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Abstract

The thermal performance of six wall/roof configurations in an intermittent
air-conditioned room, in a climate where the outdoor temperature or the
sol-air temperature swing crosses the thermal comfort zone, was numeri-
cally evaluated. The intermittent air-conditioning system operates heating
or cooling. When operating for cooling it is turned on when the indoor tem-
perature is greater than the upper comfort temperature and when operating
for heating it is turned on if the indoor temperature is smaller than the
lower comfort temperature; otherwise it remains off. A one dimensional heat
transfer model with periodic outdoor conditions was considered. The param-
eters used to evaluate the configurations are the energy for the on-periods
and a thermal index during the off-periods. For comparison purposes, the
wall/roof configurations were also evaluated in an air-conditioned room where
the temperature was kept constant full time. The results show that the ther-
mal evaluation of a wall/roof must be done taking into account the operation
condition of the air-conditioning system.

Keywords: wall/roof thermal performance, intermittent air-conditioned,
numerical simulations

1. Introduction

The envelope walls and roofs are important components to be consid-
ered for the thermal analysis of buildings, as well as ventilation, direct solar
gains through windows, etc. To isolate the thermal effect of the envelope
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walls/roofs, the studies have disregarded other factors affecting the building
thermal performance. In general, when evaluating the thermal performance
of envelope walls and roofs, research interest has focused to find a suitable
configuration of a wall/roof for air-conditioned rooms, considering the indoor
air temperature of the room constant.

Many authors have analitically studied the one-dimensional heat transfer
through a wall/roof with periodic outdoor temperature under convection
boundary conditions, for air-conditioned rooms [1, 2, 3, 4, 5, 6, 7, 8, 9, 10].
In all these studies, material properties and indoor and outdoor surfaces film
coefficients have been considered constant. In general, analytical methods
are limited in the number of layers.

Numerical methods have also been used to solve the one-dimensional heat
transfer equation through monolayered and multilayered wall/roofs. As in
the analytical studies, the material properties and indoor and outdoor sur-
faces film coefficients have been considered constant. Chen and Krokosky [11]
used a finite element technique to numerically solve the two-dimensional
heat transfer equation for periodic outdoor conditions for mono and mul-
tilayered roofs. The finite element technique gives similar results as the
one-dimensional analytical solution for monolayered roofs. They compared
their numerical results with experiments, showing that the finite element
technique gives better results than the Mackey and Wright method for mul-
tilayered roofs [3].

The effect of monolayered or multilayered wall/roof configurations in air-
conditioned rooms has been studied numerically. Most of the studies have
used the decrement factor and time lag as evaluation parameters [12, 13, 14,
15, 16, 17, 18, 19, 20]. The energy consumed to maintain constant the indoor
air temperature has also been used as evaluation parameter [21, 18, 17, 20].
It is clear that as the value of this energy is lower the thermal performance
of the wall/roof is better. The decrement factor measures the amplitude of
the indoor surface temperature oscillation with respect to the amplitude of
the outdoor surface temperature oscillation. The time difference between the
maxima of the indoor surface temperature and the outdoor surface temper-
ature is the time lag. A wall/roof has a better thermal performance as the
decrement factor is reduced and the time lag is increased. Asan and Sancak-
tar [12] found that a decrease in the thermal conductivity or an increase in the
heat capacity of a monolayered wall/roof decreases the decrement factor and
increases the time lag. They showed that including an insulation layer de-
creases the decrement factor and increases the time lag. Asan [13] computed
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decrement factors and time lags for monolayered wall/roofs. Twenty-six dif-
ferent building materials and eight different thicknesses of the wall/roof were
studied. As expected, for all materials the decrement factor decreases as
the thickness increases and the time lag increases as the thickness increases.
Studies have shown that placing an insulation layer on the wall/roof exterior
side gives a better thermal performance than placing the insulation layer on
the wall/roof interior side [14, 16, 19]. For wall/roofs made of a high ther-
mal capacity material and constant amounts of insulation material divided
in layers, an increase in the number of layers increases the thermal perfor-
mance [16, 17]. Barrios et al [18] found that monolayered wall/roofs made of
an insulation material have a better thermal performance than wall/roofs of
the same thickness made of a high thermal capacity material with a layer of
an insulation material placed on the exterior side, in the middle or the inte-
rior side. Some studies have shown the importance of the effect of the solar
absorptivity of the outdoor surface in the heat transfer through multilayered
wall/roofs [15, 20]. Three-dimensional ANSYS simulations have been used
to study the reduction in energy consumption by incorporating insulation in
the wall [21].

