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The impact of thermal mass on cold
and hot climate zones of Portugal

Jorge S. Carlos

Abstract
The aim of this paper is focused on the energy performance of buildings containing massive wall alter-
natives. The analysis comprised the comparison of the heating and cooling loads of seven characteristic
wall configurations of one sample building with different dynamic internal heat capacity (ISO
13790:2008) in spite of the equal thermal resistance. The equal thermal resistance, as derived from
simple steady-state condition, was imposed in order to allow research of effects solely attributed to
the wall heat capacity on the building performance. A detached one floor dwelling exposed to different
climate conditions in Portugal was analysed to illustrate the effect of the same wall in terms of energy
demand during cold and hot weather conditions. A whole building dynamic modelling using EnergyPlus
was employed for the energy analysis. The best thermal performance was obtained with massive walls
that were located at the inner side, for a very heavy weight building and high building time constant.
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Introduction

Several studies have been performed on the influence of
the thermal mass and insulation location of the energy
performance of buildings. The first is a material that is
resistant to change in temperature, which can store
energy that has been absorbed and release it over
time. On the contrary, the latter has low capacity to
store heat but has high thermal resistance to heat
flux. These have analysed the effect of material config-
uration on the ability of a wall to dampen interior tem-
perature swings, especially in locations that have large
swings of temperature from day to night. Different
approaches have been used as well as comparisons
under different thermo physical properties and bound-
ary conditions. Tsilingiris1 investigated the comparative
thermal behaviour analysis between lightweight panel
walls and heavier thermally insulated multilayer walls
of appreciably higher heat capacity, different wall thick-
ness despite equal thermal resistance. From this study,
it was derived that the heat capacity strongly influences
the transient wall heat flux. The heat capacity is an
important property that enables walls to absorb, store

and further release time energy in interior spaces.
Combined with the wall thermal resistance (as insula-
tion), it is responsible for significant peak load suppres-
sion reduction, providing long term energy efficiency
improvement.

Perna et al.2 assessed the influence of thermal mass
placed on the inner side of the building envelope in
summertime characterized by high internal heat loads.
In this study, a low periodic transmittance value was set
and the internal area heat capacity was varied, leading
to considerable differences in the way the walls
behaved. A relationship between the periodic thermal
transmittance and the internal area heat capacity was
proposed, leading to similar performance of the wall.
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The EN 13786:2007 Standard3 defines the periodic ther-
mal transmittance as complex amplitude of the density
of heat flow rate through the surface of the component
adjacent to zone m, divided by the complex amplitude
of the temperature in zone n when the temperature in
zone m is held constant and the area heat capacity
divided by area of the element. Tsilingiris4 has shown
that the effect of using large effective heat capacity walls
with the thermal insulation at the ambient side not only
leads to a substantial increase of the building thermal
time constant but also improves the thermal stability of
the structure. The thermal time constant is another par-
ameter related to thermal storage, as the ratio of total
heat stored to heat transmittance. Karlsson et al.5 used
the thermal time constant of the building to character-
ize the thermal heaviness of a building. The time con-
stant is related with the time it takes for the inside
temperature to drop in a cold outdoor weather. ‘‘The
temperature difference (inside–outside) decreases to
87.5% of its initial value and this will always happen at
about 13% of the time constant.’’ Zhou et al.6 have
found that when the time constant of a building
increases, the time lag also increases, nevertheless the
decrement factor decreases. Decrement factor is a ratio
that accounts for the thermal dampening that reduces the
magnitude of the swing in temperature imposed on one
face of the fabric as the temperature wave passes through
the structure and the time lag is how long it takes for the
heat passing into one side of a structure to get to the
other side.

Rossi and Rocco7 have analysed eight walls by intro-
ducing experimental reference values of the internal
area heat capacity (k1) of massive and lightweight
walls with respect to their energy performance. They
have demonstrated that in Southern European climate
conditions, particularly k1 and Y12 (periodic thermal
transmittance) values determine an energy saving (for
heating and particularly for cooling) in the sample mas-
sive walls, but are not sufficient to obtain a reduction of
the energy demand for cooling in the lightweight wheels.
External wall with the same k1 and Y12 values has dif-
ferent energy performance on geographic location as
the climate conditions assume a very important role in
the building energy demand. Accordingly, authors say
that the k1 reference value should be depending not only
on the Y12 value but also on the climate conditions and
on the weight (kg/m3) of the external wall too.

