Theor Appl Climatol (2017) 130:107-118
DOI 10.1007/s00704-016-1861-3

@ CrossMark

ORIGINAL PAPER

Cabin air temperature of parked vehicles in summer conditions:
life-threatening environment for children and pets calculated

by a dynamic model

Johannes Horak '  Ivo Schmerold® - Kurt Wimmer ' - Giinther Schauberger'

Received: 18 March 2016 / Accepted: 24 June 2016 /Published online: 18 July 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract In vehicles that are parked, no ventilation and/or air
conditioning takes place. If a vehicle is exposed to direct solar
radiation, an immediate temperature rise occurs. The high
cabin air temperature can threaten children and animals that
are left unattended in vehicles. In the USA, lethal heat strokes
cause a mean death rate of 37 children per year. In addition,
temperature-sensitive goods (e.g. drugs in ambulances and
veterinary vehicles) can be adversely affected by high temper-
atures. To calculate the rise of the cabin air temperature, a
dynamic model was developed that is driven by only three
parameters, available at standard meteorological stations: air
temperature, global radiation and wind velocity. The transition
from the initial temperature to the constant equilibrium tem-
perature depends strongly on the configuration of the vehicle,
more specifically on insulation, window area and transmission
of the glass, as well as on the meteorological conditions. The
comparison of the model with empirical data showed good
agreement. The model output can be applied to assess the heat
load of children and animals as well as temperature-sensitive
goods, which are transported and/or stored in a vehicle.
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1 Introduction

In modern vehicles, heating, ventilation and air conditioning
(HVAC) systems are in used to maintain the thermal comfort
and air quality inside of the driver cabin while the vehicle is in
operation. Besides this continuous operating state, the HVAC
must reach a steady state corresponding to the aspired comfort
level in a reasonable time after the start of operation. The heating
power for a vehicle lies in the range 5-10 kW for an outside
temperature of —20 °C, the cooling power (evaporator perfor-
mance) 3—7 kW (DIN 1946-3 2006). Even if the vehicle is only
ventilated by fans or by wind pressure due to its velocity, the air
mass flow rate reaches 4-10 kg min ' (0.067-0.167 kg s ')
(Bottcher and Konz 2011) and an air exchange rate between 2
and 60 h™' (Fruin et al. 2011). Studies have investigated the
thermal comfort in cabins of operated vehicles (e.g. Alahmer
et al. 2011; Kaynakli et al. 2005; Liu and Zeng 2012).

If a vehicle is parked and the motor is turned off, then
neither ventilation nor heating or cooling takes place. The air
exchange rate of the cabin of parked passenger vehicles was
determined to lic between 0.01 and 0.69 h™"! (Rugh etal. 2007,
Zhang et al. 2008). Especially if the vehicle is exposed to
direct solar radiation, it performs comparable to a greenhouse.
Some studies have analysed cabin temperature in this context.
Due to the vehicle’s exposure to the meteorological situation,
the thermal environment transforms towards a thermal steady
state, described by a constant equilibrium temperature.

If the sensible energy balance is dominated by the incom-
ing solar radiation, the temperature inside the vehicle stabilises
within a range between 20 and 35 K above the outside tem-
perature (Gibbs et al. 1995; Gregory and Constantine 1996;
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Grundstein et al. 2009; Jascha and Keck 1984; King et al.
1981; McLaren et al. 2005; Roberts and Roberts 1976;
Surpure 1982). Marty et al. (2001) even found a temperature
difference of close to 60 K. As a rough estimation, they
assessed the inside surface temperature due to solar radiation
reaching 30 °C for winter, 60 °C for spring and autumn and up
to 90 °C during summer.

Grundstein et al. (2009) developed simple models to cal-
culate the equilibrium temperature of vehicles as a function of
the outside air temperature, the irradiance of solar radiation, as
well as cloud cover. In the majority of cases, a value close to
the equilibrium temperature is reached about 2060 min after
the cessation of ventilation.

As long as the vehicle is not occupied or transporting ther-
mally sensitive cargo, this is of no concern. However, in rare
cases, children and pets are left unattended in parked vehicles.
The cabin temperature can then pose a dramatic threat to occu-
pants, which may result in a heat stroke and subsequent death.
Not only passengers, in particular children, and pets are threat-
ened by the thermal conditions but also temperature-sensitive
goods. Drugs, for instance, which are transported by ambu-
lances and vehicles of veterinarians, have a limited shelf life,
are temperature-sensitive, and must be stored under specific
thermal conditions. For vehicles of veterinary practitioners,
the thermal storage conditions have recently been investigated
by Haberleitner et al. (2014) and Ondrak et al. (2015). The
measurements show that, depending on the storage conditions,
the upper temperature thresholds of drugs were exceeded
frequently.

The harsh environment inside parked vehicles can cause
heat stroke as a life-threatening syndrome observed in human
and animals. It may result from exposure to environmental
heat stress and is characterised by body core temperatures of
>40 °C in a human (Grundstein et al. 2015a; Grundstein et al.
2015b) and >41 °C in dogs, as well as by central nervous
system dysfunction (Bruchim et al. 2009). Not only is the
heat stress relevant but also the duration of exposure
(Shapiro et al. 1978).