For non air-conditioned rooms, the thermal behavior of a wall/roof was
analyzed considering the indoor air temperature only as a function of the
heat transfer through it [18]. The results show that monolayered wall/roof
made only of insulation material appropriate for an air-conditioned room,
has a poor thermal performance in non air-conditioned rooms. It was also
found that placing an insulation layer on the wall/roof exterior side has a
better thermal performance than placing it on the interior side. This result
is the same than the corresponding one for air-conditioned rooms [14, 16, 19].

The thermal behavior of an intermittent heated room was studied by
Tsilingiris [22] in a cold climate in which the outdoor temperature does not
cross the thermal comfort zone and solar radiation is low. He reported that,
for walls/roofs having the same proportions of insulation material and high
thermal capacity material, placing an insulation layer in the interior side of
the wall/roof, irrespective of the heating start time and duration, resulted
in the lowest energy consumption needed to keep the indoor air temperature
constant.

Assumption of a constant indoor air temperature is suitable for continu-
ous operation of an air-conditioning system in climates where daytime out-
door air temperature does not cross the thermal comfort zone and the air-
conditioning system heats (or cools) the indoor air full time. In regions with
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climatic conditions where the daytime outdoor air temperature or the sol-air
temperature crosses the thermal comfort zone during a day, this assumption
implies that the air-conditioning system is capable of automatically heating
or cooling, as required, to keep the indoor air temperature constant. How-
ever this is not the common way air-conditioning systems operate in some
countries like Mexico. Rather, they operate intermittently heating or cool-
ing: the system is turned on when the indoor temperature is greater than
the upper comfort temperature (cooling) or when the indoor temperature is
smaller than the lower comfort temperature (heating), otherwise it remains
off. It has been demonstrated that a good wall/roof configuration in an air-
conditioned room could be not suitable for a non air-conditioned room [18].
Thus, it is necessary to evaluate the thermal performance of the configu-
rations in an intermittent air-conditioned room for a climate in which the
outdoor air or sol-air temperature crosses the thermal comfort zone.

The aim of this work is to analyze the thermal performance of different
configurations for a wall/roof in an intermittent air-conditioned room (iA/C),
where the outdoor temperature or the sol-air temperature swing crosses the
thermal comfort zone and the constant indoor temperature assumption is
not applicable. A one dimensional heat transfer model with periodic outdoor
conditions is numerically solved using an explicit control volume scheme. The
material properties and the outdoor and indoor film heat transfer coefficients
are assumed to be constant. The energy used during the on-periods and the
thermal index during the off-periods are measured. For comparison purposes,
the energy consumed for full air-conditioned condition (A/C), i.e. keeping
the indoor air temperature constant, is also reported.

2. Model

In order to achieve the aim of the work, only the effect of the envelope
wall/roof is considered in the heat transfer model. Moisture transfer is disre-
garded because the interest is focused in the thermal evaluation of wall/roofs
configurations with contrasting thermal properties. The one dimensional
heat transfer model used in this research is similar to that used in Ref. [18].
The corresponding equation for a wall or a roof composed by N layers of a
total thickness L is

∂T

∂t
= αj

∂2T

∂x2
, (1)
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where αj is the thermal diffusivity of the j-th material layer, T the temper-
ature, t the time, and x the position.

Between layers, the following condition is satisfied

kj
∂T

∂x

∣∣∣∣
j,j+1

= kj+1
∂T

∂x

∣∣∣∣
j,j+1

, (2)

where kj and kj+1 are the thermal conductivities of the j-th and (j + 1)-th
layers, respectively, and j, j + 1 denotes that the derivative is evaluated in
the interface of the layers.

The outdoor boundary condition is

−k1
∂T

∂x

∣∣∣∣
x=0

= hout(Tsa − Tx=0), (3)

where hout is the film heat transfer coefficient and Tx=0 is the surface tem-
perature at the outdoor side. The sol-air temperature Tsa is defined by [23]
as

Tsa = Ta + I
a

hout
−RF, (4)

where Ta(t) is the temperature of the outdoor air, I(t) is the solar radiation, a
the solar absorptivity of the outdoor surface, and RF is the infrared radiation
factor on an average day [23].