Asan8 investigated the effects of wall insulation thick-
ness and four positions on time lag and decrement
factor. The total wall thickness was kept constant at
0.20m, regardless of the thickness of insulation and ther-
mal mass for three different insulation materials (poly-
urethane foam, cork board and rubber). With an
increase in the insulation rate, there would always be a
reduction in the time lag. No matter what the insulation

rate, it was the rubber that presented the higher time lag,
regardless of the location on the wall. The same tendency
of the decrement factor was shown for the majority of
the simulations. However, increasing the thermal insula-
tion may lead to overheating in summer with an increase
in energy consumption.9 Later on, Asan10 has investi-
gated the optimum insulation position from maximum
time lag and minimum decrement factor point of view.
The following recommendations were suggested:

1. Never use the insulation as a whole in any location
of the wall except in the outer surface wall. This
gives the worst results for maximum time lag and
minimum decrement factor point of view.

2. Placing half of the insulation in the mid-centre plane
of the wall and the half of it in the outer surface of
the wall gives very high time lags and low decrement
factors. This configuration is very practical and can
be done without any difficulty during construction.

Yet, this last recommendation is not very practical in a
refurbishment case. Simões et al.11 studied the thermal
delay in multilayer walls which increases with the number
of layers. The conclusion was that the contribution of the
insulating material properties for thermal delay is more
relevant in systems composed of few layers.

Zhu et al.12 compared a conventional wood frame
system with an insulated concrete mass wall system on
exterior walls of a zero energy house through simulation.
The U value (heat transmission through a building com-
ponent) of the mass wall construction was about 0.49W/
(m2K) and a weight of 366kg/m2. They have found that
the energy consumption for heating could be reduced by
the mass walls in winter, but unfortunately the cooling
usage was somewhat higher than that required for the
conventional house. The cooling energy usage was
increased due to excessive heat that was stored for the
later to be dissipated. The thermal inertia effects on
indoor conditions of school buildings with different
types of wall construction were studied.13 Two schools
that were built in 1890 and in 1960 were analysed and
simulated. The old school has thick stone walls, while
the other was constructed with brick walls. The simula-
tions that were carried out showed that the old building
presented the lowest effective thermal inertia because of
lower solar heat gains.

Six characteristic wall configurations for six different
U.S. climates on heating and cooling loads have been
analysed.6 A simple one-room model of a building
exposed to periodic temperature changes was used.
The walls that were examined had the same resistance
and capacity, but had different material configurations
as the insulation location. They have found that a high
value for the internal admittance amplitude would
improve thermal stability, assuming the walls have
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massive internal layers. This wall assembly represents
the best thermal performance for different climatic
zones with minimum annual heating and cooling
energy demand of buildings.

The high thermal mass in buildings may introduce
contradictory requirements for winter heating and
summer cooling.5 So, it is broadly known that ther-
mally heavy buildings in warm climates give more
stable indoor temperatures. However, this is not clear
if a building is subject to both cold and hot climates.
Also, on an intermittently heated building, an increased
heat consumption may be registered if the thermal mass
is increased. The aim of this work was to investigate
how the thermal mass of a building could influence
energy demand on an intermittent energy use in
Portugal. The energy use for maintaining a desirable
indoor temperature may depend on the thermal storage
capacity of materials in contact with the indoor air,
therefore a building was modelled with thermally
heavy exterior walls. A building with light exterior
walls and heavy interior walls was also modelled for
comparison. Nevertheless, for the different wall com-
position, the internal heat capacity of the building
goes from very heavy to medium as defined by the
standard ISO 13790:2008.14

Building specification and parametric
analysis

General description

This study aims to understand the interdependency
between the thermal parameters of external walls and
the whole building on the energy demand level in differ-
ent Portuguese climate zones (cold and hot). To achieve
this goal, a study was organized as given in the following
three steps:

– Calculation of the thermal parameters for six mas-
sive and one lightweight external wall;

– Calculation of the parameters of seven buildings
characterized by seven different external walls;

– Energy demand comparison between different build-
ings and the same one floor house typology.

