comparison between CFD and four zone cabin model: (a) Mean 

cabin temperature, (b) Heat transfer to the interior cabin solids from the cabin 

air. 

Figure 3. Comparison of heater control strategy 

with number of occupants until the cabin 

achieves 22°C. 
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passenger shown below are in agreement with the trends presented by (Chang et al., 

2018; Royo Bareng, 2023).  

    

 

 

The specific humidity increases similarly to CO2. Due to the cabin heating up, the 

relative humidity decreases in time with increasing cabin temperatures as shown 

below. A marginal increase in relative humidity is noted with a higher number of 

occupants. 

4.2 Thermal comfort metrics 

Two scenarios were considered for the purpose of assessing thermal comfort: a cold 

(heating from 0°C) and a warm scenario (cooling from 35°C). Only one occupant in 

the driver position was considered for the analysis of the two scenarios and later the 

variations in sensations are presented for the cold scenario with two passengers. The 

JOS-3 model in combination with the UCB-Zhang was used to estimate the overall 

thermal sensation and comfort. Additionally, the PMV-PPD metrics were obtained 

using the Python package ‘pythermalcomfort’ (Tartarini and Schiavon, 2020). Since 

the minimum and maximum temperatures for this model were 10°C and 40°C, 

respectively, any temperature outside this range was set to -3 or +3, which corresponds 

to too cold or too warm.  

The Figure 5 below compares the predicted mean vote (PMV) from the Fanger model 

and the overall thermal sensation from the UCB-Zhang model. Both models capture 

heating and cooling effects but from different perspectives. The Fanger model is 

relatively simple where it estimates PMV based on the environmental variations for a 

defined clothing resistance and metabolic rate. The UCB-Zhang model, on the other 

hand, uses the variations in temperatures from the skin and core nodes of the JOS-3 

model and estimates local and overall sensations and comfort. In the context of 

thermal comfort, both models can be used to quantify if a certain condition is 

comfortable.  

Figure 4. (a) Concentration of CO2 with varying number of passengers in the cabin. (b) 

CO2 concentration as a function of fresh air per passenger in the cabin. 
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The thermal comfort with two passengers is presented below. The variations in local 

zonal temperatures due to mass flow at the inlets of each zone or the inlet temperatures 

Figure 6 compares the overall sensations between occupants in Zone-1 and Zone-2. 

The variations in the mass flow and temperatures to each zone result in differences in 

the heat loss from the JOS-3 model. This results in variations in the skin temperatures 

and thus, overall sensation. 

 

 

5 Conclusions 

A four-zone cabin model was developed where the transport equations for 

temperature, CO2, and humidity were solved. The model was validated with a high-

fidelity CFD simulation, which in turn was tested for accuracy against physical 

testing. The zonal cabin model produced almost the same mean cabin temperature at 

steady-state and the net heat transferred to the solids within 2.5% as compared to CFD, 

with little computational resources. The JOS-3 thermoregulation model was employed 

in each zone to simulate the presence of a manikin. The concentration of CO2 and 

humidity in the cabin increased with the number of occupants in accordance with the 

literature. The PMV-PPD and UCB-Zhang comfort models were employed to 

estimate the thermal sensations under various conditions and showed good correlation 

Figure 5. Comparison between PMV-Fanger and overall sensation-UCB Zhang metrics 

under: (a) Cold scenario; (b) Hot scenario. 

Figure 6. Comparison between overall sensations of occupants in Zone-1 and Zone-2 in 

the cold scenario.  
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indicating that either of the models could be used for this purpose. In conclusion, the 

model described in the paper can be used for quick computations for the purpose of 

cabin temperature estimation under various operating conditions and for thermal 

comfort estimations.  
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