The indoor boundary condition is

−kN
∂T

∂x

∣∣∣∣
x=L

= hin(Tx=L − Tin), (5)

where hin is the film heat transfer coefficient, Tx=L is the indoor surface
temperature and Tin is the indoor air temperature which is kept constant
when the air conditioning is on.

For iA/C rooms, when the air conditioning is off, the indoor air temper-
ature is a function of the heat transfer through the wall, and is calculated
by

dρaca

(
dTin
dt

)
= hin(Tx=L − Tin), (6)

where ρa and ca are the air density and specific heat and d is the distance to
where an adiabatic condition is assumed (d� L). When the air conditioning
is on for the iA/C rooms, the indoor air temperature is kept constant and
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Eq. (5) is used. This equation relates the temporal change in thermal energy
of the air inside a room and the heat transfer through the wall/roof. Inside
the room perfect mixing is assumed.

To obtain a periodic solution an iterative process is used until |T (x, tr)−
T (x, tr + 24)| < 0.1 for all x, where T is in degree Celsius (oC) and tr in
hours. The initial condition for T (x, 0) is the mean outdoor temperature.

For A/C rooms, Tin in Eq. (5) is kept constant at the upper comfort
limit, Tc + ∆Tc, when cooling, and at the lower comfort limit, Tc − ∆Tc,
when heating. In these expressions ∆Tc is the amplitude of the thermal
comfort zone [24], and Tc is the comfort temperature, defined as [25]

Tc = 13.5oC + 0.54Tam, (7)

where Tam is the outdoor air mean temperature for a typical day of the
month.

For both the A/C and iA/C rooms, the energy per unit area consumed
in a day (or year) is calculated

E =
∑
i

hin∆ti|(Tin − Tx=L)|, (8)

where ∆ti is the numerical time step. The summation is taken for the i-th
values during a day (or year). To complement the thermal evaluation of a
wall/roof in an intermittent air-conditioned cooled room (iA/Cc) in addition
to the energy, a cold thermal index is used and is defined as

Ic =
∑
i

∆ti(Tc −∆Tc − Tin), (9)

while Tin < Tc − ∆Tc. To evaluate a wall/roof in an intermittent air-
conditioned heated room (iA/Ch), the hot thermal index during a day (or
year) is defined as

Ih =
∑
i

∆ti(Tin − Tc −∆Tc), (10)

while Tin > Tc + ∆Tc. The units are are hoC/day (or hoC/year). This index
measures how far is the indoor temperature Tin from the set-point of the air-
conditioning system. A smaller value indicates a better thermal performance
for an intermittent air-conditioned room.
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3. Numerical simulations

The numerical simulations were performed considering a horizontal roof
with RF = 3.9◦C [23]. The maximum and minimum ambient tempera-
tures and the radiation peak, for a typical day of each month of a year,
were taken from Meteonorm [26] for Torreón, Coahuila, México. The out-
door temperature model [27] reproduces the typical temperature behavior
in hot-dry climates like the one of Torreón. In this model the maximum
and minimum values of Ta and the times when they occur must be given.
The minimum value of Ta is assumed to happen at sunrise [28]. The solar
radiation was approximated by a sinusoid with its maximum at the corre-
sponding solar midday. The outside and inside film heat transfer coefficients
are hout = 13W/m2 ◦C and hin = 6.6W/m2 ◦C [29], respectively. The ab-
sorptivity of the exterior surface is a = 0.4 (Gray color) [30]. As an approx-
imation, the ground is considered adiabatic, thus d = 2.5m. The set-point
for the intermittent air-conditioned cooled room (iA/Cc) is the upper limit
of the comfort temperature (Tc + ∆Tc) and the set-point for the intermittent
air-conditioned heated room (iA/Ch) is the lower limit (Tc −∆Tc).

The numerical parameters for the simulations are the following. Each
control volume has a length ∆x = 0.001m with a total of 100 control volumes
for each roof configuration. In order to have numerical stability, the time step
is

∆t = 0.1∆tmin (11)

where ∆tmin is the minimum of the ∆tj for all j = 1, . . . , N and

∆tj =
ρjcj(∆x)2

2kj
. (12)

In the last equation, ρj, cj, and kj are the density, specific heat and thermal
conductivity of the j-th layer, respectively [31].

Six roof configurations, all with a total thickness of 0.10m, were con-
sidered and the descriptions are shown in Table 1. These are the same
configuration that were evaluated in [18].

The thermal properties of the high density concrete (HDC), aerated con-
crete (AeC) and expanded polystyrene foam (EPS) are shown in Table 2.
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Table 1: Roof configurations from outside to inside using high density concrete (HDC),
expanded polystyrene foam (EPS) and mortar (M).