A single family home is the building project illu-
strated in BS EN 832:2000,15 but without the sunspace.
The detached dwelling consists of two bedrooms, a
living room, a kitchen, a hall and a bathroom. The
front door of the house is facing north and the main
window façade is facing south (north hemisphere).
Figure 1 shows the 3D model of the representative
house used in this study.

It has approximately (from the standard) 99m2 of
floor area, 91m2 of exterior wall and 27m2 of windows
and glazed doors with a window (glazing) to wall ratio
of 30%. It has light weighted partition walls with mas-
sive external walls. A constant value for air infiltration
of 0.6 air changes per hour is used, as did Chvatal and
Corvacho.9 The total heat loss coefficient of the build-
ing is 195W/K, with the following characteristics simi-
lar to the referred Standard:

– A ceiling with a U value of 0.2W/(m2K), but light
weighted;

– A floor with a U value of 0.29W/(m2K), but light
weighted;

– Windows and glazed doors with a U value of 2W/
(m2K) and a SHGC value of 0.6.

– There are no curtains and no external shading.
– Exterior walls are characterized by the same value of

stationary thermal transmittance U of 0.30W/m2K
– No internal gain was assumed.

Construction

Six walls with massive internal layers were chosen
(W1–6), as seen in the recommendations through the
introduction section with the effective thickness

Figure 1. 3D sketch of the studied house (a¼ south façade; b¼ north façade).
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�0.10m based on the variation period of 24 h.3 A sev-
enth option was also investigated using a light weight
external wall (W7) for comparison. In spite of external
wall construction being adjusted to the same U-value,
other thermo physical properties of each involved
materials of the walls are given in Table 1.

A solar absorption coefficient of 0.55 corresponding
to light-coloured materials was set as recommended for
the hot summer and cold winter zone.16 The internal
area heat capacity k1 and the periodic thermal transmit-
tance Y12 were kept within the range defined in Table 2
in walls W1–3, as used in Italy.7 Italy is in the same
climate zone as Portugal, known as Southern and
Mediterranean climate.17 The characteristics of the
walls and the buildings are shown in Figure 2.

Walls W1, W4 and W7 resulted in a very heavy
weight building as defined by ISO 13790:2008.14 Walls
W2 and W5 resulted in a heavy weight building and W3
and W6 in a medium weight building.

Dynamic thermal simulation

To simulate the complex interactions of all the building
components, dynamic thermal simulation is a very
powerful tool for assessing the temperatures and
energy use of buildings throughout any period of the
year. The building studied was developed as a virtual
model using dynamic software Energyplus18 to extend
the case studies to different climate zones, already used
in other studies.2,7,19,20 This kind of programs account
for material properties of the components, building
geometry, orientation, solar gains, etc. The calculations
are usually performed in an hourly basis, using a full
year of weather data.2

The energy demand was verified using thermo-
dynamic simulations on a virtual house localized in
two Portuguese cities, characterized by different climate
conditions. These represent the coldest and hottest
regions in Portugal. The performance under a colder

Table 1. Thermo physical properties of the involved

materials on the external walls.

Material
�
(W/(mK))

r
(kg/m3)

Cp

(J/(kgK))

Coating 0.87 1900 1000

Insulation 0.04 16 1200

Masonry a 1.74 2500 1000

Masonry b 0.51 1300 1000

Masonry c 0.25 600 840

a¼used in W1 and W4; b¼used in W2 and W5; c¼ used

in W3 and W6. a¼ used in partition walls with W7.

Table 2. Reference internal area heat capacity k1 within the
range of the periodic thermal transmittance Y12.

Internal areal heat
capacity k1
(kJ/m2K)

Periodic thermal
transmittance Y12

(W/m2K)

K1� 50 Y12� 0.04

K1� 70 0.04�Y12� 0.08

K1� 90 0.08�Y12� 0.1

Figure 2. Representation of the investigated external wall configurations and buildings.
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region of Oslo, Norway, was also analysed due to the
low contrast of Portuguese cold climates. Oslo is a
colder region with lower solar radiation. Another set
of simulations was done during a summer week in
Évora. External shading was added to all the glazing
to reduce the solar heat gain on the performance of the
building. The external shading has a transmissivity of
0.1. A meteorological year data were used for the three
different climates which were obtained from the office
of Energy Efficiency and Renewable Energy.21 A winter
set point temperature of 20�C and a summer set point
temperature of 25�C were fixed. If the outdoor tem-
perature was below the winter set point temperature,
the supply air temperature was set to 20�C. If the out-
door temperature was above the summer set point tem-
perature, the supply air temperature was set to 25�C.
An operation schedule of the housing was between
18:00 and 09:00 h, on weekdays and 24 h on
weekends.9

