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a b s t r a c t

In Portugal, there is a lack of quantitative studies on the thermal performance of earthen buildings. This
paper aims at contributing to this research context by studying site-specific strategies, and the thermal
performance and comfort conditions of a rammed earth building located in southern Portugal. The study
is based on objective and subjective assessments and consists of assessing the hygrothermal conditions,
thermal comfort levels and analysing the occupants' perception regarding thermal sensation. The results
showed that the strategies used are closely related to local conditions, mitigating the effects of high
summer temperatures and ensuring a good summer thermal performance by passive means alone.
During the summer monitoring, results showed that the building stayed most of the time (80%) in
Category I (high level of expectation) and the remaining time in Category II, according to the classifi-
cation method defined by the standard EN15251. During the winter period, the building had the worst
performance, being necessary a heating system to guarantee comfort conditions. Additionally, the results
showed that the good thermal performance of the case study depended more on the high thermal inertia
than on the U-value of the envelope. Limitations and advantages of the use of earthen construction
elements are discussed.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Context

During recent years, the building sector has undergone a para-
digm shift. The rise of environmental awareness has highlighted
several problems regarding energy efficiency and environmental
impacts. Thus, the sector is changing from a paradigm relying
mainly on mechanical systems and high embodied energy mate-
rials, less concerned about the climate context and environmental
impacts of buildings, to a holistic (sustainable) approach. Buildings
are a key sector to implement energy and environmental measures
since it is one of the largest energy and natural resources
consuming sectors [1], responsible for a third of global total pri-
mary energy use and CO2 emissions [2,3]. In the European Union
andes), ricardomateus@civil.
v�asio), sms@civil.uminho.pt
(EU), for example, the Directive 2018/844 has set the long-term
2050 goal of reducing greenhouse gas emissions by 80e95%,
compared to 1990, ensuring an energy efficient and decarbonised
building stock and facilitating the cost-effective transformation of
existing buildings into nearly zero-energy buildings (nZEB) [4].

The transposition of the EPBD-recast into national legislation [5]
has defined requirements which can limit and constrain the use of
vernacular building elements as they had so far been used. In this
context, the Architecture, Engineering and Construction (AEC)
professionals in the field of earthen construction argue that the
thermal requirements in force are too strict, namely the heat
transfer coefficient (U-value), and do not take into consideration
other properties of earthen construction such as the very high
thermal inertia. The professionals also argue that the study of the
real thermal performance of such buildings is necessary to under-
stand whether this type of constructions can meet current energy
and comfort requirements.

Therefore, it is important to analyse possible limitations posed
by the thermal regulation in the design of new and refurbished
earthen buildings. Additionally, it is necessary to analyse if in this
type of buildings there are parameters that can influence their
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Nomenclature

RH Relative Humidity (%)
Ø Diameter
met Metabolic rate
clo Thermal insulation provided by garments and

clothing ensembles
Qo Operative Temperature (�C)
Qrm Outdoor running mean temperature (�C)
CO2 Carbon dioxide (ppm)
hPa Absolute pressure
U-value Heat transfer coefficient (W/(m2.�C))
IAQ Indoor Air Quality
nZEB nearly Zero Energy Building
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thermal performance in a different way from the one considered in
the methodology of the thermal regulation.

Besides the very high thermal inertia of this type of buildings, it
is also relevant to analyse the combined effect of other passive
strategies usually present in this type of vernacular buildings that
might also influence their thermal performance.

1.2. The importance of vernacular strategies for an environmentally
responsive building design

The interest in studying vernacular architecture within the
scope of sustainability is increasing since its features and strategies
are the basis for what is now defined as a sustainable building
design [6].

The industrialisation of construction (materials, systems, etc.)
led to the standardisation of buildings. All over the world, regard-
less of climatic context, buildings became more similar. As a
consequence, they becamemore dependent on heating, ventilation,
and air conditioning (HVAC) systems to satisfy comfort conditions,
which led to the routine installation and operation of these me-
chanical systems, even if not necessary. This situation led to the
disregard for the vernacular knowledge, changing not only the way
buildings and indoor spaces were designed (commonly arranged by
function and thermal needs) but also the occupants' living habits
[7]. These issues have been discussed by several authors [7e10],
since it is not possible to globally standardise humans and envi-
ronments, and local-specific factors that influence comfort, such as
climate, cultural and social habits, that must also be taken into
account.

However, nowadays, climate-indifferent buildings are still
largely built. Therefore, the paradigm must move towards climate
and environmentally-responsive building designs [11]. On this
subject, vernacular architecture is a particularly interesting
research topic, since several building techniques and forms have
been developed over time to address specific local conditions better
[12,13]. In recent years, several qualitative and quantitative studies,
developed in different regions of the world, have reported similar
conclusions, e.g. that is possible to archive acceptable comfort
conditions in vernacular buildings during most of the year by
passive means alone [6,14e18] and that vernacular strategies are
effective and still practicable nowadays. Thus, this empiric knowl-
edge could contribute towards reducing the heating/cooling energy
demand of the buildings [10,19e21].

The case of vernacular earthen architecture is a relevant
research topic since earth is used as a building material/technique
for over 9000 years and a third of world's population is still living in
earthen buildings [22]. Earthen techniques are generally connoted
with poverty and underdevelopment but, in the last decades, the
interest for these techniques has increased due to the raising
awareness on environmental issues [23,24]. Some studies have
shown that the use of local materials, including earthen ones, can
significantly reduce the environmental impacts of buildings
[19,25,26]. Therefore, environmental issues can be the turning
point in favour of earthen materials. Moreover, there are also social
and health advantages [1,14,19,22,27], such as the opportunity to
preserve a cultural legacy, to educate and train skilled construction
workers on vernacular techniques and the fact that these materials
have low toxicity and the ability to regulate moisture.

Rammed earth is a traditional monolithic wall construction
technique, dating back to 5000 B.C., well-known worldwide [22],
where moist earth is poured into a formwork in layers compacted
by ramming. This technique seems to have been developed inde-
pendently in China and around theMediterranean basin [28]. In the
Iberian Peninsula, and particularly in Portugal, this building tech-
nique has been used for over two thousand years, as described by
Vitruvius and Pliny the Elder, i.e. centuries before the arrival of the
Moors to the region [28,29]. Nevertheless, the latter were probably
responsible for spreading the technique in the south of Portugal
[30].

In the 18th century, the use of rammed earth in Europe had a
new impulse by the publications of Goiffon and Cointeraux [28,31].
In the 20th century, rammed earth gained importance as a building
solution to the housing shortages following each world war, and
from the 1970s forward, different groups around the world began
to investigate the properties of rammed earth scientifically [28].
Also in the 20th century, the development of the electric and
pneumatic rams allowed to significantly increase productivity and
reduce time and labour intensity [22].

In Portugal, the interest on rammed earth is increasing, namely
in the southern part of the country, with a small number of builders
specialised in building with this material. Some professionals argue
that the cost of this type of construction is still not competitive in
comparison to conventional solutions, even with the mecha-
nisation of the construction process. However, the growing interest
and importance given to sustainability issues can contribute to
promoting the use of this technique in new constructions, allowing
to reduce its cost.