Configuration Description

HDC High density concrete 0.10m
AeC Aereated concrete 0.10m
EPS Expanded polystyrene foam 0.10m
EPSext EPS 0.02m + HDC 0.08m
EPSmid HDC 0.04m + EPS 0.02m + HDC 0.04
EPSint HDC 0.08m + EPS 0.02m

Table 2: Thermal properties of the different materials used in the simulations, high density
concrete (HDC), expanded polystyrene foam (EPS) and mortar (M) [32].

Material k ρ c α
W/(mK) kg/m3 J/(kgK) m2/s

HDC 2.00 2400 1000 0.833 ×10−6

AeC 0.12 550 1004 0.217 ×10−6

EPS 0.04 15 1400 1.900 ×10−6

4. Results

The indoor air temperature for a roof made of EPS in an iA/Cc room,
the outdoor and the sol-air temperatures for May are presented in Fig. 1
(a). The horizontal solid lines delimit the thermal comfort zone. As can
be observed, the outdoor temperature and the sol-air temperature cross the
thermal comfort zone. The indoor air temperature from midnight to about
approximately 9h is below the lower comfort limit, contributing to the cold
thermal index. There is a short period in which the indoor temperature is
within the comfort zone. After that, the cooling air conditioning set point
is reached and the temperature is kept constant. The iA/Cc is on from
approximately 10h to 19h, with an energy consumption of 0.007kWh/m2day.
In the afternoon outdoor and sol-air temperatures decrease. At about 19h the
sol-air temperature is below the upper comfort limit and the air conditioning
is no longer required. The indoor temperature is within the comfort zone from
19h to 23h; after 23h the indoor temperature is below the lower comfort zone
limit making a small contribution to the cold thermal index.

The indoor air temperature for a roof made of EPS in an iA/Ch room,
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together with the outdoor and sol-air temperature for December, are pre-
sented in Fig. 1 (b). For this month, the outdoor temperature reaches the
thermal comfort zone during some hours and the sol-air temperature does
cross the thermal comfort zone. The indoor air temperature from midnight
to about 9h is below the lower comfort limit, so the air-conditioning system
is turned on to heat. From approximately 9h to 12h the indoor air temper-
ature is within the comfort zone. Then, from about 12h to 19h, the indoor
air temperature is greater than the upper comfort limit, contributing to the
hot thermal index. From 10h to 18h, the indoor air temperature is within
the comfort zone. Then, from 19h to the end of the day, the indoor air
temperature is kept at the lower comfort limit.

Simulations of the six configurations for the twelve months of the year
were carried out for an intermittent air-conditioned cooled room (iA/Cc) and
a full time air-conditioned room (A/C). The energy per unit area per day
for iA/Cc, EiA/Cc, the cold thermal index per day for iA/Cc, Ic, and the
energy per unit area per day for A/C, EA/C, are presented in Fig. 2 (a) to
Fig. 2 (f). As can be seen from these figures, in an iA/Cc room, the energy
used decreases in the cold months and increases in hot months and the cold
thermal index increases in the cold months and decreases in the hot months,
as expected for an intermittent air-conditioning system. For A/C rooms, the
energy needed to keep the indoor temperature constant has two peaks for all
configurations, one in May and the other in December. This happens because
the outdoor or sol-air temperature crosses the thermal comfort zone and the
A/C system has to cool during May and heat during December. This fact
is more evident for configuration HDC (Fig. 2a). For some configurations
the energy consumed for iA/Cc is zero during winter, EPSext during five
months, EPSmid during four months, HDC and AeC during two months. The
cold thermal index Ic is zero during the hot months for some configurations,
EPSext during six months, EPSmid during one month.

When ordering the roof configurations from best to worst as a function of
the energy consumed for the iA/Cc, the order is EPS, EPSext, AeC, EPSmid,
EPSint, and HDC, for the hot months (April, May, June, July) and changes
slightly for the rest of the months. The cold thermal index keeps the same
order except for two of the coldest months (January and December). For the
A/C, the order from best to worst is the same for all months, EPS, EPSext,
AeC, EPSint, EPSmid, and HDC.