A coldest and hottest week of each location above
mentioned (Figure 3) was chosen to determine heating
and cooling loads for this one-story house. Tables 3
and 4 show the daily maximum and minimum

temperatures for each climate. This study involved an
analysis of seven types of exterior walls (W1–7) char-
acterized by different massive walls as well as the inter-
nal thermal capacity of the building. The relationship
between the time lag and the decrement factor of each
wall can be observed in Figure 4. With an increase in
the time lag, the decrement factor would be decreased.6

The evaluation of the heat flux time lag and heat flux
decrement factor of the wall are defined by equations
(1) and (2).22,23

Time lag ¼ tqi:max � tqe:max ð1Þ

Decrement factor ¼
�qi

�qe
¼

qi:max � qi:min

qe:max � qe:min
ð2Þ

where tqi,max and tqe,max are the time of the maximum
heat flux through a no mass wall and through a real
wall, �qi and �qe are heat flux amplitude through a no
mass wall and a real wall, qi,max, qi,min, qe,max, qe,min are
the maximum and the minimum heat flux through a no
mass wall and through a real wall, respectively. The
building time constant, expressed in hours, expresses

Figure 3. Coldest and hottest week of each location.
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the building thermal inertia for the heating and cooling
periods which is equal to the heat capacity/heat loss
factor and is defined by equation (3):14

Building time constant ¼

P
C

P
H

ð3Þ

where �C is the sum of the internal heat capacity of all
building elements based on a 24-h periodic response and
�H is the sum of the heat transfer coefficient by transmis-
sion through the building envelope including ventilation.

In this case building, when the building time con-
stant was increased, the time lag of the wall would be
decreased. This is contrary to what Zhou et al.6 have

found, where the time constant was obtained taking
into account only the air and the furniture.

Results and discussion

Heating and cooling load

According to Figure 5, the heating load in Bragança
and Évora during the coldest week was decreased
with a slight reduction in the level of thermal mass,
from a very heavy weight to a heavy weight building.
When the building becomes medium weighted, this
would present the highest heating load even when com-
pared to a very heavy weight building but with light-
weight external walls. Walls W1 and W4 produced the
highest internal thermal admittance (Y11) and internal
area heat capacity (k1). The lowest heating load corres-
ponded to a higher internal thermal capacity of the
building, higher internal thermal mass and higher
time constant. However, in a very cold climate with
very low solar radiation, as in Oslo, the heating load
would rise with the increase in thermal mass. This is
due to the fact that the intermittent heating regime used
would favour constructions with faster thermal
response, where there are low solar heat gains.

As seen in Figure 5, the cooling load was the oppos-
ite to what is seen during the heating period. The cool-
ing load was higher when internal thermal admittance
and internal area heat capacity were also higher. The
highest cooling load corresponded to a higher internal
thermal capacity of the building, higher internal ther-
mal mass and higher time constant. This is due to the
high levels of solar radiation transmitted through the

Table 3. Daily maximum and minimum temperatures (�C) for each climate of the coldest week.

Day of the week 1 2 3 4 5 6 7

Bragança Maximum temperature (�C) 5.4 6.0 1.9 8.7 10.6 5.8 9.1

Minimum temperature (�C) 0.4 �2.8 �5.7 �4.4 �3.3 �1.0 1.9

Évora Maximum temperature (�C) 10.5 9.8 7.9 13.6 14.0 14.7 14.5

Minimum temperature (�C) 6.2 2.1 1.7 5.4 5.5 6.1 6.7

Oslo Maximum temperature (�C) �9.2 �9.8 �9.8 �6.9 �4.7 �0.4 0.7

Minimum temperature (�C) �13.4 �13.1 �13.5 �13.5 �9.8 �4.7 �1.8

Table 4. Daily maximum and minimum temperatures (�C) for each climate of the hottest week.