1.3. Aim of this research

In Portugal, the study of the vernacular architecture within the
scope of sustainability is still in the first stages. There are only few
studies, mainly qualitative, focusing on the passive strategies used
and their thermal performance. The few quantitative studies con-
ducted so far [14,15,32e34] focused on quantifying the contribu-
tion of the passive strategies used in Portuguese vernacular
buildings, but there is still a lack of results from in situ measure-
ments that demonstrate the influence of these strategies on the
thermal performance.

Regarding the vernacular architecture of Alentejo, analysing the
state-of-art, it is possible to conclude that there are no quantitative
studies on the thermal performance of vernacular rammed earth
buildings that cover all seasons. Additionally, it is necessary to
analyse this type of buildings according to the standards of comfort,
and more specifically using the adaptive model of comfort. Only by
verifying if vernacular earthen buildings comply with the thermal
regulation in force and comfort standards can show, or not, if this
type of architecture has a better thermal performance than con-
ventional buildings.

The aim of this work is to contribute to the development of this
field of research by analysing the thermal performance of a
vernacular earthen building located in the southern part of the
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country, considering the thermal comfort standards, and analysing
how the earthen building techniques suit the specific local condi-
tions. To achieve this goal, the indoor thermal performance of a
rammed-earth building was assessed, by measuring hygrothermal
parameters that characterise the indoor thermal environment and
that affect the occupants' thermal comfort.

As an outcome, this research will contribute to a better under-
standing of the properties of this type of architecture, by assessing
the impact of using the studied vernacular design principles and
building materials in improving the thermal behaviour of both new
and renovated buildings.
2. Materials and methods

To achieve the proposed goal, the methodology adopted in this
study is guided by a set of appropriate standards andmodels. The in
Table 1
Characteristics and location of the measurement equipment used.

Equipment Specifications, measureme

Thermal microclimate station (model Delta OHM 32.1)
Probes installed:
1. Combined temperature

80 �C and 5e98% RH);
2. Globe temperature prob
3. Two-sensor probe for m

bulb temperature (rang
4. Omnidirectional hot-wi

from 0 to 5m/s).

Thermo-hygrometer and datalogger (Klimalogg Pro, TFA 30.3039.IT) þ Wireless therm

Datalogger:
Temperature accuracy of ±
with 0.1 �C resolution.
Relative humidity accuracy
99% with 1% resolution.

Transmitters:
Temperature accuracy of ±
and þ59.9 �C with 0.1 �C r
Relative humidity accuracy
1% resolution.

Thermo-hygrometers (Testo AG, model Testostor 175-2)
Temperature accuracy of ±
between �10 �C and þ50 �

Relative humidity measurin

Multifunction climate measuring instrument with the IAQ probe for CO2 and absolute
Probe for ambient CO2:
Measuring range from 0 to
Accuracy ±(75 ppm ± 3% o
±(150 ppm ± 5% of mv) (þ
Absolute pressure:
Measuring range from þ60
Accuracy of ±10 hPa
situ measurements were divided into short and long-term moni-
toring and were carried between the summer of 2014 and the
winter of 2016:

a) Short-term monitoring e it was carried out at least one day per
season and consisted of objective measurements and subjective
evaluation. The objective measurements had the purpose of
quantitatively assess the thermal comfort conditions in a spe-
cific room using a thermal microclimate station (model Delta
OHM 32.1) that measures air temperature, relative humidity,
mean radiant temperature and air velocity (Table 1), in
compliance with standards ISO 7726 [35] and ISO 7730 [36]. The
placement of the equipment is based on the distribution of the
occupants in the rooms. The measurements were performed
considering that the occupants were seated, as recommended in
ASHRAE Standard 55 [37]. The data recorded in this
nt range and accuracy Location

and relative humidity probe (range from �10 to

e Ø 150mm (range from �10 to 100 �C);
easuring natural wet bulb temperature and dry
e from 4 to 80 �C);
re probe for wind speed measurement (range

Living room

o-hygrometer transmitters (model TFA 30.3180.IT) connected to the datalogger.

1 �C and a measuring range between 0 and 50 �C

is of ±3% and measuring range between 1 and

1 �C and a measuring range between �39.6 �C
esolution.
is of±3% andmeasuring range is of 1%e99%with

Datalogger: Living room

Transmitters: Alcove
Bedroom
Attic

0.9 �C and a temperature measuring range
C, with a resolution of 1 �C.
g ranges from 0 to 100%, with a resolution of 1%.

Outdoor
Corridor
Kitchen
Old kitchen

pressure (Testo AG, Testo 435)

10000 ppm.
f mv) (0 to þ5000 ppm)
5001 to þ10000 ppm)

0 to þ1150 hPa

All rooms
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measurement was used to assess the Operative Temperature
(the analysis procedure is explained below in this section).
Simultaneously, subjective evaluation, based on questionnaires,
was carried out to assess the perceived indoor environment
quality by the occupants. During the measurements, the case
study building was occupied by four occupants, two females (35
and 65 years old) and two males (35 and 65 years old). The
survey allowed to evaluate the occupants' satisfaction according
to the ASHRAE thermal sensation scale and was based on the
“Thermal Environment Survey” from ASHRAE standard 55 [37].
The results of these two types of analysis were compared.

b) Long-term monitoring e it was carried out to measure the in-
door and outdoor air temperatures and relative humidity
throughout the measurement period. For this purpose, thermo-
hygrometer sensors were installed outdoors and indoors, in the
most relevant rooms of the case study (Table 1). The measure-
ments were carried out in compliancewith specified procedures
and standards [35e37]. The monitoring campaign was carried
out for all seasons of the year, in periods of at least 25 days,
recording data at 30min intervals. The correlation between in-
door and outdoor microclimate parameters was analysed.

Additionally, during the measurements, occupants were asked
to fill an occupancy table, where they recorded how they used the
building in their daily life, e.g., if they switched on heating or
cooling systems, promoted ventilation, used shading systems.
These occupancy records were useful to analyse the influence of the
occupants' behaviour in the indoor microclimate and to understand
unexpected changes in air temperature and relative humidity
values. Local weather data was collected from the nearest weather
station.

In the analysis of thermal comfort conditions, an adaptivemodel
of thermal comfort was used, since this is the adequate model for
naturally conditioned buildings. To be more representative of the
Portuguese reality, the chosen model was the Portuguese adaptive
model of thermal comfort [38]. This model is an adaptation to the
Portuguese context of themodels specified in standards ASHRAE 55
[37] and EN 15251 [39]. This model considers the typical Portu-
guese climate and ways of living and how buildings are conven-
tionally designed and used. According to this model [38]: i)
occupants may tolerate broader temperature ranges than those
indicated for mechanically heated and/or cooled buildings; ii) the
outdoor temperature has a strong influence on occupants' thermal
perception/sensation.

