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Cabin climatization is one of the largest auxiliary loads in an electric vehicle, and its performance significantly 
affects the driving range. Recirculating climatized air from the cabin has been shown to reduce energy 
consumption, but at the risk of fogging the windows and deteriorating the air quality. Therefore, many 
automobile manufacturers refrain from adopting it at low ambient temperatures. In this paper, an adaptive 
recirculation strategy that takes these issues into account is proposed and studied on an electric truck cabin 
while heating. Numerical simulations were performed using a coupled CFD-thermoregulation model, with the 
consideration of humidity and CO2. The JOS-3 thermoregulation model was employed for estimations of skin 
temperatures and evaporation of vapor from the skin, and the Berkeley comfort model was used to evaluate the 
comfort metrics. Ten scenarios were considered at various vehicle speeds, temperatures, and relative humidity 
levels while evaluating them with and without the proposed return-air strategy. The controller adapted between 
humidity and CO2-critical conditions during run-time. The fresh-air mass flow requirements reduced with 
increasing difference between the setpoint and ambient vapor mass fractions under humidity critical conditions, 
and plateaued at 10 g/s where CO2 was more critical. The proposed strategy provided energy savings ranging 
from 9% to 34% depending on the operating condition.
1. Introduction

About 25% of green-house gas emissions from road transport in 
the European Union (EU) have been attributed to heavy-duty vehicles 
[1]. Battery electric vehicles (BEVs) are viewed as potential low/zero-
emission vehicles that can reduce the carbon footprint of road vehicles 
but it is important for vehicle manufacturers to increase their range un-
der all operating conditions for customer acceptance.

Low ambient temperatures have a significant impact on the energy 
efficiency and range of electric vehicles [2–4], with cabin climatization 
being one of the largest auxiliary loads. A heating ventilation and air 
conditioning (HVAC) system is necessary to ensure safe driving by de-
fogging and defrosting the windshield, and to provide thermal comfort 
for the passengers. In conventional internal combustion engine vehicles, 
waste heat energy is used from the engine whereas in BEVs, energy is 
derived through secondary heaters resulting in range reductions of over 
50% [4].
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Since a large amount of energy is required to climatize the cabin, 
it is important to optimize the HVAC systems and the cabin, without 
sacrificing thermal comfort. In general, the solutions for improving the 
efficiency of cabin climatization can be divided into two: methods to 
reduce the energy requirement such as localized zonal conditioning, 
reflective glazing, thermal insulation, recirculating cabin air, and so 
on [5–9], and methods to increase the efficiency of the HVAC systems 
to provide the required energy such as the use of waste heat recovery 
systems and heat pumps [10–14].

The two main parameters to be considered while recirculating air 
in the cabin are CO2 concentration and humidity. Many studies have 
investigated the recirculation or return-air ratio’s (RAR) influence on 
CO2 concentration in the vehicle cabin. ASHRAE’s accepted CO2 expo-
sure level in conditioned spaces is about 1000-1200 ppm [15]. Mathur 
[16] investigated the buildup of CO2 when operated in RAR-mode and 
found that the occupants experienced fatigue and tiredness on pro-
longed exposure. A simplified vehicle cabin was simulated in CFD by 
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Nomenclature

Abbreviations

BEV Battery electric vehicle
CFD Computational fluid dynamics
CHT Conjugate heat transfer
HVAC Heating ventilation and air-conditioning
JOS-3 Joint system thermoregulation model
PMV Predicted mean vote
PPD Predicted percentage of dissatisfied
RANS Reynold’s Averaged Navier-Stokes equations
RAR Return-air ratio

Symbols

𝑅𝑡ℎ Thermal resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2K/W
𝑦 Thickness of material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝜆 Thermal conductivity of material . . . . . . . . . . . . . . . . . W/mK
𝑃𝑠𝑎𝑡 Saturation pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
𝑃0 Reference pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
𝑇 Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
𝑆𝑐 Schmidt number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝐿𝑒 Lewis number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝜈 Kinematic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
𝐷 Diffusion coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
𝛼 Thermal diffusivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
𝐶 Heat capacity of a node in JOS-3 . . . . . . . . . . . . . . . . . . . kJ/K
𝑡 Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
𝑄𝐻𝑃 Heat production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
𝑄𝐵 Heat exchange by blood flow . . . . . . . . . . . . . . . . . . . . . . . . . W
𝑄𝐻𝐶 Heat exchange by heat conduction . . . . . . . . . . . . . . . . . . . . W
𝑄𝑆𝐻𝐿 Sensible heat loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
𝑄𝐿𝐻𝐿 Latent heat loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
𝑇𝑠𝑘 Skin temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
𝑇𝑜 Operative temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
𝑅𝑡 Sensible heat resistance . . . . . . . . . . . . . . . . . . . . . . . . . m2K/W
𝐴 Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

𝑅𝑐𝑙 Clothing resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2K/W
𝑓𝑐𝑙 Clothing area factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
ℎ𝑐 Convective heat transfer coefficient . . . . . . . . . . . . . W/m2K
ℎ𝑟 Radiative heat transfer coefficient . . . . . . . . . . . . . . . W/m2K
𝐸𝑠𝑘 Evaporative heat transfer at the skin . . . . . . . . . . . . . . . . . . W
𝑤 skin wettedness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝐸𝑚𝑎𝑥 Maximum heat transfer due to evaporation . . . . . . . . . . . W
𝜙 Relative humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %

𝑅𝑒𝑡 Evaporative resistance. . . . . . . . . . . . . . . . . . . . . . . . kPa⋅m2/W
𝐿𝑅 Lewis rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K/kPa
𝑖𝑐𝑙 Vapor permeation efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑇𝑐𝑙 Clothing temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
ℎ(𝑦+) Heat transfer coefficient at a given 𝑦+ . . . . . . . . . . . W/m2K
𝜌 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

𝑐𝑝 Specific heat capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ/kg⋅K
𝑢∗ Velocity scale in the near-wall region . . . . . . . . . . . . . . . m/s
𝑇 + Non-dimensional temperature . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑇𝑤 Wall temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
𝑇𝑜𝐶𝐹𝐷

Operative temperature from CFD. . . . . . . . . . . . . . . . . K or °C
𝑞̇′′
𝑤

Wall heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W/m2

ℎ𝑓𝑔 Latent heat of evaporation. . . . . . . . . . . . . . . . . . . . . . . . . . J/kg
𝑚̇′′ Vapor mass flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/s
𝑒 PI-controller error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑑𝑡𝑐𝑜 Co-simulation time step . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
𝑄ℎ𝑒𝑎𝑡𝑒𝑟 HVAC Heater rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
𝑚̇𝑖𝑛 Inlet mass flow rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/s
𝛾 Return-air ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑇∞ Ambient temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
𝜙∞ Ambient relative humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
𝑘𝑝, 𝑘𝑖 Gains of the PI-controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝛼 CO2 concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ppm
𝜔 Specific humidity . . . . . . . . . . . . . . kg of vapor/kg of dry air
𝑥𝜔 Vapor mass fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑎, 𝑐 Tuning parameters of the humidity controller . . . . . . . . . . -
𝑇𝑔,𝑚𝑖𝑛 Minimum interface temperature between the windows 

and cabin air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K or °C
Δ𝑥𝜔 Difference between setpoint and ambient vapor mass 

fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑣𝑣𝑒ℎ Vehicle speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . km/h
ℎ𝑒𝑥𝑡 External heat transfer coefficient . . . . . . . . . . . . . . . . W/m2K

Subscripts

𝑖 Layers or segments
𝑗 Nodes
𝑘 Step index
𝑠𝑒𝑡 Setpoint for the corresponding quantity
𝑅𝐸𝐶 Mass-averaged quantity from the REC outlet
𝑐𝑎𝑏 Mean quantity in the cabin
∞ Ambient condition
𝑏𝑜 Upstream condition to the heater
𝑖𝑛 Inlet condition of a quantity
Chang et al. [17] with varying number of occupants and mass flow rate 
into the cabin. The results were presented as fresh-air requirements of 
approximately 9 g/s and 3.6 g/s per passenger to maintain 1000 ppm 
and 2000 ppm of CO2, respectively. Wei et al. [9] tested a feedback con-
trol for the recirculation ratio based on the concentration of CO2 and 
showed that the degree of recirculation was inversely proportional to 
the number of passengers.

In winter, the HVAC system operates in the no-recirculation mode 
due to the risk of windshield fogging, since the default recirculation op-
tion typically sets a high RAR. Shikate et al. [18] proposed a two-layer 
HVAC, where fresh and recirculated streams were not mixed. They were 
separately heated and supplied, with the fresh air discharged to the de-
frosters, and the recirculated air was discharged to the floor outlets. 
Hirai et al. [19] were among the pioneers of using recirculation con-
trol with anti-fog measures and demonstrated energy savings of about 
30%. Wei et al. [9] studied different recirculation levels at 0 °C and 
recommended not to use RAR when a vehicle had more than three pas-
2

sengers. Zhang et al. [8] investigated the use of recirculation at various 
operating conditions and demonstrated up to 40% energy savings at 
steady-state. They employed a continuous anti-fog air curtain to help 
operate at appropriate conditions which considered the windshield tem-
perature and the dew-point of the air from the HVAC unit. Lorenz [20]
analyzed several discrete recirculation ratios, and showed that an RAR 
of more than 50% caused fogging at -10 °C and 70% relative humid-
ity with two passengers in the vehicle. An optimized configuration was 
proposed with 50% RAR, heated windows, panels and seats, with re-
duced setpoint for air temperature that resulted in about 57% energy 
savings. Pan et al. [21] considered both CO2 and humidity using a sim-
plified thermal model, and employed the strategy which required higher 
fresh-air intake.