For an annual evaluation of the six configurations, EiA/Cc, Ic, and EA/C
are shown in Fig. 3. For the iA/Cc room, using energy for cooling as the only
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Figure 1: Indoor air temperature for (a) intermittent air-conditioned cooled room (iA/Cc)
in May and for an (b) intermittent air-conditioned heated room (iA/Ch) for a roof made
of 0.10m of EPS in December and the sol-air temperature Tsa as function of the time of
day. The two horizontal solid lines correspond to the upper and lower limit of the thermal
comfort zone. 10
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Figure 2: Energy per unit area and per day and thermal index per day in intermittent
air-conditioned cooled rooms, E iA/Cc and Ic iA/Cc, and energy per unit area and per
day for air conditioned rooms, E A/C, during the twelve months of the year. All six
configurations are shown, corresponding to (a) HDC, (b) AeC, (c) EPS, (d) EPSext, (e)
EPSmid, and (f) EPSint.
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criterion, the order of configurations, from best to worst, is: EPS, EPSext,
EPSmid, AeC, EPSint, and HDC. For A/C rooms the order of configurations
is: EPS, EPSext, AeC, EPSint, EPSmid, and HDC. The best to worst order
of configurations for an iA/Cc room is different than for an A/C room. As
previously mentioned, in an iA/Cc room the indoor temperature during the
day can be below the lower comfort limit, therefore, the thermal index must
also be considered. The EPS has the lowest energy consumption but the
highest cold thermal index. Considering that those configurations with a
cold thermal index greater than 10, 500hoC/year = 1.2oC and with an energy
consumption greater than 73kWh/m2year = 8.2W/m2 are not suitable, the
order of the configurations from best to worst in the iA/Cc room is EPSext

and EPSmid.
The energy and the hot thermal index were obtained for an intermit-

tent air-conditioned heated room (iA/Ch) during a cold month (Decem-
ber). The results are presented in Fig. 4 (a). To analyze the behavior
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of configurations in heating and cooling conditions, the results of an inter-
mittent air-conditioned cooled room (iA/Cc) corresponding to a hot month
(May) were included in Fig. 4 (b). The configurations with a thermal index
greater than 29hoC/day = 1.2oC and an energy consumption greater than
0.2kWh/m2/day = 8.2W/m2 are considered to be not suitable. The order
of configurations for both heating and cooling operation conditions is the
same: EPSext, EPSmid, AeC, and EPSint. The first two configurations have
the same order as in the annual analysis and are the only ones that fulfill the
energy and thermal index criteria in the annual analysis.

When the air-conditioning systems work only for heating or for cooling,
performing the evaluation of a wall/roof considering the indoor temperature
constant may lead to choose not the appropriate configuration.

5. Conclusions

The thermal performance of six configurations of a roof in an intermittent
air-conditioned room (iA/C) in a climate where the outdoor temperature or
sol-air temperature swing crosses the thermal comfort zone was numerically
studied using a one dimensional heat transfer model with periodic outdoor
conditions. For an intermittent air-conditioned room two parameters must
be used to evaluate the configurations, the energy consumption during on-
periods and the thermal index during off-periods. The evaluation was also
performed in a full time air-conditioned room (A/C) where the indoor air
temperature is kept constant. In this case, the energy is the only evaluation
parameter.

The order of the wall/roof configurations for the intermittent air-conditioned
cooled room can vary along the year. Therefore, if this system is going to be
used all the year, an annual evaluation must be done, otherwise the evalution
must be performed for the specific season of use.

For the wall/roof configurations studied in Torreón climate for an iA/C
room, the optimal configuration based on the annual performance is the
one made of high density concrete with an insulation polystyrene foam layer
placed in the exterior (EPSext), followed by a high density concrete with the
polystyrene foam layer placed in the middle (EPSmid). The order from best
to worst are the same as the configurations reported by Barrios et al [18] for
a non air-conditioned room and are different to the order considering a full
time air-conditioning system.
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Figure 4: Energy used per unit area per day and thermal index for the six configurations
for (a) a typical day of December and (b) for a typical day of May.
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The results show that when using one small layer of insulation in a
wall/roof, the best thermal performance in an intermittent air-conditioned
cooled or heated room is achieved by placing it at the exterior side. Tsilin-
giris [22] reported that in an intermittent air-conditioned heated room, the
best place to locate the insulation layer is in the interior side. This result
was obtained in a cold climate where the outdoor temperature swing does
not cross the thermal comfort zone and the solar radiation was low.

The main conclusion of the present work is that the selection of the
wall/roof configuration must be done performing the thermal evaluation un-
der the real operating condition of the air-conditioning system, intermittent
or full time.
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