In the application of the proposed model, the following condi-
tions were considered: (i) the occupants have sedentary activity
levels with metabolic rates (met) ranging from 1.0 to 1.3 met; (ii)
the occupants may freely adapt their clothing to the indoor and/or
outdoor thermal conditions (clo); (iii) air velocity is below 0.6m/s;
(iv) indoor operative temperature varies between 10 �C and 35 �C;
(v) outdoor running mean temperature is between 5 �C and 30 �C.

In the Portuguese adaptive model, two comfort temperatures
ranges are defined, one for spaces with active air-conditioning
systems and the other for buildings without those systems or
with those systems turned off. In this model, the operative tem-
perature (Qo) limits were defined for 90% of acceptability, based on
the outdoor running mean temperature (Qrm). These limits are up
to 3 �C above or below the estimated comfort temperature, that is
defined by Equation (1) for non-air-conditioned spaces and Equa-
tion (2) for air-conditioned spaces.

Qo ¼ 0:43Qrm þ 15:6 (1)

Qo ¼ 0:30Qrm þ 17:9 (2)
The calculation of the point that characterises the thermal
environment condition was done according to standard EN15251
[39].

The indoor environment was evaluated and classified based on
the methodology of standard EN15251 [39] to allow the compari-
son between the performance of the case study and other buildings.
In this analysis, the classification of the indoor environment was
applied individually to representative rooms of the case study for
the two most demanding seasons (winter and summer). Since the
building has no cooling system and the heating devices are oper-
ated sporadically, for simplification, it was considered that the
building is occupied during the 24 h.

The air quality was evaluated by measuring the carbon dioxide
(CO2) concentration in the building when it is fully occupied since
occupants were the main source of CO2 emissions [39]. The mea-
surements were carried out for representative rooms and days in all
seasons, in compliance with standard EN15251 [39]. The equip-
ment used is a multifunction climate measuring instrument with
the IAQ probe for CO2, temperature, humidity and absolute pres-
sure. Table 1 presents the characteristics and location of the used
measurement equipment.

3. Description of the case study

In inland Southern Portugal, the vernacular architecture devel-
oped specific mitigation strategies, that in general are more focused
on passive cooling during summer, as mentioned in previous
publications [11,14,15]. From these strategies, the heavy earthen
walls stand out for keeping indoor temperature and relative hu-
midity stable, as observed in other studies [14,16,40], particularly
during summer, and are an element that characterises vernacular
architecture from this region [30,41]. The use of rammed earth in
the region is ancient, and the flat terrain, dry climate and the
abundance of clayey material were favourable factors to the use of
earthen materials in a large scale [30].

3.1. Site and climate

The case study is located in Safara, a small village in the mu-
nicipality of Moura, district of Beja, inland Southern Portugal
(Fig. 1).

It is implanted next to a plain area of fertile soils rich in clay, and
to limestone and calcareous formations [42,43], factors that were
favourable for using this resources as buildingmaterials - the clayey
soils for rammed earth, tiles and bricks; and the limestone to
produce lime for plasters and whitewash. The urban layout of the
village is compact with amix of narrow andwide streets, composed
mostly of single-storey buildings (Fig. 1). This region has a Medi-
terranean climate, sub-type Csa, with hot and dry summer, being
one of the hottest Portuguese regions during summer (Fig. 2a) [44].
The annual average mean temperature is 17.5 �C, 12.5 �C in winter
(Fig. 2b), while in summer is between 22.5/25.0 �C (Fig. 2c) [44].
Summer is the most demanding season in this area. The average
maximum air temperature in summer varies between 30 and 35 �C
[44], reaching maximum temperatures of 40 �C or 45 �C in some
days, and the number of days with a maximum temperature above
or equal to 25 �C is around 110 days [44] (Fig. 2d). The annual
average rainfall is below 500mm, and July is the driest month
(below 5mm) [44].

3.2. Building

The building chosen is representative of inland southern
vernacular architecture, presenting a range of strategies to mini-
mise heat gains and to promote passive cooling. All the original



Fig. 1. Case study's location. (left) country context; (right) Safara's urban layout.
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building elements and techniques were preserved and maintained.
It was not possible to identify the date of construction but, ac-
cording to the owners, it is probably from the 19th century. This
building was renovated in 1983 and this intervention, beyond the
maintenance of some building elements, introduced some im-
provements such as bathroom facilities, insertion of glass in win-
dows (original windows had only wooden shutters), and the
function of some rooms was changed as the old kitchen that was
transformed into a small living room.

The case-study is integrated into an urban mesh, in a row of
buildings forming a street front (Fig. 1). It has main and rear facades
facing southeast (street) and northwest (patio), respectively (Fig. 3).
The gross floor area is of approximately 200m2 divided into two
storeys.

The upper storey is just a small attic area (originally a granary).
On the ground floor, facing southeast, are the living areas and the
bedrooms, and in the northern part are the kitchen and the bath-
room (Fig. 4). A vaulted corridor connects these two parts, that is
also the connection between the street and the courtyard (Fig. 5a).
Most of the construction elements used in the building are made of
earthen materials. The building envelope consists of whitewashed
rammed earth walls (average thickness of 60 cm) with a pitched
roof, wooden doors and wooden framed single glazed windows
(Fig. 5b). Indoors, the partitions walls are in rammed earth, and
several of the indoor spaces are vaulted, and the floor is paved with
baldosa - a sun-dried clay tile (Fig. 5ced). It is relevant to highlight
the existence of small ventilation shutters above the glazed win-
dow to promote controlled natural ventilation, which are particu-
larly useful for night cooling, without compromising the safety of
the occupants (Fig. 5e). The building has no air-conditioning sys-
tem. It has a wood-burning stove (Fig. 5f), and occupants use
sporadically electric fan heaters to heat some rooms. Table 2 lists
the thermal transmittance coefficient (U-value) of the building
envelope.

3.3. Passive strategies

To suit the climatic conditions mentioned, specific mitigation
strategies were developed, focusing on passive cooling during
summer [11,15]. With this purpose, several vernacular architecture
techniques were developed, like the ones found in the case study,
such as [11,15,41,47]:

a) the size and number of windows and doors facing the out-
door environment are minimised to reduce solar gains. The
use of small windows, recessed in the façade, allows the head
and side jambs of the window to work as a shading element
(Fig. 3);

b) the use of high thermal inertia building elements, namely
rammed-earth walls and vaulted ceilings, allows a first
dampening of the external thermal wave and keeps the in-
door temperature and relative humidity more stable. The
vaulted ceilings also allow to increase the height of the in-
door spaces and therefore the thermal stratification (Fig. 5c);

c) the use of light colours for the building envelope, mainly
whitewashed surfaces, to reflect the incident solar radiation
(Fig. 3);

d) ventilation openings that are integrated into windows and
doors, to promote air circulation and night cooling to remove
diurnal thermal loads. This technique allows ventilation
without compromising privacy and security (Fig. 5b, e);

e) the patio (courtyard) allows not only to create a private
outdoor space but also to generate a microclimate close to
the building. In this case, the patio has trees and several
flower beds, useful to shade the ground and the building and
also to generate a cooling effect through the evapotranspi-
ration of plants;

f) the urban layout, namely the use of narrow streets, is also a
strategy used to reduce heat gains by the building envelope
(Fig. 1).