Internal combustion engine-driven trucks typically have high heat 
output from the engines, and the energy for cabin heating has usually 
been available. With the advent of electrified trucks, this is not the 
case. More investigations on various strategies are necessary to reduce 
its energy expenditure while maintaining good interior climate. While 

several studies have identified recirculation to be energy efficient, none 
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have defined a strategy for instantaneous RAR estimation in a transient 
scenario, nor have they used high-fidelity CFD simulations with a ther-
moregulation model to estimate realistic vapor sources for recirculation 
control. In the present work, efforts were made to model an adaptive 
feedback-based recirculation control for an electric truck cabin, oper-
ating in cold weather. High-fidelity CFD simulations were performed 
with a manikin at the driver’s position. A co-simulation procedure be-
tween CFD and JOS-3 thermoregulation model [22] was adopted with 
the consideration of respiration and sweating from the driver to account 
for realistic moisture production in the cabin. The results from the sim-
ulations with the adaptive RAR strategy were compared to operating in 
no-recirculation mode. A sensitivity analysis was performed by varying 
the ambient temperature, the relative humidity and the driving speed 
to investigate the effect of each parameter on the RAR strategy and en-
ergy savings. Finally, the effect of number of occupants and the HVAC 
inlet mass flow rate were analyzed based on the analytical solution for 
recirculation.

2. Methodology

2.1. Vehicle geometry and CFD setup

The CFD simulations were performed in the commercial solver, 
STAR-CCM+. A simplified full-scale electric truck cabin was used in 
this study which included interior cabin air and solids, Fig. 1a. The con-
sideration of the solids (S1-S10), especially the windows (S1 and S2) 
were important for accurate estimation of RAR.

2.1.1. Cabin solids

The cabin solids are grouped (and colored) based on the material 
properties (given in Table A.1.1). To model the heat transfer from the 
cabin air to the ambient, the inner solid surfaces were set up with con-
jugate heat transfer (CHT) interfaces, while the outer solid surfaces em-
ployed a convective boundary condition, which included a heat transfer 
coefficient (ℎ𝑒𝑥𝑡), ambient temperature (𝑇∞) and a thermal resistance 
(𝑅𝑡ℎ) between the cabin solid and external wall of the truck, as shown 
in Fig. 1b. The heat transfer coefficient on the external wall of the truck 
was estimated based on external flow CFD simulations, as explained in 
Appendix A.2.

The thermal resistance (𝑅𝑡ℎ) between each cabin solid and the ex-
ternal wall of the truck was obtained using Fourier’s law of heat con-
duction through multiple layers where the total resistance of the walls 
is computed using,

𝑅𝑡ℎ =
𝑁∑
𝑖=1

𝑦𝑖

𝜆𝑖
(1)

where 𝑦𝑖 is the thickness of layer 𝑖 and 𝜆𝑖, its thermal conductivity. 
The thicknesses were measured during an experimental campaign, and 
the thermal conductivities were estimated from literature. Few cabin 
solids such as the windshield, side windows, and the exterior doors 
were in direct contact with the external air and, hence, their thermal 
resistances were 0 K/W. The seats were considered not to conduct heat 
to the ambient while the inner and mid-door panels, and the air gap 
were included in the simulations. Table 1 describes the net thermal re-
sistance imposed on the outer solid surface in the numerical model. The 
surface-to-surface radiation model was employed to simulate radiative 
heat transfer in the cabin. The transmissivity, reflectivity, and emissiv-
ity of the semi-transparent boundaries were set to 0.5, 0.36 and 0.14, 
respectively, whereas for the opaque surfaces, 0, 0.2 and 0.8 were used, 
respectively [23].

2.1.2. Cabin air

The air volume from the air distribution ducts was considered as 
shown in Fig. 2a. The HVAC system was located on the passenger side, 
3

but not included in the simulations. The cabin had six inlets leading to 
International Journal of Heat and Mass Transfer 221 (2024) 125056

Fig. 1. (a) Truck cabin with all the interior solids (S1-S10) colored based on 
the corresponding material property from Table A.1.1, along with the evacua-
tion outlet (EVAC) (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.); (b) Schematic of the boundary 
conditions on the cabin solids.

Table 1

Thermal resistance on the outer surface of the solids.

Solids Thermal resistance (K/W)

Windshield, side windows
0

Seat, door (all layers)
Floor 0.96
Roof 0.08
Top storage covers 18.13
Rear wall 2.40
Motor wall 1.07
Bunk, bunk lower wall 33.01
Side panels 3.28

a central defroster, vents, and two floor outlets and two side demisters, 
each with its own inlet surface through which air enters the domain. 
Fig. 2b illustrates the inlets (in pink) through the doors, air curtains, 
fed from the floor ducts. Warm air through these inlets reduces window 

fogging and improves comfort at low ambient temperatures. Two out-
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Fig. 2. Representation of (a) Inlets in the cabin and the recirculation outlet 
(REC); (b) the door inlets fed from the floor ducts.

lets were considered: a recirculation (REC), Fig. 2a, that led back to the 
HVAC system, and an evacuation (EVAC), Fig. 1a.

As mentioned, one of the objectives of the study is to understand 
the influence of moisture and CO2 produced by the driver on the re-
circulation ratio. To track these in the cabin, air was modeled as a 
multi-component ideal gas with dry air and water vapor, and CO2 was 
modeled as a passive scalar. This strategy was used since the concentra-
tion of CO2 could be tracked while assuming air to be a binary mixture 
of dry air and vapor. The properties of the air-vapor mixture are avail-
able in literature.

The variations in the dynamic viscosity and specific heat of dry air 
were taken into account using Sutherland’s law, whereas for vapor, they 
were set to 8.89×10−6 Pa-s, and 1868 kJ/kg-K, respectively [24]. The 
mixture properties were defined based on the mass-weighted average 
of the two species. The Schmidt number1 (Sc) and Lewis number2 (Le) 
determined the air-vapor mixture diffusivity and thermal conductivity 
and were computed to be 0.61 and 0.85 [24,25]. The Schmidt number 
for CO2 was set to 1.14 [26].

The realizable 𝑘 − 𝜖 (RANS) turbulence model was used since it has 
been shown to be the most robust model for cabin simulations [7,27,
28]. Gravity was taken into account to capture buoyancy effects during 
heating. Solar radiation was not considered since this effect is generally 
very low in cold weather [2,29].

A simplified fogging model was considered using the fluid-film mul-
tiphase model [30], where the film is composed of water. The film was 
set up as a shell at the interfaces between the windows (S1 and S2 
in Fig. 1a) and the cabin air. Table 2 displays the material properties 

1 Sc = 𝜈
𝐷

, where 𝜈 is the kinematic viscosity, and 𝐷 is the diffusion coefficient 
of the air-vapor mixture.
4

2 Le = 𝛼
𝐷

, where 𝛼 is the thermal diffusivity.
International Journal of Heat and Mass Transfer 221 (2024) 125056

Table 2

Material property of water in the fluid-
film model [24].

Property Value

Density (kg/m3) 998
Specific heat (J/kgK) 4180
Thermal conductivity (W/mK) 0.57
Latent heat (MJ/kg) 2.5

of water condensed at the interface [24]. The phase change process 
involving evaporation and condensation of water is governed by the 
concentration and the saturation pressure (𝑃𝑠𝑎𝑡) of vapor in air at a 
given location. The saturation pressure of vapor represents the maxi-
mum partial pressure of vapor in a dry air-vapor mixture for a given 
temperature. In this work, the Antoine formulation was adopted [30],

𝑃𝑠𝑎𝑡(𝑇 )
𝑃0

= exp
(
11.949 − 3978.205

𝑇 − 39.801

)
(2)

where 𝑃0 is the reference pressure (1 bar), and 𝑇 , its temperature in 
Kelvin.

Since the film model was used to detect the occurrence of fogging, 
the influence of surface tension was neglected to simplify the physics. 
The effect of the water adhesion to the surface was modeled by assum-
ing a very high dynamic viscosity for water. This allowed the condensed 
water to stick to the surface, mimicking the effect that surface tension 
would otherwise have induced. This approach is valid for the current 
investigation since the proposed recirculation strategy should not fog 
the windows.

2.2. Co-simulation between CFD and thermoregulation models

The manikin used in this work was simulated based on the joint sys-
tem thermoregulation model (JOS-3) [22]. JOS-3 consists of 83 nodes 
where the manikin is divided into 17 segments. Each segment includes 
an artery, a vein, a core node and a skin node. The limbs contain super-
ficial vein nodes. The head and the pelvis include additional layers in 
muscle and fat nodes.