In the USA, lethal heat strokes inside vehicles cause a mean
death rate of 37 children per year (1998-2015) (McLaren et al.
2005; Null 2012). The annual mean death rate shows the dis-
tinct influence of latitude, with the maximum in the southwest
states with 3.90 children per 100,000 (Grundstein et al. 2011).
While the highest rates occur in southern regions and the low-
est in northern regions, the latter still show death rates of about
1/3 of that in southern states. The characteristics of these
deaths were analysed by several investigations, in sum more
than 800 cases (Booth et al. 2010; Grundstein et al. 2011;
Guard and Gallagher, 2005). The death rate of children left
in vehicles is up to half of all injury-related deaths in the USA:
8.5/100,000 in 2005 (Booth et al. 2010).

The death of animals, predominantly dogs, due to heat
stroke in vehicles is not well documented (Gregory and
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Constantine 1996; Shannon Flournoy et al. 2003). In such
cases, the owners are charged under the relevant jurisdiction
specific law for animal protection.

The aim of this paper was the development of a dynamic
model for the cabin temperature driven by the three meteoro-
logical parameters: outdoor temperature, solar radiation and
wind velocity, all of which are available on an hourly basis at
standard meteorological stations. Due to the dynamic charac-
teristics of the presented model, the time course of the cabin
air temperature can be calculated as a proxy to evaluate the
heat stress of humans and animals, taking into account the
exposure time. Especially for forensic purposes, this approach
can help to quantify whether a heat load has had the potential
to cause a heat stroke, notably in lethal cases. To assess the
thermal load onto an organism (humans as well as animals),
the presented dynamic model has to be linked with a model
that considers the metabolic energy production and the energy
release of the body (Alahmer et al. 2011). Then, the time
course of the body core temperature can be determined, which
is a crucial parameter to assess the incidence of a lethal heat
stroke.

2 Materials and methods
2.1 Dynamic model for calculating the cabin temperature

The cabin air temperature O,;, is calculated by a dynamic
model taking into account the sensible energy fluxes
from the transparent @1 and opaque P elements of the
cabin and by the HVAC system & Inside the cabin, passen-
ger, animal or other energy release components @; are
considered. Figure 1 gives an overview of the involved energy
fluxes.

The change rate of the vehicle’s cabin air temperature O 5;,
is calculated by the sensible heat balance

dO i
dt

cm ZSpT—f—Qso—‘r@[—F@V

with the air’s mass m and the thermal heat capacity c.
Generally, the latent energy balance (humidity) can be
neglected because no free water is available inside the vehicle
for evaporation. Under the assumption that no water vapour
source is inside the vehicle, the water vapour pressure will be
the same outside and inside.

In the case of a parked vehicle with an inactive HVAC
system, the resulting heat flux @y can be reduced to the natural
air exchange, which is negligible if the windows are closed.

Opaque and transparent elements constitute the body of a
vehicle. Their inner and outer surfaces are subject to heat
transfer via convection K, the sun’s short-wave radiation Rg
and thermal radiation R;.
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Fig. 1 Sensible energy balance
of a parked vehicle by convection
K, short-wave Rg and long-wave
thermal Ry radiation. Energy
exchange between the vehicle
body or objects within its interior
and the cabin air occurs through
convective heat fluxes @ = A K
where A is the area of the interface
with the cabin air. Inside the

HVAC

DY K Convection

E== Conduction

Ry Solar radiation fsees® R, Thermal radiation

| o

Car
body

cabin, the sensible heat flux of a

passenger, animal or component D,
&y is shown. For a parked vehicle,
the heat flux caused by the HVAC
system or by natural air exchange
®y, is neglected

Cabin Air

2

Interior
Passenger / Animal / Component

Air is mostly transparent to solar and thermal radiation;
therefore, the only heat transfer mechanism leading to a
change in cabin air temperature is convection K. The heat flux
density K between a surface of temperature @4 and adjacent
air is given by K = ax (O 5 — Og) with the air temperature ©
and the convective heat transfer coefficient ax which is a
function of the wind speed vy, given by ax = 2.8 + 3 v,
(Wattmuff et al. 1977). On the interior, vy = 0 m/s is assumed,
corresponding to free convection.

The incoming solar short-wave radiation on an inclined
surface Ry is calculated from the global radiation Gy, (meteo-
rological input parameter) on a horizontal receiving surface.

Obstructions above the geometric horizon affecting short-
and long-wave radiation, such as buildings, are taken into
account by defining a horizon heightening function yy(«)

0°

summer solstice
equinox
winter solstice

Fig. 2 Polar plot of the horizon heightening corresponding to one of the
measurement sites and the sun’s path at different times during a year.
Values greater than zero correspond to buildings while smaller values
(not shown) represent a lowered horizon due to an elevated position. The
sun path is plotted for Vienna, Austria (48° N, 16° E) for the winter and
summer solstices and the equinox (September 23 and March 21,
respectively)

with « as the azimuthal angle. Values vy () > 0 then corre-
spond to the angular height of surrounding obstacles. If
v < vua(y), with 1 as the sun’s azimuthal angle and ~ as the
sun’s elevation angle, direct solar radiation is blocked (Fig. 2).