The combination of all these strategies allows achieving indoor
thermal comfort conditions during the summer season by passive
means alone. This aspect highlights the advantages of a holistic
understanding of the available resources.

The long tradition in applying the abovementioned strategies in
the region, beyond a cultural influence, is a consequence of their
effectiveness in mitigating the effects of the climate, as shown in
previous studies [14,15]. In this sense, the quantitative study of
these passive strategies and their effect on the thermal perfor-
mance of buildings is useful to the discussion about energy effi-
ciency in buildings, as this is described and discussed in the
following sections of this paper.

3.4. Occupancy profile

Occupant's daily habits influence the thermal performance of a
building, and the occupancy profile is synthesised in Table 3. During
the monitoring, the building was kept in a free-running mode most
of the time.



Fig. 2. a) K€oppen-Geiger Climate Classification for Portugal; b-c) Average mean temperature in winter and summer; d) Average number of days with maximum temperature �25 �C
in summer (adapted from Ref. [44]).
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4. Results and discussion

4.1. Thermal monitoring and indoor comfort evaluation

The thermal performance monitoring and indoor comfort
evaluation were carried out for all seasons. The data obtained in
thermal monitoring is presented for approximately 30 represen-
tative days of each season. In this chapter, the results are addressed
and discussed.
4.1.1. Autumn
During Autumn monitoring (10th November to 19th December

2014), the outdoor mean air temperature was of about 12.5 �C
(Table 4). The daily maximum and minimum air temperatures have
significative variations almost during all the monitoring period,
with a clear difference between the first and second half of the
monitoring period (Fig. 7a). Although the daily outdoor tempera-
ture varies between 5 and 10 �C, it is found that indoor temperature
remained very stable over the monitoring period with a slight



Fig. 3. External views. (left) southeast façade; (right) northwest façade.

Fig. 4. Floor plans showing the location of measuring instruments (1 e bathroom; 2 e kitchen; 3 e old kitchen (small living room); 4 e corridor; 5 e alcove; 6 e living room; 7 e

entrance; 8 e library; 9 e bedroom; 10 - attic).
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decrease in the second half (around 4 �C) (Fig. 6a). The rooms that
are occupied during most of the time (living room, alcove,
bedroom, and kitchen) have average temperatures between 17.4 �C
and 18.5 �C, as shown in Table 4. These average values show that
rooms are near to the bottom comfort threshold defined by the
standards (18 �C). The occupants used heating devices only in the
coolest days and during short periods (Table 3). The use of these
systems is easily visible by the temperature peaks in some hours of
the day (Fig. 6a). Therefore, for a free-running building without
thermal insulation in the majority of its envelope and without a
heating system permanently operating to maintain a constant
temperature, the building has an interesting temperature profile
for this season, with stable temperatures (even if in some cases
below the 18 �C comfort threshold) and considerably above the
ones recorded outdoors. The roomswith sporadic occupation (attic,
corridor, and old kitchen), showed similar stable profiles but with
values slightly below the ones of the other rooms. This behaviour is
due to their position, orientation, and use. The high thermal inertia
of the building envelope justifies this behaviour, delaying the effect
of outdoor temperature variation and stabilising indoor
temperature.

The value of the average outdoor relative humidity was high
(84%). In contrast, indoor spaces have stable relative humidity
profiles with small day/night fluctuations and considerably lower
average values (Fig. 6b; Table 4). The main rooms have relative
humidity values above 60% most of the time d the maximum
recommended for human health and comfort in new buildings
[39,48]. Nevertheless, the small difference to the recommended
humidity range values and the difference between indoor and
outdoor values should be highlighted. The hygroscopic inertia and
the capacity of rammed earth walls and lime renders to absorb
moisture are responsible for this good behaviour.

Regarding the assessment of the thermal comfort (Fig. 7), the
measurement of the thermal environment conditions was con-
ducted during a day, with and without the heating system active.
During autumn and without the heating system active, the results
show that the thermal comfort conditions in the living room
(where the occupants remain longer during the day) are slightly
higher than the lower comfort limit. With the use of the wood-
burning stove, it was possible to reach thermal comfort condi-
tions in the living room close to the upper level of the comfort
temperature range. From the temperature profile (Fig. 6a), it can be
seen that it is possible to reach comfort temperatures with a simple
heating system rapidly. Nevertheless, in other rooms, it was verified
that the thermal sensation was below the thermal comfort limits
and a heating system is necessary to achieve thermal comfort
conditions.

In the “thermal environment survey”, occupants expressed their
thermal sensation in the followingway: 1) when thewood-burning
stovewas “OFF”, all occupants answered as being “slightly cool” (1.0
met; 0.88e0.98 clo); 2) when the wood-burning stove was “ON” e
the occupants answered as being “neutral” (comfortable) (1.0 met;
0.75e1.25 clo). The differences in clothing insulation are related to
the thermal sensation of each occupant that depend on different
factors, such as: age, gender, and psychological condition. The re-
sults from subjective evaluation validated the objective
measurements.



Fig. 5. (a) Indoor corridor; (b) Wooden-window; (c) vaulted room; (d) kitchen view; (e) ventilation shutter; (f) Wood-burning stove.

Table 2
Characteristics of the building envelope.

Envelope element Materials U-value (W/(m2.�C))

External Walls Rammed earth 1.30 [45]
Roof Ceramic tiles, an insulation layer of sprayed polyurethane foam (SPF) and reeds on timber structure 0.49 [46]
Doors Wood 2.15 [46]
Windows Wooden frame, single glass, indoor wooden shutters 3.40a [46]

a Uwdn - dayenight thermal transmittance coefficient, including the contribution of shading systems.
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4.1.2. Winter
In the winter monitoring, carried out between 22nd December

2014 and 8th February 2015, the outdoormean air temperaturewas
of 7.3 �C, with the maximum often above 12 �C and minimum
usually below 5 �C, reaching on some days nearly 0 �C (Fig. 8a;
Table 5). In this season, the graph of indoor temperatures shows
several peaks due to the use of heating devices, like the wood-
burning stove and electric fan heaters, in the living room, and the
kitchen and bedroom, respectively (Fig. 8a).

In a period when the occupants were out (between 5th to 8th
January), it is possible to see the passive behaviour of the building
and a gradual stabilisation of the indoor temperatures. In the living
room, after the turn-off of the wood-burning stove, temperature
values took about 24 h to decrease from 24 to 18 �C, and more than
50 h to reach 15 �C. At the same time, the temperature in the alcove
next to the living room took more than 80 h to decrease from 19 to
15 �C. This slow temperature decrease is explained by the thermal
inertia and high heat storage capacity of the building elements,
particularly the massive external and internal walls. If with short
heating periods the temperature decrease is slow, it could be ex-
pected that with longer heating periods the temperature stabili-
sation will reduce the energy use for heating. Further studies are
needed to confirm this since long heating periods are not common
in Portuguese living habits.