JOS-3 models the heat loss to the ambient as sensible heat losses 
(𝑄𝑆𝐻𝐿) consisting of convective (𝑄𝑐) and radiative heat transfer (𝑄𝑟), 
and latent heat loss (𝑄𝐿𝐻𝐿) at the skin and through respiration. The 
heat balance at each segment can be described as (adapted from [31]),

𝐶𝑗,𝑖

𝑑𝑇𝑗,𝑖

𝑑𝑡
=𝑄𝐻𝑃𝑗,𝑖

+𝑄𝐵𝑗,𝑖
+𝑄𝐻𝐶(𝑗−𝑗′),𝑖

−𝑄𝑆𝐻𝐿𝑗,𝑖
−𝑄𝐿𝐻𝐿𝑗,𝑖

(3)

where 𝑗 is the node, 𝑖 is the segment, 𝐶 is the heat capacity, 𝑇 is the 
temperature, 𝑡 is the time, 𝑄𝐻𝑃 is the heat production, 𝑄𝐵 is the heat 
exchange by blood flow, and 𝑄𝐻𝐶 is the heat conduction with adjacent 
tissue 𝑗′. The differential equation is solved explicitly in time with the 
initial temperatures corresponding to their neutral setpoints.

The heat loss terms in the thermoregulation model were obtained 
from CFD and so, only these terms from the original JOS-3 model and 
the modifications are explained for completeness. The sensible heat loss 
from the skin at each step k is computed as,

𝑄𝑆𝐻𝐿,𝑖|𝑘 = 𝑇𝑠𝑘,𝑖 − 𝑇𝑜,𝑖
𝑅𝑡,𝑖

||||𝑘 ⋅𝐴𝑖 (4)

where 𝑇𝑠𝑘 is the skin temperature, 𝑇𝑜 is the operative temperature, 𝑅𝑡
represents the sensible heat resistance and 𝐴, the surface area of the 
segment.

The sensible heat resistance is defined as,

𝑅𝑡,𝑖|𝑘 = 0.155𝑅𝑐𝑙,𝑖 +
1

𝑓𝑐𝑙,𝑖 ⋅ (ℎ𝑐,𝑖|𝑘 + ℎ𝑟,𝑖|𝑘) (5)

where 𝑅𝑐𝑙 and 𝑓𝑐𝑙 are the clothing resistance and the clothing area fac-
tor, ℎ𝑐 and ℎ𝑟 are the convective and radiative heat transfer coefficients. 

The evaporative heat transfer at the skin (𝐸𝑠𝑘) is defined as,
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𝐸𝑠𝑘,𝑖|𝑘 = (
𝑤𝑖 ⋅𝐸𝑚𝑎𝑥,𝑖

) |𝑘 (6)

where 𝑤 is skin wettedness and 𝐸𝑚𝑎𝑥 is the maximum heat transfer due 
to evaporation. Skin wettedness is limited between [0.06, 1] and is de-
pendent on the temperature difference between various nodes and their 
corresponding setpoint temperatures, and a coefficient that factor aging 
and segment type. At low temperatures, the skin wettedness defaulted 
to 0.06, which represents low sweating. The term 𝐸𝑚𝑎𝑥 is computed as,

𝐸𝑚𝑎𝑥,𝑖|𝑘 = 𝑃𝑠𝑎𝑡(𝑇𝑠𝑘,𝑖) − 𝜙𝑖𝑃𝑠𝑎𝑡(𝑇𝑎,𝑖)
𝑅𝑒𝑡,𝑖

||||𝑘 ⋅𝐴𝑖 (7)

where 𝑃𝑠𝑎𝑡(𝑇𝑠𝑘) represents the saturated vapor pressure at the skin tem-
perature, 𝜙𝑃𝑠𝑎𝑡(𝑇𝑎), the vapor pressure at the air temperature scaled 
with the relative humidity (𝜙), and 𝑅𝑒𝑡, the evaporative resistance of 
each segment. The saturated vapor pressure is calculated using eqn. (2). 
The evaporative resistance is estimated using,

𝑅𝑒𝑡,𝑖|𝑘 = 1
𝐿𝑅

(0.155𝑅𝑐𝑙,𝑖
𝑖𝑐𝑙,𝑝

+ 1
𝑓𝑐𝑙,𝑖 ⋅ ℎ𝑐,𝑖

)||||𝑘 (8)

where 𝐿𝑅 is the Lewis rate (16.5 K/kPa), and 𝑖𝑐𝑙,𝑝 is the vapor perme-
ation efficiency of the clothes (45%).

The co-simulation was performed with the JOS-3 simulated ahead 
in time by 𝑑𝑡𝑐𝑜, and the boundary conditions on the manikin were in-
terpolated accordingly in CFD. This approach was employed since the 
thermal inertia is considerably larger for the human than for the air in 
the cabin. Consequently, for a small 𝑑𝑡𝑐𝑜, the variations in segment tem-
peratures would be much less than the variations in the air temperature 
surrounding the segment. This resulted in the skin and clothing tem-
peratures being computed explicitly in time, based on the heat losses 
evaluated from CFD, while the heat flux itself was evaluated implicitly 
in time, based on the variation in the clothing temperatures.

The sensible heat losses were estimated using CFD by multiplying 
the wall heat flux (𝑞̇′′

𝑤,𝑖
) and the area for each segment. The boundary 

condition for the temperature imposed on the manikin was the clothing 
temperature (𝑇𝑐𝑙). Assuming a quasi-steady heat conduction through 
the clothes (the thermal capacitance of the clothes were neglected), the 
temperature on the clothes of each segment can be computed as,

𝑇𝑐𝑙,𝑖|𝑘 = 𝑇𝑠𝑘,𝑖|𝑘 − 𝑄𝑆𝐻𝐿,𝑖|𝑘−1
𝐴𝑖

⋅𝑅𝑐𝑙,𝑖 (9)

It must be noted that the sensible heat loss is evaluated at the previous 
step (𝑘 − 1) for the reason explained above.

Since the sensible heat losses now were solved for, eqn. (4) was no 
longer employed in the co-simulation for the heat balance equation. 
Instead, the sensible heat resistance was recomputed for completeness 
as,

𝑅𝑡𝑖
|𝑘 = 0.155𝑅𝑐𝑙,𝑖 +

𝑇𝑐𝑙,𝑖 − 𝑇𝑜𝐶𝐹𝐷,𝑖
𝑄𝑆𝐻𝐿,𝑖

||||𝑘 ⋅𝐴𝑖 (10)

where 𝑇𝑜𝐶𝐹𝐷 represents the operative temperature that is obtained from 
CFD. This operative temperature was derived from the wall heat flux 
and a wall function for the heat transfer coefficient ℎ(𝑦+). According 
to [30], the recommended 𝑦+ value is 100 to obtain realistic heat trans-
fer coefficients. The formulation for ℎ(𝑦+) is,

ℎ(𝑦+) =
𝜌𝑐𝑝𝑢

∗

𝑇 +(𝑦+)
(11)

where 𝜌 is the density, 𝑐𝑝 is the specific heat of air, 𝑢∗ is the velocity 
scale in the near wall region, and 𝑇 +, the non-dimensional temperature 
obtained using blended wall functions [32]. The operative temperature, 
𝑇𝑜𝐶𝐹𝐷

was computed based on the total wall heat flux (both convection 
and radiation), and the heat transfer coefficient at the specified 𝑦+ as,

𝑞̇′′
𝑤,𝑖 |
5

𝑇𝑜𝐶𝐹𝐷,𝑖
|𝑘 = 𝑇𝑤,𝑖|𝑘 −

ℎ𝑖(𝑦+)
|||𝑘 (12)
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where 𝑞̇′′
𝑤

is the total wall heat flux computed in CFD for a wall tempera-
ture 𝑇𝑤. Equation (12) and the second term of eqn. (10) are synonymous 
where the resulting sensible heat resistance between the environment 
and the manikin surface is 1/ℎ(𝑦+).

The formulations for the latent heat losses were largely unchanged 
from the original implementation. The heat transfer coefficient com-
puted in eqn. (11), which was flow dependent, was used in eqn. (8). 
The evaporative heat transfer leads to formation of water vapor on the 
skin. Thus, vapor mass flux (𝑚̇′′) from each segment was computed 
as [33],

𝑚̇′′
𝑖
|𝑘 = 𝐸𝑠𝑘,𝑖|𝑘

ℎ𝑓𝑔 ⋅𝐴𝑖
(13)

where ℎ𝑓𝑔 is the latent heat of evaporation. The obtained vapor mass 
flux was introduced as source from the manikin in CFD.

2.3. Control strategy

The two controllers employed were the cabin heater and the return-
air ratio controller. To improve the speed of the co-simulation, the 
controllers were evaluated every 𝑑𝑡𝑐𝑜.