Transparent elements (e.g. windows) transmit a fraction 7g
(1-ps) of Rg to the vehicle’s interior where it contributes to the
heating of inside components as well as passengers and ani-
mals. Here, 75 and pg are the coefficients of transmission and
reflection, respectively; typical values are shown in Table 1.

Typical optical properties of surfaces with regard to short-
wave and long-wave radiation are listed in Table 1. Metallic
colours, consisting of small metal particles oriented parallel to
the surface underneath, are approximated by assuming a mix-
ture of 1/3 coloured paint and 2/3 aluminium flakes with
ps = 0.85 (VDI 3789 Blatt 2 1994).

Additionally, energy-efficient paint coatings show high
transmittances in the visible spectrum but low transmittances
at longer wavelengths (Hummel and Guenther 1995) resulting
in an average coating transmittance of 7s coating = 0.37 in the
interval from 350 to 2500 nm. Then, ps coatea = 1 — (1 — ps)
TS, Coating 15 the reflectance representing the reflective proper-
ties of the coated paint with regard to solar radiation.

The resultant long-wave radiation Ry is calculated as the
difference between the incoming irradiance caused by the sky,
the ground, ambient obstacles (buildings) or other compo-
nents of the vehicle and the outgoing radiation. The latter
depends on the corresponding surface temperature Og of the
elements of the vehicle and is given by the Stefan-Boltzmann
lawas Ry s = €10 954 with long-wave total emissivity ¢; and
Stefan-Boltzmann constant o = 5.67 x 10°* W m 2> K™

For long-wave radiation, the vehicle’s interior is treated as a
black body. The situation is further simplified by neglecting
view factors and only considering radiative exchange between
parallel opposing surfaces, where the irradiance of the oppos-
ing surface is denoted as Ry_opp.

In general, for receiving planes, the anisotropic distribution
of the long-wave radiance of the sky dome and obstacles
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Table 1 Typical values of the

coefficient of reflection ps, Surface Source Short-wave solar radiation Long-wave thermal radiation

coefficient of reflection with

coating applied ps coated> Ps Ps,Coated Ts ap = €L

transmission 7g for short-wave

(solar) radiation and the White Givoni (1998) 0.7 — 0 0.90

coefficient of absorption oy and Metallic grey ~ Givoni (1998) 0.77 092 0 0.90

emission ¢ for long-wave - Lo _

(thermal) radiation. Values of the Orange Sr.nlth .et al. (2003) 0.5 0 0.90

latter two are assumed to be Black Givoni (1998) 0.1 0.67 0 0.90

identical due to Kirchhoff’s law Glass Szczyrbowski et al. (1989) - 0.50 0.29 0.1
Asphalt Jansson et al. (2006) 0.06 — — 1.0
Buildings VDI 3789 Blatt 2 (1994) 0.2 - - 0.90

above the geometric horizon (e.g. buildings and vegetation)
has to be considered (VDI 3789 Blatt 2 1994). Therefore, the
half space above a surface with the surface-normal orientation
denoted in spherical coordinates as («a, (3) was discretised in
steps of Aa = AP = 5°. Each discretisation element was
assigned a radiance L; depending on whether it covered the
sky, ground or other obstructions as indicated by 4.

esky(9)6}, sky at (iAo, jAB)

Ly(i,j) = lg EGndQé,,d ground .at (iAa,.jAﬁ).
T €81dOy , obstruction at (iAa,jApS)
0 for inner surfaces

Figure 3 shows a typical site with a building in the vicinity
of the parked vehicles and the resulting radiance.

Summing over all discretisation elements within the half
space and considering the angle of incident yields the total
thermal radiation received by the plane. Therefore

1735
R = AaApR Z Z sin(ﬂj)cosnifL[j(Aoc (0.5+16),AR (0.5+)))

=18 =0
+ RL,opp_RL,s

with 7;; as the angle between surface normal and discretisation
element of the half space.

Heat is conducted through an opaque element according to
C = \Md (O, — Og;) with the heat conductivity A, the thick-
ness d and the temperature of outer and inner surface of the
element Og , and O, respectively.

The heat transfer between two layers of different materials
and surface temperatures Og ; and Og ,, respectively, is given
by C = a¢ (Os;1 — Os,). To estimate the thermal contact
conductance o at their interface across an area Aj, a relation
that takes into account the area of direct contact Ac, the aver-
age spacing between the two layers dc and the heat conduc-
tivity of air enclosed within the contact zone A4 is applied:

1 [Ac M X\ Ac
—_(Ae A ()
e dc (AI )\1+>\2+( AI) C>
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Choosing Ac = 0.5 A, dc = 0.1 mm and the heat conduc-
tivity values for a contact zone between iron and insulating
material as given in Table 2 results in ac = 405 W/Km®.