Day of the week 1 2 3 4 5 6 7

Bragança Maximum temperature (�C) 31.0 34.0 36.0 31.0 25.1 25.6 26.2

Minimum temperature (�C) 15.9 20.3 22.0 24.2 14.0 16.0 13.7

Évora Maximum temperature (�C) 35.1 35.4 38.3 37.5 27.6 25.4 26.7

Minimum temperature (�C) 18.7 24.4 22.8 24.6 16.0 14.5 13.3

Figure 4. Heat flux through walls in a warm climate.
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windows. When external shading was applied on every
glazing, on a hotter climate as in Évora, the cooling
load was reversed. Thus, the best solution (W4)
would produce the highest time lag (11.95 h) and the
highest wall weight (521 kg/m2). The worst solution
would produce the lightest external wall (W7) with
the lowest time lag (1.31 h) and the lowest external
wall weight (40 kg/m2). The overall transmitted solar
radiation through the glazing was reduced from
232.6 kWh to 39.5 kWh. Heavyweight construction
would benefit from a more constant heat input to
keep internal temperatures to the defined setting point.

The reduction of heating load in Portugal between
the worst (medium mass) and the best (heavy mass)
wall solution was about 3.40% in Évora and 8.25%
in Bragança. In Oslo, the reduction was 2.36% between
the worst (heavy mass) and the best (medium mass)
wall solution. During the cooling period, the reduction
in cooling load was about 7.31%, in Bragança, 6.83%
and 6.50% in Évora and the latter with external shad-
ing, respectively.

Peak indoor temperature

The indoor air temperature on the coldest and hottest
day is shown in Figure 6 when the mechanical device

was off. During the cold day, the temperature drop
between the construction wall types shown was higher
for the buildings with the walls W3 and W6 in
Bragança and Oslo and for the buildings with the
walls W6 and W7 in Évora. The lowest indoor tempera-
ture reached was from 13.9�C (W6) to 15.4�C (W4)
when the outdoor air temperature in Bragança was
1.6�C. In Évora, the lowest indoor temperature reached
was from 16.2�C (W6) to 16.7�C (W4) when the out-
door air temperature was 4.6�C. In Oslo, the lowest
indoor temperature reached was from 5.1�C (W6) to
7.9�C (W1) when the outdoor air temperature was
�10.3�C. The highest difference of temperature drop
between different walls was 1.5�C in Bragança and
2.8�C in Oslo. The external air temperature difference
between these two places was 11.9�C.

During a hot summer day, the temperature would
rise higher during daytime when cooling was off, due to
solar gains. The highest indoor temperature reached
was from 33.2�C (W4) to 35.9�C (W6) when the out-
door air temperature in Bragança was 35.5�C. In
Évora, the lowest indoor temperature reached was
from 33.1�C (W4) to 35.7�C (W6) when the outdoor
air temperature was 37.9�C. These indoor temperatures
were obtained with no external shade. As expected,
with external shade in Évora, the indoor temperature

Figure 5. Heating and cooling load during one week.
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would lead to the biggest reductions in the heavyweight
construction as this would be able to absorb more
unwanted solar gains. The highest temperature ranged
from 29.8�C (W4) to 30.8�C (W6). All the results were
very close to each other, without any building scenario
being outstanding from the others. The only common
physical property was the thermal resistance of the
envelope.

Whole year simulation

A whole year simulation was carried out in all seven
typology buildings under Bragança and Évora weather
climate. Kalogirou et al.24 reported that the ideal cli-
mate for taking advantage of thermal mass would be
the one that has a large daily temperature fluctuation.
Therefore, a third weather climate of Portugal with
lower daily temperature fluctuation than the other
cities was added to these simulations for comparison.
The chosen city was Funchal, from Madeira Island.

While the yearly temperature range of Bragança and
Évora was from �6.0�C to 36.2�C and from 1.6�C to
38.4�C, respectively, in Funchal, the temperature range
was from 7.6�C to 28.9�C. The schedule of the external
shade of the glazed doors and windows was set to be
closed every time the air temperature of the house was
�25�C. The aim was to keep a uniform schedule to
compare results aiming to achieve indoor thermal com-
fort without overheating. Figure 7 shows the yearly
results for the three cities.