2.3.1. Cabin heater

The cabin heater was operated with an adaptive proportional inte-
gral (PI) controller targeting the HVAC inlet and the mean temperature 
of the cabin. The inlet mode of the PI controller operated with a setpoint 
for the inlet temperature (𝑇𝑖𝑛,𝑠𝑒𝑡). This was defined as a function of the 
ambient temperature (𝑇∞), as 40 − 𝑇∞ [°C]. The controller operated in 
this mode until the mean cabin temperature (𝑇𝑐𝑎𝑏) reached 20 °C. Be-
yond this state, the controller switched to the cabin-temperature mode, 
with the setpoint for the mean temperature at 22 °C (𝑇𝑐𝑎𝑏,𝑠𝑒𝑡). Thus, the 
error was computed as,

𝑒𝑞|𝑘 =
{
𝑇𝑖𝑛|𝑘−1 − 𝑇𝑖𝑛,𝑠𝑒𝑡, if 𝑇𝑐𝑎𝑏|𝑘 < 20 °C,

𝑇𝑐𝑎𝑏|𝑘 − 𝑇𝑐𝑎𝑏,𝑠𝑒𝑡, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.
(14)

𝑄ℎ𝑒𝑎𝑡𝑒𝑟|𝑘 = 𝑘𝑝𝑒𝑞|𝑘 + 𝑁∑
𝑘=0

𝑘𝑖𝑒𝑞|𝑘𝑑𝑡𝑐𝑜 (15)

where 𝑒𝑞 is the instantaneous error, 𝑄ℎ𝑒𝑎𝑡𝑒𝑟 is the heating load, 𝑘𝑝 and 
𝑘𝑖 are the gains of the controller. The value for 𝑘𝑝 was taken as -1 and 
𝑘𝑖 took the values -5 in the inlet temperature mode, and -0.5 in the 
cabin temperature mode. When the modes switch, the integral state of 
the controller was recomputed to provide a smooth transition. Based on 
the output of the PI controller, the inlet temperature to the cabin was 
set as,

𝑇𝑖𝑛|𝑘 = 𝑇𝑏𝑜|𝑘 + 𝑄ℎ𝑒𝑎𝑡𝑒𝑟|𝑘
𝑚̇𝑐𝑝

(16)

where 𝑇𝑏𝑜 is the temperature of the air upstream of the heater, 𝑚̇ is the 
mass flow rate of air into the cabin and 𝑐𝑝 is the specific heat of air. The 
temperature of air upstream of the heater was defined as,

𝑇𝑏𝑜,𝑘 = 𝛾𝑇𝑅𝐸𝐶 |𝑘 + (1 − 𝛾|𝑘)𝑇∞ (17)

where 𝛾 represents the return-air ratio and 𝑇𝑅𝐸𝐶 is the mass flow av-
eraged temperature obtained at the outlet of the boundary, REC. To 
prevent overshoot, the maximum temperature at the inlet was limited 
to the setpoint temperature when operating in the cabin-temperature 
mode.

2.3.2. Return-air strategy

The return-air strategy employed two controllers, one for CO2 (𝛼) 
and the other for vapor mass fraction (𝑥𝜔) and chose the most critical 

strategy.
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The concentration of CO2 at the inlet of the ducts with RAR was 
defined similarly to eqn. (17) as,

𝛼𝑏𝑜|𝑘 = 𝛾|𝑘𝛼𝑅𝐸𝐶 |𝑘 + (1 − 𝛾|𝑘)𝛼∞ (18)

where 𝛼𝑅𝐸𝐶 is the mass flow averaged value entering the REC bound-
ary, and 𝛼∞ is the ambient condition. The equation for 𝑥𝜔 was defined 
similarly.

The setpoint for CO2 in this work was considered to be a mean con-
centration of 1000 ppm to maintain safe operating environment in the 
vehicle based on previous works [9,17]. The error (𝑒𝛼) was defined as,

𝑒𝛼|𝑘 = 𝛼𝑐𝑎𝑏|𝑘 − 𝛼𝑐𝑎𝑏,𝑠𝑒𝑡 ∶ 𝛼𝑐𝑎𝑏,𝑠𝑒𝑡 → 1000 ppm (19)

The output of the controller yielded the RAR 𝛾𝛼 , and was formulated 
analogous to eqn. (15). The gains for the controller were taken from the 
work of Wei et al. [9] as -0.03 for 𝑘𝑝 and -0.0003 for 𝑘𝑖.

The criterion for humidity must be formulated such that the air en-
tering the cabin did not fog the windshield and the side windows. So, 
if the dew-point temperature of the air from the HVAC is lower than 
the minimum window temperature (𝑇𝑔,𝑚𝑖𝑛), fogging can be prevented. 
Thus, the setpoint for vapor mass fraction was defined with a safety 
margin of 1 °C from 𝑇𝑔,𝑚𝑖𝑛. The vapor mass fraction was defined as,

𝑥𝜔(𝑇 ,𝜙) =
𝜔(𝑇 ,𝜙)

1 +𝜔(𝑇 ,𝜙)
(20)

where 𝜔 is the specific humidity of vapor, defined as,

𝜔(𝑇 ,𝜙) = 0.622
𝜙𝑃𝑠𝑎𝑡(𝑇 )

𝑃 −𝜙𝑃𝑠𝑎𝑡(𝑇 )
(21)

𝑃𝑠𝑎𝑡 is the saturation pressure obtained from the Antoine equation 
(eqn. (2)), 𝜙 is the relative humidity and 𝑃 is the reference pressure. 
The setpoint was redefined at each step as 𝑥𝜔(𝑇𝑔,𝑚𝑖𝑛|𝑘 − 1, 100%).

The saturation vapor pressure is an exponential function of tempera-
ture, resulting in large variations of the setpoint for vapor mass fraction. 
To make the controller robust under all conditions, the gains were set 
based on the ambient operating condition:

𝑘𝑝(𝑇∞, 𝜙∞) = −
(1 − 𝜙∞)

(
1 + 𝑇∞+𝑎

𝑎

)
(
𝑥𝜔(𝑇∞ − 1,1) − 𝑥𝜔(𝑇∞, 𝜙∞)

) (22)

𝑘𝑖(𝑇∞, 𝜙∞) =
𝑘𝑝(𝑇∞, 𝜙∞)
𝑐(𝑇∞, 𝜙∞)

(23)

where 𝜙∞ ∈ [0,1], 𝑇∞ described in °C, 𝑎 and 𝑐 are tuning parameters. 
The parameter 𝑎 was set to 20 while 𝑐 was set adaptively, and is de-
scribed in the Appendix A.5. The instantaneous error for the humidity 
controller was,

𝑒𝑥𝜔
|𝑘 = 𝑥𝜔,𝑏𝑜|𝑘 − 𝑥𝜔(𝑇𝑔,𝑚𝑖𝑛|𝑘 − 1,100%) (24)

The rest of the controller was defined similar to eqn. (15) and the output 
of this controller yielded 𝛾𝑥𝜔 .

The minimum of (𝛾𝛼 , 𝛾𝑥𝜔 ) was considered as the final recirculation 
ratio (𝛾) for the subsequent step. This approach is equivalent to the 
strategy proposed by Pan et al. [21], however the usage of PI controller 
provides feedback control and aids in maintaining the setpoints despite 
local flow variations. The output of the re-circulation controller was 
saturated between [0, 0.95].

It should be mentioned that the gains of the vapor mass fraction con-
troller were obtained based on tuning and benchmarking. The authors 
acknowledge that the controller can under-perform in some scenarios. 
However, since the system is non-linear with varying setpoints, a so-
phisticated form of optimal control would be needed resulting in an 
extremely expensive simulation approach.

2.4. Assumptions and limitations
6

The main assumptions and limitations in the current approach are:
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• The dashboard and the seats in a real vehicle are complex assem-
blies with multiple parts and layers. In the CHT model, only the 
outer shells were included for the dashboard and each seat was 
taken as a single lumped material.

• The same inlet temperature was used on all the inlet boundaries at 
a given time, while these temperatures may be different in a real 
vehicle depending on the operating condition.

• All uncontrolled leakages in the cabin were neglected. This consid-
eration was necessary since leakage occurs at several locations in 
the cabin and the amount of flow through them was unknown. The 
amount of leakage is dependent on the vehicle speed, the HVAC 
blower setting, the vehicle geometry and recirculation employed 
since they affect pressure difference between inside the cabin and 
the exterior. Typically, the presence of leakages reduces the con-
centration of CO2, vapor and temperature in the cabin and in-
creases the energy consumption [34,35]. Thus, the consequence 
of assuming no leaks is that the air-quality would be estimated 
to be worse, i.e. higher CO2 and vapor concentration, and higher 
temperatures than a cabin with leakage. This would result in under-
predicted return-air ratios and energy consumption.

2.5. Simulation framework

A summary of the coupling of CFD, JOS-3 and the controllers is 
described in Fig. 3. The co-simulation was set up with an update in-
terval (𝑑𝑡𝑐𝑜) of 1 s. At each step, JOS-3 was computed for 1 s, and the 
new boundary conditions in the form of surface temperatures and vapor 
fluxes from the manikin segments were imported to the CFD simulation. 
These conditions were then interpolated in time for smooth transition 
in CFD. At the end of the JOS-3 execution, the controllers were eval-
uated based on subsection 2.3 and the new heater load and RAR were 
revised in the CFD model. The scripts used to perform the co-simulation 
are available in https://github .com /anandhSRB /thermRegCtrl.

2.5.1. Boundary conditions

Several boundary conditions needed to be defined for the co-
simulation. For clarity, these conditions are grouped into CFD-based, 
thermoregulation-based, and case-based conditions. Each category in-
cludes a number of constants and a few scenario-dependent variables.