The vehicle is approximated as a hollow cuboid, and the
opaque and transparent elements comprising its body are
viewed as one-dimensional plane walls with heat being con-
ducted only perpendicular to their surfaces. For a Mercedes
Vito, the dimensions of the cuboid were chosen as
2.4 % 1.9 x 1.3 m’ and for the Mazda 616, 1.2 x 1.6 x 1.9 m’.

A lumped capacitance method with a discretisation length
of Ax =1 mm and a time step interval of Ar=1 s is employed
to describe the dynamic behaviour of the system. Each lump’s
change rate of internal energy is given by

do,

m di =A (aLRL+(1—pS_Ts)Rs +K+C)

+ AP ( 1*Ps)RS,T

where A is the surface area of the plane wall, A, is the area
irradiated by solar radiation transmitted to the interior Rg
yielding its internal energy Uy at ¢ + At:

Radiance (mWm2sr")

-90 -60 -30 0 30 60 9%

0
30 30 42
60 60
= 1 T | 1N 0 O O 40
— 90H 90
Q.
120 120 38
150 150
36
180 80

-90 -60 -30 0 30 60 96
a; (°)

Fig. 3 Plot of the discretised half space above an outer surface oriented
perpendicular to the ground. The radiances shown are not adjusted for the
angle of incidence; the dark portions represent buildings in the vicinity of
the vehicle. Thermal radiation from the sky at 3; < 90 decreases
noticeably with decreasing [3;
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Table 2 Thermophysical

properties of the materials of the Parameter Steel sheet Glass Air Insulation
simulated vehicles (Haynes 2015)
Specific heat capacity ¢ (Jkg ' K™') 449 450 1007 1300
Heat conductivity A\ (WK ' m™) 80 0.95 0.026 0.055
Density p (kgm ) 7870 2500 1.16 270
doy (¢ Hy,=Gy (1.400—1.749 k,+0.177 sin~) (Reindl et al.
ULt + At) = UL() +¢ m dt( L 1990) for 0.3 < k, < 0.78 with the clearness index k, = G, /

The output of the presented dynamical model therefore
consists not only of the cabin air temperature but also of the
cabin surface temperatures, which are relevant for calculating
the mean radiation temperature.

A collection of the thermophysical properties of materials
used in the simulations is shown in Table 2.

Windows were modelled as transparent elements of uniform
temperature distribution and a thickness of 5 mm. The outer-
most layer of opaque elements is approximated as a 1-mm-
thick iron sheet. While vehicle bodies are usually comprised
of advanced high-strength steel sheets (Liu et al. 2010), their
thermophysical properties can be approximated with those of
iron. At the front and roof of every vehicle, a 5-cm-thick layer
of thermally insulating material is in thermal contact with the
metal sheet, with the insulating layer’s thickness at the remain-
ing walls varying from vehicle to vehicle. For vehicles with a
cargo hold, structurally separated from the driver cabin, the
front side of the model cuboid was simulated without transpar-
ent elements. All lumps were initialised with a corresponding
measured average temperature at £ = 0. An overview of the
vehicle parameters chosen for simulations is given in Table 3.

The model calculation takes about 3 min per simulated hour
on a 3.8-GHz AMD FX-6300 processor. Multiprocessor capa-
bility was not implemented.

2.2 Meteorological data

The model is driven by the three meteorological parameters:
ambient air temperature (2 m height) @, ,, the wind speed vy
at a height of z;0 = 10 m and the global radiation Gy, on a
horizontal receiving surface from standard meteorological sta-
tions. The maximum distance between the site of the vehicle
measurements and meteorological station was less than 6 km.
All parameters were available at a temporal resolution of
I minor 1 h.

The short-wave radiation Rg on an inclined receiving surface
is calculated from the global radiation Gy, incident on a hori-
zontal receiving surface taking into account the geometry of the
Sun-Earth system and the geometry of the inclined surface
(Schauberger 1992; WMO 2008). At some stations, the diffuse
sky radiation H, is also available; therefore, the direct solar
radiation Dy, on a horizontal receiving plane is given by
Dy, = Gy, — Hy. Otherwise, the former can be assessed by

Sh. Here, S, represents the extraterrestrial solar irradiance on a
horizontal receiving surface, calculated by Sy, = S sin y with the
solar constant S = 1366 W/m?” and the solar elevation angle ~.