Although the bedroom is a space where higher temperature
values are expected, compared with the other occupied spaces it is
the one with the lowest temperatures (slightly below 15 �C). The
occupants heat the room only until they feel comfortable to un-
dress/dress on the morning and at night and this is visible in the
temperature peaks of about 18 �C in those periods of the day
(Fig. 8a). The attic and the old kitchen are not heated areas and
presented a stable temperature value around 12 �C.

In what relative humidity is concerned, maximum outdoor
values were frequently around 90% (Fig. 9b) and indoor rooms with
longer occupation periods had lower daily variations and average
values between 50 and 65% (Table 5). The living room and the



Table 3
Housing occupancy profile e frequent uses.

Season Use and description

Spring heating/cooling Sporadic heating is used in cool days (March and April). The pattern is: wood-burning stove (6 p.m.-11:30 p.m.); fan heater in the
kitchen (1 h, three times per day during meals) and in the main bedroom (10 p.m.-10:30 p.m.).

ventilation Daily opening of the ventilation shutters in the living room and bedroom (9 a.m.-1 pm, until the middle of May; 7:30 a.m.-9:30
a.m., from the middle of May till June).

shading From the middle of May, the main façade (SE) windows and shutters are closed until 2 p.m.; rear façade (NW) windows and
shutters are closed between 2 p.m. and 8 pm.

Summer heating/cooling No cooling or heating systems are used
ventilation Daily opening of the ventilation shutters all around the house (6 a.m.-9 am).
shading Main façade (SE) windows and shutters are closed from 9 a.m. to evening; rear façade (NW) windows and shutters are closed

between 2 p.m. and 8 pm.
Autumn heating/cooling Heating (from middle November forward). The pattern is: wood-burning stove (working days, between 6 p.m. and 11:30 p.m.;

weekends and holidays, from 11 a.m. to 11:30 p.m.); Fan heater in the kitchen (1 h, three times per day during meals) and the
main bedroom (between 10 p.m. and 10:30 p.m.).

ventilation Sporadic opening of the ventilation shutters (between 9 a.m. and 11 a.m.) is used.
shading No shading is used.

Winter heating/cooling Heating (for all season). The pattern is: wood-burning stove (working days, between 6 p.m. and 11 p.m.; weekends and holidays,
between 11 a.m. and 11:30 p.m.); fan heater in the kitchen (1 h, two to three times per day during meals) and in the main
bedroom (between 10 p.m. and 10:30 p.m.).

ventilation Sporadic opening of the ventilation shutters (between 9 a.m. and 11 a.m.).
shading No shading is used.

Table 4
Comparison between outdoor and indoor air temperatures and relative humidity values during the autumn.

Autumn

Place/room Outdoor Living room Alcove Bedroom Attic Corridor Old kitchen Kitchen

Temperature (�C)
Mean 12.5 18.4 18.5 17.5 15.8 17.3 16.1 17.4
Maximum 21.0 25.0 20.0 19.4 20.4 19.4 18.1 21.7
Minimum 3.0 15.4 16.5 14.8 11.5 14.4 12.6 13.8
Relative Humidity (%)
Mean 83.8 61.5 64.8 66.8 74.0 71.6 74.0 70.9
Maximum 96.1 71.0 73.0 74.0 80.0 83.1 80.8 88.6
Minimum 58.2 38.0 52.0 53.0 68.0 59.5 67.5 53.6
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alcove showed values between 40 and 60% most of the time and
this result is influenced by the stove. The bedroom also had a stable
profile but with slightly higher values than previously referred
rooms. Although the indoor relative humidity values reached in
some rooms values above the one recommended for human health
(�60%), they were considerably lower than the outdoor values and
werewithin the range of 20e70% for Category III buildings [39]. The
lower values and the stability of the indoor relative humidity pro-
files are due to the hygroscopic inertia of the building elements,
namely rammed earth walls, unfired clay tiles (baldosa), lime
plaster, which have the capacity to regulate air humidity [1].

Concerning thermal comfort, in this measurement, the wood-
burning stove was in operation all the time. The results showed
that the living room had good thermal comfort conditions, slightly
above the middle of the comfort range (Fig. 9). In the context of a
cold week (Qrm of 5.9 �C), it was only possible to reach adequate
thermal comfort conditions when the wood-burning stove was in
operation. From the measurements, it is possible to conclude that
the conditions [37e39] that allow the use of the air temperature as
a proxy for the operative temperature were satisfied. It was also
possible to conclude that the alcove has acceptable comfort con-
ditions and that the other rooms were below the thermal comfort
limits.

In the survey, three occupants answered as being “neutral”
(comfortable) (1.0 met; 1.08e1.31 clo) and one as being “slightly
cool” (1.0 met; 1.04 clo). Although there was one occupant that was
slightly uncomfortable, it is possible to conclude that most occu-
pants feel comfortablewith the thermal environment and therefore
the results from the subjective evaluation corroborated the
objective measurements. Compared to the other occupants, the
occupant that felt slightly uncomfortable had lower clothing ther-
mal insulation, and this can be an explanation for the different
perceived comfort level.

From the results presented above, it was possible to concluded
that a heating system is required to achieve thermal comfort con-
ditions during the winter season. The calorific power of the wood-
burning stove allowed to rapidly increase air temperature to ther-
mal comfort levels in the living room. Its use in the living room is
adequate since it is the bigger room and where occupants stay for
longer periods. Since the case study is an old building, without a
central heating system, the effect of using the electric fan heaters
cannot be neglected, even if for short periods. Though not an
energy-efficient equipment, the occupants had to use them to
quickly increase temperature by convection in the kitchen and the
bedroom and to reduce thermal discomfort sensation during meals
and dress/undress periods. The sporadic use of this type of equip-
ment is also in line with Portuguese cultural habits of intermittent
heating.

The results are in line with other studies devoted to high ther-
mal inertia buildings [6,16], where stable temperatures in the in-
door environment were also observed, and that also highlighted
the importance of using heating equipment to reach the comfort
thresholds.

4.1.3. Spring
During spring monitoring (14th April to 9th May 2015), the

outdoor mean air temperature was about 18.2 �C, with maximum
values often above 20 �C and minimum values frequently above



Fig. 6. Autumn: (a) indoor and outdoor air temperature profiles; (b) indoor and outdoor relative humidity profiles.

Fig. 7. Adaptive comfort chart. Thermal comfort temperature (operative temperature) in the living room during one representative autumn day.
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10 �C (Fig. 10a; Table 6). In this monitoring campaign, data for two
compartments (corridor and old kitchen) was lost due to equip-
ment errors. Indoor air temperature variations were practically
imperceptible, with mean temperature values for the main rooms
between 18.3 and 19.1 �C (Table 6), above the minimum comfort
threshold (18 �C) for the heating season.
The variation of the outdoor day/night relative humidity was
high, frequently with maximum values around 80% and minimum
between 40 and 50% (Fig. 10b; Table 6). Indoor mean values were
similar (62e69%) to the outdoor mean value, however, significantly
more stable and, in some rooms, with almost no variation. All
rooms had relative humidity values above the recommended for



Fig. 8. Winter: (a) indoor and outdoor air temperature profiles; (b) indoor and outdoor relative humidity profiles.