CFD-based conditions

• Mass flow rate into the cabin from the blower: 0.083 kg/s
1. Defroster: 0.0166 kg/s
2. Vents: 0.0099 kg/s
3. Driver-side demister: 0.0074 kg/s
4. Passenger-side demister: 0.0074 kg/s
5. Driver floor: 0.01826 kg/s
6. Passenger floor: 0.0232 kg/s

• Mass flow rate from the human nostrils: 9 l/min [17]
• Ambient CO2 concentration: 420 ppm
• Human breath CO2 concentration: 40000 ppm
• Relative humidity of human breath: 90% [36]. The vapor mass con-

centration was computed based on eqn. (20) and eqn. (21) at the 
core temperature of the driver’s head during runtime.

The air temperature, mass fractions of vapor and dry air, and the CO2
concentrations were defined as functions at the inlet boundaries based 
on eqn. (16), and eqn. (18) and corresponding variations for vapor and 
air mass fraction. The cabin was initialized to the same temperature, 
vapor and CO2 concentration as the ambient. The boundary conditions 
for driving speed, ambient temperature and relative humidity are ex-

plained later in the subsection, case-based conditions.

https://github.com/anandhSRB/thermRegCtrl
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co-s
Fig. 3. Simulation framework describing the

Table 3

Parameters and values considered in the sen-
sitivity study.

Parameter Values

Vehicle speed (km/h) 0, 30, 60, and 90
Ambient temperature (◦C) -20, -10, and 0
Relative humidity (%) 50, 70, and 90

Thermoregulation-based conditions

• Initial soak time (𝑡𝑠𝑜𝑎𝑘): 5 min. This was imposed to get a rep-
resentative initial skin temperature for the driver under a certain 
ambient condition.

• Clothing resistance: see Appendix A.3.
• Physical activity ratio: 1.6. The ratio of total energy production to 

the metabolic rate of the driver.

Case-based conditions and sensitivity analyses Each co-simulation was 
defined using three parameters: the vehicle speed, the ambient temper-
ature and its relative humidity. These parameters were chosen since 
they had the largest influence on the choice of recirculation strategy, 
energy consumption and thermal comfort. To understand their impact, 
a reference case at 90 km/h, -10 °C and 70% relative humidity was 
considered. From the reference case, one parameter from Table 3 was 
7

varied at a time. To quantify the reduction in energy expenditure using 
imulation of CFD, JOS-3 and the controllers.

recirculation, the cases were also investigated without recirculation, i.e.
𝛾 = 0.

2.6. Mesh and time step analyses

The mesh and time step analyses were done in three stages. Firstly, a 
pre-mesh study was performed with four meshes without energy trans-
port and JOS-3 coupling, using steady-state flow model. A suitable mesh 
was chosen, and a time-step sensitivity analysis was then performed at 
four time steps, with the JOS-3 coupling. Finally, a combined mesh and 
time step sensitivity to the solution was investigated. For the second 
and third steps, the cases were evaluated based on the performance of 
the JOS-3 model under co-simulation, the controller strategy and the 
temperature transport in the cabin.

2.6.1. Pre-mesh study

Four meshes with 16 million, 23 million, 33 million and 48 million 
cells were studied. The meshes were obtained by refining globally while 
maintaining a wall 𝑦+ ≈ 1 with a prism layer growth rate of 1.35 on 
all surfaces. In this study, three parameters were compared: Mean skin 
friction coefficient on different manikin segments, velocity magnitude 
and turbulent kinetic energy along two vertical line probes at the driver 
and passenger positions. The configurations are denoted as Mesh-1 to 
Mesh-4 in the descending order of cell count.

From the mean skin friction coefficient, Fig. 4a, it can be seen that 

the Mesh-4 deviates from the finer meshes on many segments. Fig. 4b 
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Fig. 4. Results of the pre-mesh study: (a) Mean skin friction coefficient of se-
lected segments on the manikin; (b) Velocity magnitude along the driver line 
and (c) Turbulent kinetic energy along the passenger line.

displays the velocity magnitude along the driver line and Fig. 4c, the 
turbulent kinetic energy along the passenger line. From these plots, it 
can be seen that all meshes produce similar velocity magnitudes and 
turbulent kinetic energy profiles, with Mesh-3 and Mesh-4 deviating 
8

the most from the finest mesh. Based on these results, Mesh-2 was used 
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Fig. 5. An XZ-mesh section along the driver’s median plane with a zoomed 
image of the prism layers close to the front windshield.

for further investigations. The resulting surface mesh on the manikin 
and a section of the volume mesh along the driver’s median plane are 
presented in Fig. 5.

2.6.2. Time-step study

The outputs of the JOS-3 are dependent on the wall heat flux 
(𝑞̇′′
𝑤

) and heat transfer coefficient (ℎ(𝑦+)) exported from CFD for each 
manikin segment. Using the UCB-Zhang comfort model [37], the local 
and overall sensations and comfort can be estimated. Since they are 
dependent on the segment and core temperatures, and their variations 
in time, the overall thermal sensation, which is a weighted average of 
local thermal sensations, was used as a proxy for the interaction be-
tween CFD and JOS-3. Additionally, the recirculation controller targets 
the concentration of CO2 in the domain and vapor mass fraction at the 
inlet, and the heater is dependent on mean cabin temperature trans-
port. Hence, the vapor mass fraction at the inlet and the average cabin 
temperatures were also compared.

Four time-steps (0.5 s, 0.2 s, 0.1 s and 0.05 s) were simulated with 
the same settings as the reference case, i.e., driving at 90 km/h, at 
-10 °C, and 70% relative humidity for 10 min. Fig. 6 displays the re-
sults of the time-step sensitivity study. The time-steps 0.05 s, 0.1 s 
produced identical results with 0.2 s showing slight deviations. The 
largest time-step of 0.5 s under-predicted the average cabin tempera-
ture and under-estimated the other transport quantities, which results 
in more aggressive control strategies. Thus, time step 0.2 s was cho-
sen as it provided the best compromise between simulation time and 
accuracy.

2.6.3. Combined mesh and time-step study

The chosen setup (Mesh-2 and 0.2 s) was evaluated against finer 
combinations (i.e. Mesh-1 with 0.1 s, Mesh-1 with 0.2 s, and Mesh-2 
with 0.1 s). This was done to ensure that the results had low variation 
to Courant number with mesh and time-step changes. The vapor mass 
fraction at the inlets, Fig. 7 demonstrates the low mesh and time step 
dependency of the transported quantities. Hence, Mesh-2 with 0.2 s 
was considered to be sufficiently accurate to capture the transport of 
various quantities in the cabin, and provide feedback to the controllers 

to function effectively.
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Fig. 6. Results of the time-step sensitivity study: (a) Overall sensation; (b) Vapor 
mass fraction at the inlet and (c) Average cabin temperature.

2.7. CFD model validation

The results from a climatic chamber test performed on the truck at 
stand-still conditions without a manikin, were used to validate the ac-
curacy of the CFD model. The truck cabin was fastened with several 
thermocouples, as specified in Table 4 and shown in Fig. 8. The ther-
mocouples, Driver-left, Driver-right, Passenger-left and Passenger-Right 
9

measure the air temperatures at the head level while the others mea-
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Fig. 7. Sensitivity of the vapor mass fraction at the inlet to finer mesh and 
time-step configurations.

Fig. 8. Positioning of the thermocouples during tests in the climatic chamber.

Table 4

Specifications of the thermocouple used in the 
experiments.

Thermocouple Measuring Range Accuracy

K-type -50 °C to 200 °C ±0.5 °C

sure the surface temperatures. During the test, the cabin was soaked 
to an ambient temperature of 0 °C (𝑇∞) and was heated for two hours 
with the Auto-HVAC setting and a target of 22 °C. The temperatures at 
the end of the test were monitored for about 10 minutes to ensure they 
reached steady values. For effective comparison with the experimental 
data, a steady-state numerical simulation was performed with Mesh-2 
(without the manikin), and the results are shown in Fig. 9. It can be seen 
that they agree well with each other with several estimations from the 
numerical simulation within the probe’s accuracy of ± 0.5 °C. Although 
small deviations are seen for certain probes, the model was considered 
validated since the mean error was 2.5% and the maximum error was 
about 6.5% for the considered case.

3. Results and discussions

3.1. Co-simulation results of the reference case

Fig. 10 shows the mean velocity magnitude along the driver’s me-
dian plane and isosurfaces where the velocity is greater than 0.75 m/s 
for the reference case with RAR-control. The isosurfaces illustrate the 

region where the flow enters the cabin. Due to low mass flow rate 
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Fig. 9. Comparison of the thermocouples’ temperatures from the numerical sim-
ulation and experiment. The uncertainty of the experiments was considered to 
be the probe’s accuracy. (a) Left window and floor thermocouples; (b) Head-
level air temperature and front windshield thermocouples.

Fig. 10. Mean velocity magnitude along the driver’s median plane and isosur-
faces of velocity with values greater than 0.75 m/s.

through the vents, the flow from the corresponding inlet was not cap-
tured. The main energy source to heat up the cabin is the heater mod-
eled at the inlet and, therefore, a strong convection effect is seen in 
10

these regions. This is visualized in Fig. 11, where the temperature along 
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the driver’s median plane and front window, along with the boundary 
heat flux on the driver is displayed at several times during the heat-up. 
At 10 s, a plume of warm air rises from the driver, denoting natu-
ral convection owing to the high surface temperature. This disappears 
when the inlet flow enters the cabin as seen in the subsequent images. 
The local variations in the temperature distribution along the plane can 
be attributed to the convective jets from the inlet flow, in addition to 
respiration from the manikin. Due to the large temperature difference 
between the driver and the cabin air, a large heat flux is seen at the be-
ginning, and it gradually reduces as the cabin warms up. The flow from 
the central defroster warms the front window. However, due to the high 
driving speed of 90 km/h, the windshield remains cold, away from the 
region where the defroster flow is incident.