Incoming short-wave radiation from the upper-half sphere
Rs sky 1s given by the sum of the direct radiation D and the
diffuse radiation from the sky dome H}, by Rs gy = D + Hj,.
Here, D = cos 1 Dy, where 7 is the angle of incidence. The
short-wave radiation from the lower-half sphere Rg gnq de-
pends on the reflection of the global radiation on ambient
surfaces (e.g. ground and buildings) and the short-wave radi-
ation albedo, 5. The resulting short-wave radiation on an
inclined receiving surface Rg is then given by the sum of the
two half spheres Rg = Rg sky + Rs Gnd-

Long-wave radiation from the upper-half sphere (sky) Ry sky
can be parameterised with the Stefan-Boltzmann law using the
air temperature at 2 m height ©4 , (WMO 2008). The emissiv-
ity is given as a function of the zenith angle &g, (1) = 1-0.5 exp
(—0.3(r/cos)?) with a dimensionless factor x depending on
O o- For the temperature range between 268 K <60, , <296 K,
it is defined by k = exp [(0a, — 257.6)/15.47]; while its tabu-
lated values between 297 and 313 K (VDI 3789 Blatt 2 1994)
can be approximated by a third order polynom Zfzoa :T" where
ap = 291,606, a; = 2916, a, = —9.72 and a3 = 0.011 with
relative errors below 3 %.

The surface temperature of the ground G, was calculated
by the taking into account global radiation Gy, convective heat
flow depending on the air temperature © 5 , and wind velocity
vy, and the heat flow due to conduction between the upper
layer and a depth of 20 cm, using the parameters of the ground
from Jansson et al. (2006). For 06:00 in the morning, a uni-
form initial temperature equal to the air temperature at that
time is assumed down to a depth of 20 cm. The temperature
below 20 cm is kept constant at the diurnal mean temperature
of the previous day.

To calculate the wind velocity v, at a vehicle height of 7= 1 m,
a logarithmic wind profile vy, = vy In(z/z9)/In(z1¢/z) Was employed
with surface roughness 7o = 1.5 m (Manwell et al. 2009).

2.3 Vehicle measurements and model validation
The dynamic model was validated with measurements during

summer conditions for a delivery van represented by various
Mercedes Vitos and a limousine using a Mazda 616. The
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Table 3  Characteristic parameters of the measured vehicles. The
thickness of the thermally insulating layer at the side walls, floor and
back wall is given by di,s, while the ratio of area covered by windows
A,, to the total surface area of a wall A is denoted by A,. Colour
determines the optical properties of the cuboid’s outer surfaces and
interior colour those of its inner surfaces as listed in Table 1. All vehicles
were Mercedes Vitos, except for O-2-1, which was a Mazda 616. The
vehicle code gives an overview of the configuration, with the first letter
indicating colour, the first number the thickness of the insulating layer, and
the second number whether or not windows were installed (0 = no; 1 = yes)

Vehicle Colour Interior dips (cm) A (1)
code colour
Front/ Sides
back
B-2-1 Black Black 2 04 0.3
0-2-1 Orange Black 2 0.3 0.3
G-2-1 Metallic grey Black 2 04 0.3
W-2-1  White Black 2 04 0.3
W-1-0  White - 1 0 0
W-2-0  White - 2 0 0
W-5-0  White - 5 0 0

typical parameters of these vehicles are summarised in Table 3.
The cabin air temperature was measured with three sensors
close to the roof, three sensors in the middle of the cabin and
three sensors close to the floor (Testo174 data loggers from
Testo GmbH with a measuring range of —30 to 70 °C).

Besides the mean temperature © ;;, as a mean over all nine
measuring points, we calculated the floor temperature and the
roof temperature to describe the inhomogeneity of the temper-
ature distribution.

The model calculations were compared to several on-site
measurements. The deviations from the model were described
by the root mean squared error RMSE:

max

2
RMSE = Z (QAk(l)—QAk(f))
=0
and the absolute maximum error AME:

i

AME = max’@Air(t)—QAir(t)

and used as an indicator of model skill.

3 Results

3.1 Comparison of model calculations with measurements
The results of the simulation model were compared to mea-
surements of the cabin air temperature for eight model runs.

Figure 4 shows the time course of the measurements of the
mean temperature and the temperature at roof and floor levels
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as well as the model calculation. The first four plots (Fig. 4a—d)
are calculated for vehicles of various colours with windows
but equal insulation thickness of dj,s = 2 cm, while Fig. 4e-h
shows simulations for white vehicles without windows and
different values of insulation dj,.

For each model run, the model skill is expressed by RMSE
and AME, with the highest observed RMSE in the case of
W-1-0 (Fig. 4e). In this run, the modelled air temperature
approximates the measured air temperature at roof level,
which can be seen as an upper limit of the air temperature
inside the cabin. However, photographs taken during the
on-site measurement of the cabin air temperature indicate
overcast skies at the measurement site. This is not reflected
by the global radiation input data from the nearest meteoro-
logical station, leading to an overestimation of the cabin air
temperature. An underestimation of the floor temperature by
the model was not observed.

3.2 Dynamic behaviour of the vehicles

A direct comparison of the thermal performances of vehicles
(defined in Table 1 and Table 3) was performed by setting the
meteorological parameters to Gy, = 800 W/m?, Hy, = 364 W/
m, Opo =40 °C, Ogpq =40 °C, vip =0 m/s, v = 62.5° and
1) = 180°. To evaluate the influence of windows, an additional
windowless vehicle configuration W-2-0 on the basis of W-2-
1 was added.