Table 5
Comparison between outdoor and indoor air temperatures and relative humidity values during the winter season.

Winter

Place/room Outdoor Living room Alcove Bedroom Attic Corridor Old kitchen Kitchen

Temperature (�C)
Mean 7.3 18.0 17.1 13.8 12.0 14.1 12.1 15.4
Maximum 14.7 25.8 20.7 19.3 14.4 16.6 15.4 22.2
Minimum 0.2 13.6 14.9 12.3 10.4 12.6 10.7 12.2
Relative Humidity (%)
Mean 81.1 49.5 56.2 65.1 73.9 68.2 73.4 61.3
Maximum 97.8 63.0 67.0 75.0 84.0 86.8 84.4 81.6
Minimum 24.7 33.0 39.0 52.0 63.0 55.2 64.9 45.8
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human health (�60%), but they were very stable, and some were
only slightly above this limit.

The thermal comfort assessment was conducted on two
different days, one in mid-April and the other in mid-May. The
results show that the living room had thermal comfort conditions
on the lower limit of the comfort range for both days (Fig. 11).

In the survey carried out in mid-April, the occupants answered
as being “neutral” (comfortable) (1.0 met; 0.68e1.25 clo). In this
measurement, one of the occupants had a “clo” value significantly
higher (almost the double) than the others. A possible explanation
is that there was a physiological factor influencing the perceived
thermal comfort of this occupant. In the other survey (mid-May)
the occupants answered as being “neutral” (comfortable) (1.0 met;
0.43e0.51 clo). Although the adaptive comfort graphs (Fig.11) show
a thermal comfort condition in the lower limit, the results from
subjective evaluation show occupants' “neutrality”, which confirm
the results from the objective measurements. In this case, the in-
fluence of outdoor conditions in occupants' adaptation is well



Fig. 9. Adaptive comfort chart. Thermal comfort temperature (operative temperature)
in the living room during one representative winter day.
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expressed. The charts in Fig. 11 show almost the same thermal
sensation for a higher outdoor and indoor temperature, being the
clothing thermal insulation considerably different in the two days.
Fig. 10. Spring: (a) Indoor and outdoor air temperature pro
4.1.4. Summer
In this monitoring (22nd June to 22nd September 2015), the

outdoor mean air temperature was of 28.4 �C, maximumwas often
above 35 �C, reaching 40 �C on some days (Table 7; Fig.12a), and the
minimum was usually above 20 �C. In this monitoring period, data
was lost for the kitchen due to equipment errors. Although there
was a significant daily outdoor temperature variation, with high
maximum temperatures, it is verified that indoor temperatures
remained very stable over the period, with mean temperature
values between 26.7 and 27.1 �C in the main rooms (Table 7;
Fig. 12a). The maximum temperature values recorded were slightly
higher than the value of the mean temperatures but only express
sporadic conditions (less than 2 h) (e.g. windows openings, etc.).
The attic, due to its location near the roof, had the highest mean air
temperature. Nevertheless, it acts as a buffering space, protecting
the bedroom below from the outdoor heat.

The indoor temperature profiles showed that the heavy thermal
inertia of the building envelope has an important role in delaying
the heat transfer process and in stabilising the indoor tempera-
tures. Additionally, the materials/building elements used indoors
namely rammed earth partition walls, vaulted ceilings and unfired
clay tiles provide additional heat storage capacity, particularly
files; (b) Indoor and outdoor relative humidity profiles.



Table 6
Comparison between outdoor and indoor air temperatures and relative humidity values during the spring season.

Spring

Place/room Outdoor Living room Alcove Bedroom Attic Kitchen

Temperature (�C)
Mean 18.2 18.9 19.1 18.3 18.8 19.1
Maximum 29.9 24.0 20.4 20.1 21.2 22.8
Minimum 9.8 17.2 18.0 17.2 17.0 17.5
Relative Humidity (%)
Mean 64.2 61.6 64.9 68.8 67.9 68.7
Maximum 92.7 66.0 69.0 75.0 74.0 82.1
Minimum 25.1 49.0 54.0 52.0 46.0 45.7

Fig. 11. Adaptive comfort chart. Thermal comfort temperature (operative temperature) in the living room during two representative spring days e mid-April (left) and mid-May
(right).

Table 7
Comparison between outdoor and indoor air temperature and relative humidity values during the summer season.

Summer

Place/room Outdoor Living room Alcove Bedroom Attic Old kitchen

Temperature (�C)
Mean 28.4 26.8 27.1 26.7 28.6 26.8
Maximum 40.0 28.4 28.2 27.8 30.2 30.3
Minimum 16.9 24.2 25.1 24.9 25.2 22.2
Relative Humidity (%)
Mean 43.1 47.9 50.6 52.2 47.8 49.2
Maximum 78.7 58.0 60.0 61.0 55.0 64.3
Minimum 11.9 34.0 37.0 37.0 34.0 31.5
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useful to stabilise indoor temperature during the summer.
For the relative humidity, there was a high outdoor day/night

variation (in some cases of about 60%) (Table 7; Fig. 12b). In
contrast, indoor rooms had more stable relative humidity profiles,
with fluctuations between 40% and 60%, within the most appro-
priate range for human health and comfort [48]. As mentioned
before, the differences between indoor and outdoor relative hu-
midity values are justified by the hygroscopic inertia of the building
elements.

Regarding the thermal comfort assessment, the results for this
season showed that the living room had thermal comfort condi-
tions in the centre of the comfort range (Fig. 13). In the survey, the
occupants answered as being “neutral” (comfortable) (1.0 met;
0.35e0.47 clo) and these results confirmed the objective
measurements.

To achieve these thermal conditions, the active behaviour of the
occupants to improve their comfort conditions should be high-
lighted. For instance, they promoted passive cooling by natural
ventilation during the night and early morning and shutted the
doors and windows during the rest of the day, as presented in
Table 3.
From these results, it is possible to conclude that the building

has a good thermo-hygrometric performance during the most
demanding season of this climate zone, without having mechanical
cooling systems, confirming the effectiveness of the used passive
cooling strategies. The results of this study are in line with the re-
sults and conclusions observed in other studies focusing high
thermal inertia buildings in Mediterranean countries [6,16,49],
which also highlight, for this type of buildings, the possibility of
archiving good comfort conditions during summer by passive
means alone.

4.2. Classification of the indoor environment according to the
standard EN15251

In this section, the indoor environment of the case study is
evaluated and classified according to the categories defined by the
standard EN15251 [39]. The results are presented as the percentage
of time that the selected indoor environment parameters were
within the different categories (I, II, III, and IV). The explanation of



Fig. 12. Summer: (a) indoor and outdoor air temperature profiles; (b) indoor and outdoor relative humidity profiles.

Fig. 13. Adaptive comfort chart. Thermal comfort temperature (operative temperature)
in the living room during a representative summer day.
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each category is presented in Table 8.
4.2.1. Thermal criteria for winter and summer
The range of values used to analyse the two seasons are
different, due to the occupancy profile and characteristics of the
case study but also to the level of adaptation and expectation of
occupants for both seasons. Inwinter, since active systems are used,
the values to design heating systems were considered [39]. During
summer, since the building is naturally ventilated and has no me-
chanical cooling system, the adaptive comfort model was applied.
In this case the upper and lower temperature limits for each cate-
gory are strongly related to the outdoor running mean temperature
[39].