In regard to the results from thermoregulation model, Fig. 12 illus-
trates the variation in the local skin temperatures versus time for 30 min 
at selected segments on the manikin. At the start, the skin temperatures 
are representative of 5 min soak at the respective operating condition. 
As seen, they decrease for a short duration due to cold air being forced 
on the driver, accelerating the heat loss. As the cabin warms up, the 
skin temperatures rise gradually everywhere, except on the right hand.

The average convective and radiation fluxes on the selected seg-
ments are shown in Figs. 13a and 13b. It can be seen that the heat losses 
decrease with time due to the cabin heating up. Most of the segments 
have about -70 to -100 W/m2 combined heat flux (sum of convective 
and radiative), while for the Head, R-Foot, and R-Hand, they vary. This 
effect stems from the low clothing resistances imposed (Table A.3.1) 
and the local flow interactions with the manikin. Similar trends were 
observed for L-Hand, though not shown here. After about 10 min, the 
R-Foot experiences a positive convective heat flux. This is because of 
a hot air-jet from the floor-inlet striking it as the heaters engage com-
pletely, creating a hot-spot, illustrated in Fig. 14. This was however not 
seen for the L-Foot.

Fig. 15a and 15b display the local sensation of the segments and 
the overall sensation/comfort based on the UCB-Zhang thermal com-
fort model. All segments, except the pelvis and neck, feel cold (<-1) 
until about 5 min. The hands and the feet feel cold even at the end of 
the simulation. This is indicative of insufficient clothing insulation un-
der these conditions. Although not considered in this study, this result 
also exhibits the necessity of steering heaters in cold weather. The neck 
has a high local sensation since it was considered to be a part of the 
torso, and the imposed resistance was too high resulting in high skin 
temperature. The overall sensation (Fig. 15b) is a weighted average of 
the local sensations and it shows that the conditions are close to neu-
tral (around zero) at the end of the simulation, with the majority of the 
time being greater than -1. The overall comfort is the mean of the two 
lowest and the highest local comforts, and shows that the conditions 
are uncomfortable during the entire simulation time. The differences in 
sensation and comfort between control strategies will be discussed at 
the end of the subsection.

Fig. 16 presets the vapor mass fraction at the inlet, and RAR for the 
case with adaptive control on the reference case. It can be seen that the 
controller operates as expected by varying the RAR to achieve the re-
quired setpoint as shown in Fig. 16a. The dotted and dashed lines in the 
figure represent the variation in the vapor mass fractions that cause fog-
ging and the corresponding the setpoint from the controller, which takes 
the minimum temperature of the interface into account. As shown in 
Fig. 11, the windshield remains quite cold far from where the defroster 
flow is incident due to the high driving speed in this case. There is little 
over-shoot in the control, indicating that the operating conditions at the 
inlet never exceed the saturated state on the front window. The result-
ing RAR is about 78% after 30 min and this is expected to increase with 
rising minimum window temperatures. The mean cabin CO2 concentra-
tion with this RAR was 775 ppm, which indicates that the humidity is 
the more critical of the two parameters for RAR control. With the RAR-
strategy, the total energy consumption was approximately 6.3 MJ over 

the 30 min of the simulation, which is about 29.3% lower than the same 
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Fig. 11. Temperature distribution along the driver’s median plane and front window along with the boundary heat flux on the driver at several time instances during 
the heat-up.
Fig. 12. Variation in the skin temperatures of selected segments from JOS3-CFD 
co-simulation.

scenario with no recirculation. The average temperature of the cabin 
with the RAR is about 0.5 to 1 °C lower than the case without recircula-
11

tion, as displayed in Fig. 17. This is because the heater-rate drops due 
to the hot air entering the recirculation outlets under the dash-panels. 
A large portion of the air from the floor inlets moves towards the REC 
ducts upon striking the foot of the driver, and/or the floor of the truck. 
This means that the hot air from the inlets do not mix with the cabin 
and less energy is imparted for the purpose of cabin heating. However, 
this did not severely affect the overall thermal sensation and comfort of 
the driver as shown in Fig. 15b.

3.2. Results from the parametric study

The results from section 3.1 demonstrated the feasibility of the RAR 
as a means to reduce energy consumption. In this subsection, the oper-
ating conditions entailing the vehicle speed, ambient temperature and 
relative humidity are varied according to Table 3 to analyze their effect 
on the control strategy and energy consumption.

3.2.1. Effect of varying vehicle speed

The effect of vehicle speed was studied while keeping the ambient 
temperature at -10 °C and 70% relative humidity. The vehicle speed 
greatly influences the heat loss from the vehicle as the external heat 
transfer coefficient is a function of the Reynold’s number under driving 
conditions. The windows are in direct contact with the ambient air, and 

thus, the minimum interfacial temperature between the cabin air and 
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Fig. 13. Heat flux from CFD (a) Convective heat flux; (b) Radiative heat flux.

Fig. 14. Boundary heat flux on the human.

the windows, which is used to generate the setpoint for the humidity 
controller (see Fig. 3), is largely dependent on the driving speed.

Fig. 18 displays the temperatures of inner windshield surface at 
30 min under different speeds. It can be seen that at higher speeds the 
temperatures are quite low due to high heat transfer, while at 0 km/h, 
12

the external heat transfer is natural convection dominated as explained 
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Fig. 15. Thermal comfort metric of the driver based on UCB-Zhang comfort 
model: (a) Local thermal sensations on selected segments; (b) Overall thermal 
sensation and comfort comparing scenarios with and without recirculation.

in Appendix A.2. Consequently, the rate of increase in the cabin tem-
perature is inversely proportional to the vehicle speed. Additionally, 
the higher window temperatures at lower speeds, result in lower radi-
ation losses from the manikin. Thus, the overall thermal sensation is 
also higher at lower speeds as shown in Fig. 19. The cabin requires 
about 19 min at stand-still to reach 20 °C, while the same temperature 
is achieved in 24, 26 and 28 min at 30, 60 and 90 km/h, respectively.

Figs. 20a and 20b display the vapor mass fraction at the inlet and 
the mean CO2 concentration in the cabin, respectively. The results can 
be classified into driving (30 km/h, 60 km/h and 90 km/h) and stand-
still (0 km/h) cases. As the windshield heats up, the setpoint for vapor 
mass fraction at the inlet increases but at different rates for each vehicle 
speed, as shown in Fig. 20a. Under driving scenarios, the controller tar-
gets only humidity at the inlet while at standstill, the controller switches 
from humidity to CO2 based targeting. From Fig. 20a for 0 km/h, the 
vapor mass fraction at the inlet follows the setpoint computed by the 
controller until around 25 min and then deviates, which indicates that 
the controller prioritizes CO2 henceforth. This is also supported by 
Fig. 20b where a mean CO2 concentration of 1000 ppm (setpoint) is 
achieved around the end of the simulation. A small rise in the setpoints 
for vapor mass fraction at the inlet is seen for with increasing driving 
speeds, but they remain humidity-critical for the duration of the studied 

scenario.
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Fig. 16. Results of the RAR controller on the reference simulation: (a) Vapor 
mass fraction at the inlet; (b) Return-air ratio.

Fig. 17. Average cabin temperature comparing cases with and without RAR-
control.

The resulting RAR is plotted in Fig. 20c. The mean RARs over the last 
minute for the various scenarios decrease with speed: 0 km/h with 87% 
recirculation, which is approximately the threshold for CO2 to maintain 
1000 ppm, and the 30 km/h case with 81% recirculation. The cases 
60 km/h and 90 km/h have 79.3% and 78% recirculation, respectively. 
Thus, the driving speed influences the rate and degree to which the 
13

setpoint for inlet vapor mass fraction can be raised.
International Journal of Heat and Mass Transfer 221 (2024) 125056

3.2.2. Effect of varying ambient temperature

The influence of ambient temperature was investigated while main-
taining the relative humidity and vehicle speed at 70%, and 90 km/h, 
respectively. As seen earlier, the driving speed of 90 km/h results in 
high heat transfer coefficient on the external windshield and side win-
dows.

Fig. 21 summaries the effects that ambient temperature has on RAR, 
the mean CO2 concentration, and the vapor mass fraction at the in-
let. The transient performance of the RAR-controller and the equalizing 
RAR-values to achieve the target setpoints vary with ambient tempera-
ture. The final values for the RAR were approximately 64% for -20 °C, 
78% at -10 °C and 86.3% at 0 °C. The choice of these RARs corresponds 
to either satisfying the humidity or CO2 criteria (1000 ppm) as seen ear-
lier. It can be seen in Fig. 21b that at 0 °C, the mean CO2 concentration 
in the cabin reaches the setpoint indicating it is more critical than hu-
midity at this condition. However, at the other two temperatures, the 
CO2 levels are lower than 1000 ppm and thus, we can infer that hu-
midity is more critical at -20 °C and -10 °C ambient to prevent fogging. 
The trends for vapor mass fraction at the inlet are shown in Fig. 21c to 
illustrate the behavior.