The calculated time course of the cabin air temperature
O ;i Was then fitted with an exponential function © = 6, +
Op [1-exp (—kt)] with fit parameters Op and k. The time ¢ — ©
yields the equilibrium temperature O = @y + Op, of the sim-
ulated scenario. Maximum heating rates P (W) were extracted
directly from the model calculations. These parameters are
summarised in Tables 4 and 5. The equilibrium temperature
Ok describes the thermal steady state of the cabin, whereas the
other parameters depend strongly on the dynamic process of
the cabin heating.

Windows have a major influence on the reached equilibri-
um temperature O, allowing solar radiation to be transmitted
to the vehicle’s interior (Fig. Sa, vehicle configurations X-x-0
compared to X-x-1). This in turn leads to increased tempera-
ture of interior surfaces and therefore a higher contribution
towards the heating of the cabin air. Only configuration G-2-
1 shows a lower equilibrium temperature O than all window-
less configurations due to the high reflectivity of its outer
surfaces, reflecting a large portion of inciding solar radiation
and thereby compensating the solar radiation transmitted to its
interior. The maximum of the time course of the heating rate P
is dependent on the insulation (Fig. 5b). For a thickness of
only dj,s = 1 cm, the maximum is reached in about 10 min,
for di,s = 2 cm in about 20 min and for di,s = 5 cm, the
maximum is reached after 1 h. This has a strong influence
on the slope of the temperature change of the cabin air
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Fig. 4 Time course of the modelled cabin air temperature (red line), the
measured mean air temperature and the temperature at floor and roof level
inside the cabin. The code above each plot refers to the simulated vehicle
configuration (Table 3). For each model run, the date of measurement,

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Time (h)

duration of measurement, mean values and standard deviations of the
meteorological input parameters G, O o, V10, and the model skill param-
eters root mean squared error RMSE, and absolute maximum error AME,
all evaluated for the entire duration, are given
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Table 4 Parameters describing the steady-state situation and the
dynamic behaviour of the temperature rise of the cabin by the
equilibrium temperature O, the time when 50 % of the difference
between ambient temperature and equilibrium temperature is reached
ts09%, time of maximum heating rate #y;,x and maximum heating rate Py,

Vehicle Og(°C) t509, (min) tmax(Min) Prax(W)
G-2-1 51 19 19 36
W-1-0 54 10 10 97
W-2-0 55 23 20 50
W-5-0 59 73 64 22
B-2-1 61 29 19 49
W-2-1 61 27 19 50
0-2-1 69 31 18 38

temperature. For the most common thickness of the insulation
of about dj,,s = 2 cm, we can expect that most of the temper-
ature change will occur in the first hour.

3.3 Sensitivity study

To investigate the influence of the model input parameters,
only one single parameter was changed by 25 % of the initial
value; the model result was compared to the initial setup
(Table 5). The simulations were performed for the configura-
tion of vehicle W-2-1 and constant meteorological parameters,
as used before.

The change of the equilibrium temperature A©g describes
the influence of the change of the selected parameter on the
thermal steady state of the cabin. Ambient temperature, wind
velocity, global radiation and paint reflectivity show the stron-
gest influence. The alteration of the dynamic behaviour is
shown by variations in the maximum heating rate APy,
which, additionally, is sensible to the thickness of the insulat-
ing layer dj,s, and the initial temperature O,

In forensic scenarios, the initial temperature ©, and the
time at which a vehicle was parked with the HVAC system
switched off 7, may not be known with certainty. To investi-
gate the model sensitivity with respect to these parameters,
time courses of the cabin air temperature for different initial
conditions were calculated and are plotted in Fig. 6a, b.

The uncertainty in the initial temperature of the cabin air
B =21.5 °C was assumed to be AO, = =+5 °C and the uncer-
tainty in Aty = 0.5 h. Calculations were performed for vehi-
cle configuration W-5-0 with meteorological input data from
the model run shown in Fig. 4h. This vehicle configuration
shows a slow transition from the initial temperature @, to the
equilibrium temperature O due to its thick insulation and the
lack of windows (see also Fig. 5). Therefore, this configura-
tion is influenced strongest by the two parameters © and ¢. In
cases of a faster transition caused, for instance, by thinner
insulation or solar radiation being transmitted to interior due
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to windows, the influence of the uncertainty on the calculated
cabin air temperature will be considerably smaller. The initial
temperature ©, has a much stronger influence on the time
course than the time shift. However, after 4 h, all calculated
temperatures lie within a 2 °C interval.

These results show that input parameters may be classified
in three groups, depending on which quantities are influenced.
They may either affect (1) the equilibrium temperature, (2) the
heating rate or (3) both. If, for instance, the focus of model
application is the calculation of the steady-state equilibrium
temperature with high accuracy, then parameters of groups 1
and 3 have a major influence.