During the heating and cooling season, the lowest
heating and cooling loads in the three cities corres-
ponded to the building with walls W1 and W4. These
walls produced the highest internal thermal admittance
and internal areal heat capacity. The buildings with
these walls have the highest internal thermal capacity,
internal thermal mass and also time constant. The
worst scenario during the heating season was with
wall W7, which was a lightweight external wall in
spite of a very heavy weight building.

Figure 6. Indoor air temperature on extreme climate day.
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Taking into account the sum of heating and cooling
load of the buildings in the three cities (Table 5), the best
performance was related to heavy external walls (W1 and
W4) of a very heavy weight building. The worst scenario
was the medium weight building, with external walls W3
and W6. These corresponded to a building with a lower
internal thermal capacity, internal heat capacity per floor
area, internal thermal mass and also time constant.

These simulations were performed with different
weather conditions, as representative of the cold
region (Bragança), the hottest region (Évora) and the
most climate stable region of Portugal (Funchal). Even
so, the heating season was the dominant period of the
year. The reduction of thermal loads between the worst
and the best scenario was about 11.7% in Bragança,
18.3% in Évora and 32.8% in Funchal. As the best
scenario was always the very heavy building with
heavy external walls (W1 and W4), there was always
a little difference in the performance between scenarios

W1 and W4. On a yearly basis, scenario W4 always
produced the lowest thermal load. The difference in
thermal load reduction between W1 and W4 was
about 0.9% in Bragança, 1.2% in Évora and 2.9% in
Funchal.

Conclusions

The dynamic modelling using EnergyPlus of one floor
building, under different weather conditions of
Portugal, allows examination of how internal thermal
mass of a building could influence the energy demand
of the building itself. A hypothetical detached dwelling
was used to study the different composition of external
walls in terms of its effective thermal mass. Despite dif-
ferent thickness of the walls, all of them have equal
thermal resistance. Different values of internal thermal
admittance, internal heat capacity, periodic thermal
transmittance, time lag, decrement factor and wall

Figure 7. Total yearly heating and cooling load.

Table 5. Total yearly heating+cooling load (kWh).

W1 W2 W3 W4 W5 W6 W7

Bragança 5.405 5.702 6.053 5.355 5.657 6.063 5.977

Évora 2.971 3.284 3.594 2.936 3.232 3.588 3.505

Funchal 1.038 1.225 1.467 1.008 1.210 1.499 1.445
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weight were considered as a parameter of the wall solu-
tion. Internal thermal capacity, internal heat capacity
per floor, internal thermal mass and time constant were
the building parameters under this study.

From the best performances, no correlation between
the periodic thermal transmittance was found as well as
the internal area heat capacity was verified for walls W1,
W2 and W3. Instead, increasing the building time con-
stant was shown to also improve the thermal stability of
the structure which resulted in a lower thermal load. The
geographic location and its climate condition could
assume a very important role in the building energy
demand. The effect of thermal mass on building behav-
iour could vary with the climate at the building site as
well as the position of the wall insulation in relation to
the building mass. The derived results, referring to the
elements of the building envelope, were employed to
investigate the corresponding implications on the effect-
ive heat capacity of a simplified building model.

In conclusion, this study has demonstrated that in
Portugal a low value of the internal thermal admittance
is less important. Most effective are wall assemblies
with a high value of internal heat capacity and wall
weight, assuming that the thermal mass is located
inside and in good contact with the interior of the
building. The results of the computer simulation
would lead to the conclusion that the wall with high
internal inertia is the best solution. Building with high
internal heat capacity, high internal thermal mass and
high time constant show the best thermal performance
for different climatic zones of Portugal.

When outdoor temperatures are at their peak, the
inside of the building does not follow as the heat has
not yet penetrated the heavy mass which is delayed.
Thus, higher internal thermal admittance of walls
would improve thermal stability, where shading of win-
dows would lower solar heat gains in the cooling
season. The wall compositions W1 and W4 would pro-
duce the best thermal performance for different climate
zones of Portugal with minimum annual heating and
cooling demand. Indicative results have indicated that
the effect of using large effective heat capacity walls
would lead to a substantial increase in the building
thermal time constant and would also improve the ther-
mal stability of the structure when exposed to real cli-
mate conditions resulting in energy saving.
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