Finally, the energy consumption and the energy savings, compared 
to the corresponding case without RAR, are presented in Fig. 22. It 
can be seen that the energy consumption of the cabin increases with 
decreasing ambient temperatures, while the percentage energy savings 
decrease due to lower RAR usage. This is to prevent fogging. At 0 °C, en-
ergy savings is about 34%. As mentioned, this operating state is limited 
by CO2, with a steady-state RAR of about 86.3%. This will be further 
explored in the subsequent subsection.

3.2.3. Effect of varying relative humidity

For this study, the ambient relative humidity was varied while the 
temperature and vehicle speed were maintained at -10 °C and 90 km/h. 
As seen in the previous subsection, the temperature on the inner sur-
faces of the windows has only a marginal increase due to the high forced 
convection rate on the exterior surface.

Fig. 23a and 23b illustrate the RAR imposed on the model, and the 
vapor mass fraction at the inlet. It can be seen that an ambient rela-
tive humidity of 50% resulted in a RAR of approximately 86% at the 
end of the simulation. The setpoint for the inlet vapor mass fraction is 
achieved at around 25 min while the mean CO2 concentration is the 
cabin is 970 ppm. Though not simulated here, the controller would 
switch to CO2-critical condition when the RAR from the humidity con-
troller exceeds 86.3%, which, as discussed earlier, corresponds to the 
recirculation ratio for the mean CO2 concentration to be maintained at 
1000 ppm. The other scenarios resulted in 78% final RAR at 70% rel-
ative humidity, and about 51% at 90% relative humidity. The scenario 
with 90% relative humidity achieves the setpoint for vapor mass frac-
tion within 5 min of the simulation. The corresponding RAR increases 
from 30% to 51%. This behavior is characterized by the difference 
between the initial and increasing setpoints for the inlet vapor mass 
fraction due to the window heating up.

Fig. 23c illustrates the total energy consumption in the RAR-mode, 
and the energy savings compared to the corresponding scenario without 
recirculation. The energy consumption increased with increase in the 
relative humidity for the same temperature. This is because the RAR 
usage reduced from 86% to 51% with increase in relative humidity from 
50% to 90%. The energy savings vary inline with the magnitude of RAR 
usage.

3.3. Combined analysis

The results from the parametric analyses considering the variation 
in ambient temperature and relative humidity are plotted together in 
Fig. 24. To extend the analysis, additional configurations at -20 °C with 

varying relative humidities are included.
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Fig. 18. Temperature on the inner windshield surface at the end of 30 minutes at -10 °C ambient temperature and 70% relative humidity: (a) 𝑣𝑣𝑒ℎ = 0 km/h; (b) 𝑣𝑣𝑒ℎ

= 30 km/h; (c) 𝑣𝑣𝑒ℎ = 60 km/h; (d) 𝑣𝑣𝑒ℎ = 90 km/h.

Fig. 19. Sensitivity of overall sensation of the driver with varying vehicle speeds 
at -10 °C and 70% relative humidity.

It can be seen that the fresh-air flow rate ((1 − 𝛾)𝑚̇𝑖𝑛) into the 
cabin, in Fig. 24a, decreases with Δ𝑥𝜔, which represents the differ-
ence between the setpoint vapor mass fraction computed at T𝑔,𝑚𝑖𝑛-1 
(which varies during heat up) and the ambient vapor mass fraction, 
i.e. Δ𝑥𝜔 = 𝑥𝜔(𝑇𝑔,𝑚𝑖𝑛 − 1) − 𝑥𝜔,∞. In the plot, each cluster of symbols 
represents the results from one scenario after either of the setpoints is 
achieved. A clear trend is observed, meaning that irrespective of the 
ambient temperature and relative humidity, the Δ𝑥𝜔 determines the 
amount of fresh air required. This trend should be valid at any driving 
speed as seen in Section 3.2.1. For each scenario, the amount of fresh air 
required decreases since the windows heat up, thus increasing the Δ𝑥𝜔. 
The maximum RAR of approximately 86.3% corresponding to fresh air 
flow rate of 10 g/s, maintains the mean cabin CO2 concentration at 
1000 ppm as shown in previous literature [9,17]. The steady-state so-
14

lution from the 0-D cabin (derived in Appendix A.4, eqn. (A.4.5)) is 
plotted with an uncertainty band. As seen, it is in excellent correla-
tion with the results from CFD. The uncertainty stems from the amount 
of sweating from the manikin, varying from 18 to 25 g/h, depending 
on the clothing resistance (Table A.3.1) employed in eqn. (8) for a 
given scenario. This agrees well with the observations in previous stud-
ies [20,33]. While the correlation is good, the small deviations between 
the solutions from the two models can be attributed to the local vapor 
mass fraction and the CO2 concentrations at the REC boundaries in CFD, 
which can not be captured in the 0-D model. Additionally, the presence 
of open REC outlet changes the flow behavior around the dashboard 
and floor as described in Section 3.1.

In Fig. 24b, the net energy savings are plotted as a function of mean 
RAR over the last 5 min of the scenario. They increase linearly with 
RAR until the threshold for CO2 is met at 86.3% RAR. At this point, 
the trend deviates between different ambient temperatures. This can be 
explained by rearranging eqn. (16) and eqn. (17) as,

𝑄ℎ𝑒𝑎𝑡𝑒𝑟,𝑘 = 𝑚̇𝑖𝑛𝑐𝑝
[(
𝑇𝑖𝑛,𝑘|(𝑇𝑐𝑎𝑏,𝑇∞) − 𝑇∞

)
−𝛾|Δ𝑥𝜔,𝑘 (𝑇𝑅𝐸𝐶,𝑘 − 𝑇∞)] (25)

The setpoint for the inlet temperature is a function of the mean cabin 
and ambient temperatures. As explained from Fig. 24a, the RAR is de-
pendent on the Δ𝑥𝜔. The net energy savings relative to no recirculation 
can be defined from eqn. (25) as,

Δ𝑄ℎ𝑒𝑎𝑡𝑒𝑟%=
∑
𝑘 𝛾|Δ𝑥𝜔,𝑘(𝑇𝑅𝐸𝐶,𝑘 − 𝑇∞)∑
𝑘 𝑇𝑖𝑛,𝑘|(𝑇𝑐𝑎𝑏,𝑇∞) − 𝑇∞

× 100 (26)

The expression describes the linear dependency between energy savings 
and RAR. This also explains the lower energy savings at lower ambient 
temperatures. The energy savings at 0 °C ambient temperature and 70% 
relative humidity is marginally higher than -10 °C and 50% RH, even 
though they operate at 86% RAR, due to the inherently lower energy 
requirement (smaller denominator in eqn. (26)) to heat up the cabin. 

It must be mentioned that the net energy savings for the investigated 
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Fig. 20. Results from the sensitivity analysis with varying vehicle speed at -
10 °C ambient temperature and 70% relative humidity: (a) Vapor mass fraction 
at the inlet; (b) Mean CO2 in the cabin; (c) Return-air ratio.

scenario is typically lower since 𝑇𝑅𝐸𝐶 and 𝛾 increase during the heat-
up phase. The instantaneous energy saving was more than 41% for the 
reference case at the end of 30 min.

3.4. Effect of the number of occupants and HVAC inlet mass flow rate

The 0-D steady-state solution model (Appendix A.4) demonstrated 
a good correlation with CFD. To further extend the analysis, this sim-
plified model was employed to investigate the effect of the number of 
15

occupants and the mass flow rate into the cabin on the return-air ratio, 
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Fig. 21. Results from the sensitivity analysis with varying ambient tempera-
ture at 70% relative humidity and 90 km/h driving speed: (a) Return-air ratio; 
(b) Mean CO2 concentration and (c) Vapor mass fraction at the inlet.

under different Δ𝑥𝜔. Fig. 25a and 25b illustrate the variation of RAR 
with one and two occupants, respectively. The results can be summa-
rized as:

1. The RAR increases with Δ𝑥𝜔 for a given inlet mass flow rate until 
the CO2 setpoint is met, which is represented by the black dotted 

line in Fig. 25.



A. Ramesh Babu, S. Sebben, Z. Chronéer et al.

Fig. 22. Variation in the energy consumption (Y1, in red) with the ambient 
temperatures using RAR-control with 90 km/h driving speed and 70% relative 
humidity. The energy savings (Y2, in blue) relative to the corresponding sce-
nario without recirculation.

2. For a given Δ𝑥𝜔, the RAR increases with the mass flow rate into 
the cabin.

3. At a given Δ𝑥𝜔 and mass flow rate into the cabin, the RAR reduces 
with increasing number of occupants.

Equation (A.4.5) is independent of the volume of air in the cabin, thus, 
the solution is valid for any cabin size or geometry, provided there is 
a good correlation between the mean species concentration and that at 
the REC outlets in the cabin. The energy savings with RAR are linearly
dependent on the RAR employed as seen in eqn. (26) and, hence, must 
follow the same trend. This means the energy consumption increases 
with the number of occupants in the cabin since RAR usage is reduced. 
With some calibration, the steady-state solution (eqn. (A.4.5)) or the 
contour plots of Fig. 25 can be implemented as look-up tables for RAR 
control under real-world scenarios.