4 Discussion

As long as a vehicle is in operation, the cabin climate is con-
ditioned by the ventilation and/or the AC system. In the case
of a parked vehicle, it is entirely passive and exposed to the
environment. The transition from the operational state to
steady state, which is expressed by the equilibrium tempera-
ture, was described by a dynamic model. The model is driven
by the three meteorological parameters: air temperature (at
2 m height), global solar radiation and wind velocity (at
10 m height). Additional investigation suggests that model
performance is mostly independent from the temporal resolu-
tion of the meteorological input data. For data with a temporal
resolution of 1 min, the RMSE =0.47 K, for aresolution of 1 h
RMSE = 0.48 K (Fig. 4h). This means that meteorological
data on an hourly basis are sufficient, which are available at
most of the meteorological stations. Due to the fact that air
temperature and global radiation show, in general, a conser-
vative behaviour in space (Schmalwieser and Schauberger
2001), only the wind velocity has to be evaluated taking into
account the local situation (e.g. buildings, terrain). The limi-
tation to only three meteorological parameters, according to
availability at a standard meteorological station, is an impor-
tant feature to improve the applicability of the model.

The dynamic behaviour of the model was evaluated by
measurements of the transition of the cabin air temperature
to equilibrium temperature by several vehicles. Their geome-
try was simplified as far as possible. The results presented in
Fig. 5 and Table 4 show that the cabin air temperature reaches
50 % of the equilibrium temperature in all but one case in
about 30 min. For the windowless vehicle with the thickest
insulating layer, the duration is more than 1 h. The results
show that the majority of the heating process occurs during
this period, which is the time range for children and pets left
unattended in a vehicle to reach harm (Grundstein et al. 2015a;
Grundstein et al. 2011). The dynamic behaviour of the tem-
perature increase after parking a vehicle in the sun has also
been described elsewhere (Gibbs et al. 1995; Gregory and
Constantine 1996; Jascha and Keck 1984; King et al. 1981;
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Table 5 Variation of the

equilibrium temperature A@zand ~ Parameter ABg (K) APrpax (W)

the maximum heating flow rate

AP ax due to a 25 % change of 25 % +25 % 25 % +25 %

only one model parameter

compared to the initial setup. In Ambient temperature O, , =40 £ 10 °C -10 10 -14 15

the two cases, the parameter was Wind speed vi = 0 [+5; +10] m/s -5 -8 +4 +2

changed by different values; the 1,41 ragiation G, = 800 +200 W ~4 4 4

corresponding modifiers are listed o ]

in rectangular brackets Reflectivity of paint ps paine = 0.7 = 0.08 -3 3 -4 4
Thickness of insulating layer dj,,s = 2 £ 0.5 cm -1 18 -11
Transmittance glass 75 Glass = 0.29 £ 0.07 -1 1 -2
Heat conductivity insulator A, = 55 £ 14 mW/Km 1 -1 —4 2
Thermal absorptivity of paint c_paine = 0.9 [+0.1; —0.225] 3 -1 -1 0
Initial temperature ©¢ = 21.5 £ 5.4 °C 0 0 7 -8

McLaren et al. 2005; Roberts and Roberts 1976). The model
results are supported by these studies. Dadour et al. (2011) and
Levinson et al. (2011) used statistical regression models to
describe the time course of the cabin air temperature, with
the limitation that these models have to be fitted to measure-
ment. This will reduce their applicability especially for foren-
sic purposes, when no measurements are available. Our mod-
el, with the explicit description of all energy fluxes can be
applied without further calibration.

The most effective measure to reduce the inside tempera-
ture is to increase the ventilation by partly opened windows
(Jascha and Keck 1984; King et al. 1981; Roberts and Roberts
1976; Surpure 1982). The protection of the windows by var-
ious covers to reduce the incoming solar radiation was inves-
tigated for paper, fabrics and aluminium foil (Al-Kayiem et al.
2010; Jascha and Keck 1984) and solar reflective coatings
(Devonshire and Sayer 2005; Jasni and Nasir 2012; Rugh
et al. 2007; Rugh and Farrington 2008). These investigations
found a reduction up to 11 K for the cabin air temperature and
a higher rating of thermal comfort (Devonshire and Sayer
2005), compared to unprotected windows.

A sensitivity study and the deviation between measured and
modelled data showed that colour is a crucial factor. In the auto-
motive industry, specialised optical coatings are used (Hummel
and Guenther 1995; Smith et al. 2003; Szczyrbowski et al. 1989)
to reduce the heat load. Simulations for vehicles with uncoated

paint show higher equilibrium temperatures and heating rates for
vehicles with darker colours, ranging from 61 °C for white (W-2-
1) to 80 °C for black (B-2-1). This is in agreement with measure-
ments of Levinson et al. (2011). By applying solar reflecting
films on the roof, Rugh and Farrington (2008) found a reduction
of about 7 K which results in a reduction of 1 K for the cabin air
temperature. In the sensitivity study, we changed the transmit-
tance of the glass by +0.07, which results in a reduction of about
1 K of the cabin air temperature. Taking into account a reduction
which can be achieved by window films (visible light transmis-
sion in the range of 24 % in California), a reduction of the cabin
air temperature of 5 K as reported by Jasni and Nasir (2012) is
plausible.