During most of the time of the heating season, the thermal
conditions in the rooms were out of the limits defined for Category
III (18 �C) (Figs. 14e15). In Fig. 14, the points within the range
represent heating periods. The living room, as the roomwith longer
occupation periods, had more points within the thermal comfort
range than the other rooms due to the use of the wood-burning
stove. The bedroom showed the worst performance, but occu-
pants heat it sporadically, only when dressing and undressing their
clothes. Regarding the latter, the occupants can accept tempera-
tures below the range mentioned in the standard (18 �C), as it is
visible in the ranges of the adaptive model of comfort for Portugal.
However, even considering this and that the building is not heated
permanently, as it is common in Portugal, the results showed an



Table 8
Description of the categories to classify the indoor environment according to the
standard EN15251 [39].

Category Explanation

I Buildings/spaces for sensitive persons (e.g. for young children and
elderly persons) (high level of expectation)

II New buildings and renovations (normal level of expectation)
III Existing buildings (moderate level of expectation)
IV Values outside the criteria for the above categories. This category can

be only accepted for a limited part of the year.
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inadequate thermal performance during winter. Additionally, if
considering the widely stated health problems and mortality rates
related to inadequately heated indoor environments [50,51], the
minimum indoor temperature of 18 �C, recommended by the
standard, must be maintained in indoor living spaces.

Regarding the cooling season, the results confirmed the climate-
responsiveness of the building during the most demanding season
Fig. 14. Thermal conditions in representative indoor rooms during the heati

Fig. 15. Classification of indoor thermal environment for represen
in this region, since it was most of the time into Category I (the
highest level of expectation) (Figs. 15e16). In the remaining time,
the building was classified as belonging to Category II. This result
shows that this kind of buildings was built to mitigate the intense
summer heat, by using only passive cooling strategies to adequately
address the thermal comfort of its occupants.
4.2.2. Humidity criteria
The standard EN15251 underlines that long term high or low

humidity values have an adverse effect by causingmicrobial growth
or irritation of eyes and respiratory tract, respectively. Since
earthen materials are considered as having good moisture regula-
tion properties, this analysis is relevant to evaluate the perfor-
mance of the case study.

As presented in Fig. 17, in winter, the monitored rooms were
categorised in a different way. The rooms with the best perfor-
mance were the living room and the alcove, due to the use of the
stove that allowed to reduce the relative humidity. The old kitchen
ng season, according to the limits of each category defined by EN15251.

tative rooms of the building. (left) Winter; (right) Summer.



Fig. 16. Thermal conditions in representative indoor rooms during the cooling season, according to the limits of each category defined by EN15251.

Fig. 17. Classification of indoor humidity for representative rooms of the building: (left) Winter; (right) Summer.
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had the worst performance, and this might be caused by the infil-
tration of the exterior air (with high relative humidity) through the
open chimney.

During the summer, all rooms showed a high-performance level
(Categories I and II). Although outdoor relative humidity was
frequently low in summer, indoor values were stable and at comfort
levels.

4.2.3. Indoor air quality criteria
In buildings where occupants are the main source of pollution;

air quality can be analysed by measuring the carbon dioxide con-
centration. The carbon dioxide concentrations were measured in
different occupied rooms during a representative day of each sea-
son. During the winter season, the measurement was carried out in
a day with the wood-burning stove in operation (marked with an
asterisk in Table 9) to verify the influence of the stove in the CO2
levels.

From the measurements, it was verified that the use of the
wood-burning stove does not increase the CO2 concentrations
when compared with the summer season (Table 9). The small dif-
ferences between outdoor and indoor carbon dioxide concentra-
tions can be due to the low occupation density of the building, to
the natural ventilation and infiltration rate, to the effectiveness of
the wooden-stove exhaust system and the earthen materials
pollutants-absorbing properties [22]. Results show that although
this is an ancient building, the CO2 concentration levels are within
the requisites of the most demanding category.

4.3. Challenges in the context of the energy performance legislation

As seen in previous sections, the case study had a high thermal
performance during the summer by passive means alone, and
stable air temperature and relative humidity profiles during the
other seasons. Although this building had adequate thermal per-
formance during most of the year, its building elements do not
complywith theminimum requirements for the U-value defined by



Table 9
Classification of the indoor air quality in representative rooms for all seasons (Asterisk mark (*)¼wood-burning stove ON).

Carbon Dioxide (CO2) concentration

Season Place/room Concentration (ppm) Difference above outdoor Category Pressure (hPa)

Autumn Outdoor 430 995
Living room 515 85 I
Alcove 515 85 I
Bedroom 493 63 I
Kitchen 545 115 I
Old kitchen 515 85 I
Corridor 495 65 I

Winter Outdoor 472 999
Living room 620* 148 I
Alcove 600 128 I
Bedroom 602 130 I
Kitchen 552 80 I
Old kitchen 557 85 I
Corridor 549 77 I

Spring Outdoor 394 996
Living room 458 64 I
Alcove 458 64 I
Bedroom 480 86 I
Kitchen 471 77 I
Old kitchen 494 100 I
Corridor 494 63 I

Summer Outdoor 323 998
Living room 465 142 I
Alcove 495 172 I
Bedroom 462 139 I
Kitchen 354 31 I
Old kitchen 362 39 I
Corridor 408 85 I
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the national regulation on the Energy Performance of Buildings [5].
As an example, the U-value of a 40 cm and a 60 cm thickness

rammed earth wall is 1.60 and 1.30W/(m2.�C), respectively [45].
According to the legal requirements for external opaque vertical
elements, the U-values must be lower than 0.35 or 0.50W/(m2.�C),
depending on the climatic zone [5] and therefore it is difficult for
earthen building materials alone to satisfy this requirement. Thus,
without thermal insulation, it is not possible to meet the minimum
thermal insulation level defined by law. The problem seems easy to
solve, but the aesthetic aspects, the physical properties of these
earthenmaterials, like the need to “breathe”, are incompatible with
most used insulation materials and solutions (e.g. External Thermal
Insulation Composite Systems - ETICS).

Even with this limitation in what the U-value is concerned, and
during winter (the seasonwith lower thermal performance), it was
found that it is possible to reach adequate comfort conditions when
the building is heated with a simple wood-burning stove. Addi-
tionally, when the stove is turned off, the air temperature in the
room took several hours, days on some occasions, to decrease,
therefore maintaining the comfort conditions for long periods.