4. Conclusion

The current work employed a co-simulation strategy of CFD and 
JOS-3 thermoregulation models to analyze the effectiveness of an adap-
tive RAR strategy on the heat-up performance of an electric truck. The 
main conclusions from the study are as follows:

• Local flow interactions and high heat loss from the manikin, espe-
cially the limbs and face, had a large influence on sensation and 
comfort. These segments typically have low clothing resistances, 
thus indicate the necessity of local heaters for improved thermal 
comfort.

• The use of recirculation during heating resulted in a small re-
duction in the mean cabin temperatures as compared to the case 
without recirculation, but had no effect on the overall sensation 
and comfort.

• The driving speed had a significant effect on the rate of heat loss 
from the windows, which influenced the RAR strategy greatly. The 
difference between the setpoint and ambient vapor mass fractions 
(Δ𝑥𝜔) was identified to be a scenario independent parameter for 
appropriate RAR estimation. A decreasing trend was observed for 
the fresh air requirement with increasing Δ𝑥𝜔 up to about 10 g/s, 
which was required for maintaining the mean CO2 concentration 
at 1000 ppm. The energy savings were also found to be linearly 
proportional to the RAR, as compared to the scenarios without re-
circulation.

• The analytical solution for recirculation had excellent correlation 
with the results from the co-simulation making it a viable option 
16

for real-world RAR estimation. The solution is valid for any cabin
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Fig. 23. Results from the sensitivity analysis with varying relative humidity 
at -10 °C ambient temperature and 90 km/h driving speed: (a) Return-air ra-
tio; (b) Vapor mass fraction at the inlets and (c) Energy consumption using 
RAR-control (Y1, in red) and energy savings (Y2, in blue) relative to the corre-
sponding scenario without recirculation.

size and geometry, provided a good correlation exists between the 
mean species concentrations and that at the REC outlets in the 
cabin.

• The recirculation ratio that can be employed increases with the 
HVAC inlet mass flow and decreases with the number of occu-

pants.
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Fig. 24. Combined analysis based on the sensitivity studies of ambient tem-
perature and relative humidity at 90 km/h: (a) Variation of fresh-air flow rate 
into the cabin versus the difference between setpoint and ambient vapor mass 
fractions at the inlet (Δ𝑥𝜔); (b) Variation of net energy savings vs return-air 
ratio.
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Fig. 25. The effect of mass flow rate into the cabin and the difference be-
tween the setpoint and ambient vapor mass fractions in the inlet (Δ𝑥𝜔) on the 
return-air ratio with: (a) One occupant; (b) Two occupants. The black dotted 
line represents the point where the CO2 criterion is met.
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Appendix A

A.1. Cabin solid material properties

The material properties of the cabin solids used in the CHT model 
are displayed in Table A.1.1.

A.2. External CFD simulation

The vehicle was placed in a rectangular domain of dimensions 
136 𝑚×9 𝑚×7𝑚, typical of aerodynamic simulations. The surfaces of the 
truck were set to a constant temperature (𝑇𝑠) of 10 °C, and the air was 

blown with a temperature of 0 °C (𝑇∞) at various speeds (30 km/h, 60 
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Table A.1.1

Thermophysical properties of the solids in the vehicle cabin [7,38–40].

Solid ID Usage Density (kg/m3) Specific capacity (kJ/kgK) Thermal conductivity (W/mK)

S1 Side windows 2500 8400 1.4
S2 Windshield 2338 754 1.1717

S3
Door panels, IP

908 1883 0.26
Top storage covers

S4 Floor, motor wall 1030 1913 0.31
S5 Roof 440 1500 0.1
S6 Side, rear walls 1270 1700 0.2
S7 Bunk, seats 410 1210 0.05
S8 Ducts, bunk lower wall 1211 900 0.15
S9 Door mid-panel 908 1400 0.19
S10 Door reinforcements 7832 434 64
Fig. A.2.1. Variation in the heat transfer coefficient on the external vehicle 
surface with vehicle speed.

km/h, and 90 km/h). The SST 𝑘 −𝜔 (RANS) turbulence model was used 
to model air with constant density corresponding to an ambient pres-
sure of 1 𝑎𝑡𝑚 and 5 °C. The same air velocity was used on the ground, 
with a moving wall boundary condition to achieve the desired relative 
motion between the vehicle and the ground. The outlet was modeled as 
a pressure outlet boundary condition with the same temperature as the 
ambient.

The average heat flux (𝑞′′
𝑠

) for each surface was computed at differ-
ent speeds, and the external heat transfer coefficient (ℎ𝑒𝑥𝑡), plotted in 
Fig. A.2.1 was estimated using the expression,

ℎ𝑒𝑥𝑡,𝑠 =
𝑞′′
𝑠

𝑇𝑠 − 𝑇∞
(A.2.1)

The heat transfer coefficient is a function of Reynold’s number (Re) 
and Prandtl number (Pr), when process is forced convection-dominant. 
Hence, imposing a constant ℎ𝑒𝑥𝑡 is valid under these conditions. How-
ever, at standstill conditions, the heat transfer coefficient is in the 
natural convection regime, where it is a function of the temperature 
difference between air and the wall temperature [24,41]. Hence, the 
empirical equation of Nusselt number (𝑁𝑢) for natural convection of a 
vertical plate was employed as a field function on the outer side of the 
front and side windows.

𝑁𝑢 = 0.59(𝐺𝑟𝐿.𝑃 𝑟)1∕4 =
ℎ𝑒𝑥𝑡.𝐿

𝜆
(A.2.2)

where Gr is the Grashof number, and L is the length scale. A value of 
4.65 W/m2K was used on the other outer walls based on previous works 
[42–44] when the vehicle was at a standstill condition. The same value 
was used on the outer surfaces of the dashboard and the ducts under all 
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vehicle speeds.
Table A.3.1

Clothing resistance on JOS-3 depending on the ambient tem-
perature.

Ambient 
Temperature (°C)

Clothing Resistance (clo)

Head Torso Hand Pants Feet

0 0 0.9 0.1 0.9 0.1
-10 0 1.3 0.15 1.3 0.15
-20 0 1.5 0.2 1.5 0.2

A.3. Clothing resistance

The total clothing resistance on the driver was considered based on 
the ambient temperatures according the recommendations from Rinta-
maki et al. [45] for a low-moderate activity level. This was divided into 
five and applied to individual segments in JOS-3 as shown in the Ta-
ble A.3.1.

A.4. Steady-state solution for the recirculation ratio from a 0-D cabin 
model

The transport of specific humidity (𝜔) in the lumped model with one 
control volume can be described as,

𝑚𝑐𝑎𝑏
𝑑𝜔

𝑑𝑡
= 𝑚̇𝑖𝑛(𝜔𝑏𝑜 −𝜔) + 𝑚̇ℎ𝜔ℎ (A.4.1)

where 𝑚𝑐𝑎𝑏 the mass of air in the cabin, 𝑚̇𝑖𝑛 is the mass flow rate of air 
from the HVAC system, 𝑚̇ℎ𝜔ℎ is the rate at which vapor is introduced by 
the human. The first term on the right-hand side represents the HVAC 
contribution to humidity transport and the second term represents the 
source term from the human.

Assuming that the specific humidity at the recirculation outlet is 
equal to the mean concentration in the cabin, the specific humidity 
from the blower (𝜔𝑏𝑜) can be defined as,

𝜔𝑏𝑜 = 𝛾𝜔+ (1 − 𝛾)𝜔∞ (A.4.2)

where 𝜔∞ is the ambient specific humidity. Depending on the minimum 
temperature of the glass, the inlet setpoint for specific humidity can be 
defined using eqn. (21) as 𝜔(𝑇𝑔,𝑚𝑖𝑛 − 1, 100%).

At steady-state condition, the left-side term in eqn. (A.4.1) is zero. 
Substituing eqn. (A.4.2) into eqn. (A.4.1), the recirculation ratio at 
steady-state for satisfying the humidity criterion (𝛾𝜔) can be defined 
as,

𝛾𝜔,𝑠𝑠 =
1

1 + 𝑚̇ℎ𝜔ℎ

𝑚̇𝑖𝑛(𝜔𝑖𝑛,𝑠𝑒𝑡−𝜔∞)

(A.4.3)

The transport of CO2 (𝛼) in a lumped model can be described similarly 
to eqn. (A.4.1). Upon following the same steps, to maintain 1000 ppm 
mean concentration in the cabin, the steady-state recirculation ratio for 

CO2 criterion can be defined as,
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𝛾𝛼,𝑠𝑠 = 1 −
𝑚̇ℎ𝛼ℎ

𝑚̇𝑖𝑛(𝛼𝑠𝑒𝑡 − 𝛼∞)
(A.4.4)

The final steady-state RAR is,

𝛾𝑠𝑠 = min(𝛾𝜔,𝑠𝑠, 𝛾𝛼,𝑠𝑠) (A.4.5)

A.5. Recirculation ratio PI-controller parameter

The tuning parameter 𝑐 used in eqn. (23), was derived based on the 
steady-state estimation of simplified lumped cabin model and defined 
as,

𝑐 = 𝛾𝑠𝑠𝑚𝑐𝑎𝑏
(𝜔𝑖𝑛,𝑠𝑒𝑡 −𝜔∞)

𝑚̇ℎ𝜔ℎ
(A.5.1)

This formulation was realized through benchmarking to produce with 
low overshoot (to prevent fogging) from the setpoint under all condi-
tions.
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