To assess the thermal load of an organism (humans as well
as animals), more complex models are needed due to meta-
bolic heat production (Grundstein et al. 2010; Schuliar et al.
2001) of the body and the necessity to stabilise the core tem-
perature in a narrow interval by modifying the heat release of
the body (e.g. Cheng et al. 2012; Dixit and Gade 2015). For a
steady-state situation, after achieving the equilibrium temper-
ature, this was calculated by Schuliar et al. (2001) for two
children that were left unattended in a vehicle.

Grundstein et al. (2015a) combined measured cabin air tem-
perature with a Man-Environment Heat Exchange Model
(MENEX) to calculate the time dependent core temperature
of a 1-year-old child to determine the duration that is needed

Fig. 5 Time course of the 70 100
modelled mean cabin air
temperature O ;; (a) and the 60— __emeneraran — 80
heating rate P (b) for vehicles of G g «"'—’ | IS g £
different configurations, subject @ 50 AT | el 0-2-1 & gl
to constant meteorological f:; /& 71 ot 2‘22‘11 § |
conditions g 40 ',? N W-1-0 2 40 - :.i _ \\
§ At —-W-2-0§ L& \\~
sl A e W-2-1 Tl e e
’;‘ - W-5-0 F.', B
2004:"1"'”2'”“3',"”4“”5""6 Y 1.0 1.5 20
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@ Springer



116

Horak J. et al.

Fig. 6 Time course of the
calculated cabin air temperatures
for variations in the initial
conditions. In a, the initial
temperature ©, was varied by

+5 °C, while in b, the start time ¢,
was shifted by 0.5 h. For
comparison, the model
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to exceed the limit temperature for uncompensable heating
(>37 °C) and hyperthermia (>40 °C). The results show that
these effects can be expected in less than 30 min. The combi-
nation of our dynamic model to calculate the cabin air temper-
ature with a model that describes the man-environment heat
exchange would be an appropriate forensic tool to predict hy-
perthermia time course, as posed by Grundstein et al. (2015b).

Besides the cabin air temperature and the cabin surface
temperature of the vehicles, as an output of our model, expo-
sure of the body to direct solar radiation, which penetrates
through the transparent parts of the vehicles, has to be taken
into account to calculate the energy balance of the organism.
The mean radiant temperature can then be assessed by models
like RayMan (Matzarakis et al. 2007; Matzarakis et al. 2010)
to calculate thermal indices that describe the thermal comfort
(Rupp et al. 2015; Zhao et al. 2014) by, e.g. predicted mean
vote (PMV), physiologically equivalent temperature (PET),
standard effective temperature (SET*) and Universal
Thermal Climate Index (UTCI).

In addition, temperature-sensitive goods like drugs
(Haberleitner et al. 2014; Ondrak et al. 2015) and electronic
devices can be adversely affected by high cabin temperature
and exposure to solar radiation. Storage temperatures outside
the recommended range can affect the quality of drugs
(Gammon et al. 2008). Exceedance of the upper limit of the
recommended temperature range may cause a loss of drug
quality due to degradation processes. The inactivation process
is described by the Arrhenius equation: the higher the temper-
ature, the higher the degradation of active substances using the
mean kinetic temperature (De Winter et al. 2013; Haynes 1971;
ICH QI1A(R2) 2003; Nakamura et al. 2013). The mandatory
shelf life of a temperature-sensitive drug allows for a degrada-
tion of active substances of less than 5 % during correct storage
(ICH Q1A(R2) 2003; ICH Q1E 2003; Kiipper et al. 2006). For
a typical drug, an increase in the mean kinetic temperature of
5 °C will decrease the drug’s shelf life by a factor of two
(Allegra et al. 1999). For the USA, the storage standards of
the US Pharmacopeial Convention are summarised by Brown
and Campagna (2005).
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5 Conclusions

The thermal climate inside parked vehicles can be a live threat-
ening environment for unattended children and pets. Each year
about 37 children in the USA suffer a lethal heat stroke inside
parked vehicles. In addition, thermal sensitive goods like drugs in
ambulances and vehicles for veterinarians can be affected. To
assess the thermal situation during parking of a vehicle, a dynamic
model was developed. This model calculates the transition of the
thermal conditions in the interior of a vehicle with its engine
turned off from its initial state (e.g. immediately after having been
in operation with active HVAC) to the steady state in the
equilibrium situation. The model is driven only by three standard
meteorological parameters: (1) the air temperature, (2) the wind
velocity and (3) the global radiation, which is an advantage for its
applicability. The transitional period lasts for about 60 min, which
means that even a short exposure time of less than 60 min can be
live threatening by causing a heat stroke. To assess the thermal
load of an organism (humans as well as animals), more complex
models are needed to include metabolic heat production and the
heat release of the body. This would benefit forensic applications
with the aim to calculate the point of time when uncompensable
heating (>37 °C) and/or hyperthermia (>40 °C) occurs.
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