The main goal of the regulation on defining low U-values is to
reduce the energy demand, while increasing thermal comfort
conditions and preventing the occurrence of condensations, to
achieve the medium-term nZEB targets. Although during the
cooling season the low U-value envelopes also contribute to
reducing the heat gains, it has the drawback of increasing the dif-
ficulty to dissipate internal heat and to cool the indoor environ-
ment. This issue is particularly relevant in the specific climate of
Southern Portugal and other Mediterranean areas. Additionally,
due to climate changes and the related increase in average annual
temperatures, it is expected that in these areas, the impact of the
cooling season in the annual energy consumption of buildings will
rise considerably. It is predicted that the global energy demand for
cooling will triple by 2050 [52]. Although the building does not
comply with the minimum thermal insulation requirements, it
presents adequate thermal comfort conditions. As shown by Ver-
beke & Audernaert [53], a high thermal mass has a relevant
contribute for improving thermal comfort and reducing the energy
demand. In this type of buildings, the very high thermal inertia has
a positive contribution in maintaining the indoor environment
within the comfort zone, and this feature is not fully conveyed in
the Portuguese regulation on the Energy Performance of Buildings
[5].

5. Conclusions

The results presented in this study show that there is a strong
relation of cause and consequence between local conditions and
vernacular architecture in inland southern Portugal.

The results of the thermal environment monitoring show that
the case-study building presented good or satisfactory indoor
thermal comfort conditions during almost all year. As expected, the
worst performance was during the winter season, when an active
heating system was necessary to overcome the periods of thermal
discomfort. However, taking as an example the living room, using
simple heating systems, such as a wood-burning stove, it was
possible to reach thermal comfort conditions rapidly. The other
rooms had temperature profiles out of the comfort zone because
occupants heat them sporadically or do not heat it at all. Since there
is no central heating system, the occupants used the portable
electric fan heaters to heat these rooms, even for short periods.
Though not an energy-efficient equipment, using fan heaters is a
simple and practical way to increase air temperature by convection
and assure a thermal comfort sensation when needed. It should be
highlighted that these good results were achieved in a building that
is in a free-running mode for most of the time in most of the rooms.
For a vernacular building, with single glazed windows and original
wooden frames (i.e. with poor air-tightness) and without thermal
insulation (except in the roof), it has stable temperature profiles.
With more efficient heating systems, and improving the thermal
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insulation of some building elements (e.g. the windows), it would
be possible to assure thermal comfort conditions in all rooms
during longer periods. However, this topic needs more in-depth
research to verify its effectiveness.

The results on the subjective assessment of the occupants'
thermal comfort, using a Thermal Environment Survey, validated
the objective assessments. These results show that the adaptive
model of comfort adjusted to the Portuguese context is adequate to
analyse the thermal comfort conditions in Portuguese vernacular
buildings.

Regarding relative humidity, the building also had a good per-
formance with values within the comfort range during almost all
the year, except for thewinter, when the values were slightly higher
than the ones of the other seasons. As in the case of the thermal
performance, the relative humidity performance had its best re-
sults during the summer season. The high thermal and hygroscopic
inertia of the envelope, partition walls, ceilings, and floors, were
responsible for the stabilisation and regulation of these two pa-
rameters. These good results were also confirmed by the use of the
EN1525 methodology to categorise the quality of the indoor
environment.

Therefore, it is possible to conclude that vernacular architecture
from southern Portugal is a climate-responsive architecture, or in a
holistic point of view, an environmentally-responsive architecture
that is focused on providing an adequate level of thermal comfort
during the intense summer heat. As seen in the case study, the
passive cooling strategies provided good thermal comfort condi-
tions without the use of any mechanical cooling system. The
contribution of these strategies to stabilise indoor temperature and
reduce solar gains show that these buildings were conceived to
better perform during summer. Nevertheless, these features do not
guarantee an adequate thermal comfort environment during the
winter, being necessary, among others, to reduce heat losses by the
envelope and ventilation. From these strategies, rammed earth
walls have to be highlighted, being correct to state that the use of
this technique for centuries demonstrates its suitability and close
relationship with the geological and climatic conditions of the re-
gion. Thus, the preservation of such strategies in existing buildings
of this region (or regions with similar conditions) and their
implementation in new ones, can contribute to reduce energy de-
mand for cooling and therefore to reduce the life cycle energy
consumption of the buildings and related potential environmental
impacts. However, despite the presented advantages, these build-
ing elements do not comply with the national regulation on the
Energy Performance of Buildings, particularly in what the U-value
is concerned. This means that the Portuguese thermal regulation is
not considering adequately the passive principles used in this type
of buildings that allow maintaining high indoor comfort levels for
most of the year as, for instance, the very high thermal inertia. It is
possible to implement some solutions to overcome the weak per-
formance during the winter, but they will be different whether it is
an existing building or a new one. In existing buildings, the opti-
misation of the windows and the building airtightness, and the
insulation of the roof are feasible and will increase buildings per-
formance without renovating the walls. In new buildings, beyond
the solutionsmentioned before, it will be easier to implement other
solutions as the insulation of the envelope and implementation of
passive systems to reduce heat losses and increase gains (e.g.
Trombe wall).

Rammed earth is being used for centuries in the southern part of
Portugal, is one of the most widely vernacular techniques still used
today, and therefore it is important to analyse, through quantitative
studies as the one presented in this research, the real benefits of
using this technique nowadays.
Declarations of interest

None.

Acknowledgments

The authors would like to acknowledge the support granted by
the FEDER funds through the Competitively and Internationaliza-
tion Operational Programme (POCI) and by national funds through
FCTdFoundation for Science and Technology within the scope of
the project with the reference POCI-01-0145-FEDER-029328, and of
the Ph.D. grant with the reference PD/BD/113641/2015, that were
fundamental for the development of this study. The authors also
wish to thank Mr Jo~ao Cordovil, Mrs Isabel Gaiv~ao and Moura's
Municipality for helping this research work.

References

[1] B. Berge, The Ecology of Building Materials, second ed., Elsevier, Oxford, 2009
https://doi.org/10.1016/B978-1-85617-537-1.00014-7.

[2] D. Ürge-Vorsatz, L.F. Cabeza, S. Serrano, C. Barreneche, K. Petrichenko, Heating
and cooling energy trends and drivers in buildings, Renew. Sustain. Energy
Rev. 41 (2015) 85e98, https://doi.org/10.1016/J.RSER.2014.08.039.

[3] H. Yoshino, T. Hong, N. Nord, IEA EBC annex 53: total energy use in buil-
dingsdanalysis and evaluation methods, Energy Build. 152 (2017) 124e136,
https://doi.org/10.1016/J.ENBUILD.2017.07.038.

[4] European Parliament and the Council of the European Union, Directive (EU)
2018/844 of the European Parliament and of the Council of 30 May 2018
Amending Directive 2010/31/EU on the Energy Performance of Buildings and
Directive 2012/27/EU on Energy Efficiency, 2018. European Parliament and
the Council of the European Union, Brussels, https://eur-lex.europa.eu/legal-
content/EN/TXT/?toc¼OJ%3AL%3A2018%3A156%3ATOC&uri¼uriserv%3AOJ.L_.
2018.156.01.0075.01.ENG. (Accessed 4 July 2018).

[5] DL118/2013, Decreto-Lei 118/2013: Sistema de Certificaç~ao Energ�etica dos
Edifícios, o Regulamento de Desempenho Energ�etico dos Edifícios de Hab-
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