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a  b  s  t  r  a  c  t

Vernacular  architecture  is  closely  and  traditionally  linked  to energy  efficiency  due  to  its adaptation  to
climate  and  location.  The  main  purpose  of this  paper is  to diagnose  the  hygrothermal  behaviour  inside  the
vernacular  housings  of  the  Jerte  Valley  (Valle  del  Jerte),  located  in  the Spanish  Central  System  mountain
range  (Sistema  Central).  This  region  is  widely  characterised  by a  Mediterranean  continental  mountain
climate  with  medium-sized  mountains  and  presents  two distinguished  six-month  periods:  one is warm
and  dry,  whereas  the  other  is cold  and  rainy.  The  objective  of  the  aforementioned  diagnosis  is to  promote
the  preservation  of buildings  and  its  energy  refurbishment.  As a starting  point,  a study  that  associates
the  region’s  monthly  climate  data  with  the  thermal  comfort  has  been  developed.  Afterwards,  a  regional
building  type  has  been  defined  for further  use  by  an  energy  simulation  program  in order  to  measure
the  hygrothermal  behaviour  of  the envelope.  Finally,  these  results  have  been  related  both  to  thermal
comfort  and bioclimatic  strategies.  The  results  suggest  that,  during  the  warm  period,  indoor  conditions

are  comfortable  without  the need  for  an  additional  energy  supply.  Nevertheless,  in the  cold  period,  indoor
conditions  are warmer  than  outdoor  conditions,  but an additional  external  energy  supply  will  be  required
to  achieve  the  comfort  zone.  Accordingly,  it is  determined  that  the  refurbishment  solutions  used  for  those
constructions  must  maintain  intact the  bioclimatic  strategies  that benefit  summer  conditions.  However,
strategies  that  give  rise to winter  conditions  without  changing  its  summer  behaviour  must  be  improved.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Vernacular architecture, unlike many modern buildings,
resents high-efficiency bioclimatic strategies due to its design,
hich was adapted to climate and location [1–3]. Consequently, a

ifferent kind of house is built for each territory [4–6], there are no
niversal models, and each zone generates its own  building typol-
gy. This fact implies the existence of a situation close to thermal
omfort inside the buildings [7–9]. In this regard, heat or cold is pre-
erved and distributed wisely with the available resources within
ts reach [10–12].

Unfortunately, this building stock is deteriorating gradually: a

arge number of houses are empty and abandoned; others are usu-
lly refurbished with unsuccessful interventions that worsen its
hermal comfort and/or damage its patrimonial value, while others,

∗ Corresponding author.
E-mail addresses: bmpozas@unex.es (B. Montalbán Pozas), fjavier.neila@upm.es

F.J. Neila González).

ttp://dx.doi.org/10.1016/j.enbuild.2016.08.045
378-7788/© 2016 Elsevier B.V. All rights reserved.
in the latter case, are replaced by less sustainable or less energy-
efficient constructions [13].

Against this background, there is a pressing need to act in order
to ensure the future of these traditional housings and historic cen-
tres, through the recovery of bioclimatic strategies and the indoor
comfort inherent in its construction [14–17].

This study is specifically focused on half-timbered housings
belonging to eleven settlements in the Jerte Valley (the Valley from
now on). These dwellings are an inhabited sample from the ver-
nacular heritage in the Spanish Central System mountain range,
since these housings undergo a progressive deterioration, while
the economy in the region is active, and its population of eleven
thousand inhabitants has neither grown nor decreased in the last
century (Fig. 1).

In brief, the Valley is described as a well-defined and homo-
geneous geographical unit, from both the territorial and the

socioeconomic perspectives. This region is enclosed by two  moun-
tain ranges, and is linearly arranged with NE-SW inclination along
the Jerte’s river course (Fig. 2). Due to its narrowness, its depth,
and its southern opening, the region presents its own climatic fea-

dx.doi.org/10.1016/j.enbuild.2016.08.045
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.08.045&domain=pdf
mailto:bmpozas@unex.es
mailto:fjavier.neila@upm.es
dx.doi.org/10.1016/j.enbuild.2016.08.045
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Fig. 1. Vernacular inhabited housings in El Valle.
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Fig. 2. Map  of the territory of the Spanish

ures. It is characterised by a continental Mediterranean climate
n its mountain variable, with two very pronounced periods: the

arm period, with high temperatures and low rain in autumn, and
he cold period, with sub-zero temperatures and plentiful rain in
utumn. Both of them present the usual oscillation between night
nd day temperatures in mid-latitudes.

. Material and methods

The first step of this research was to determine, in a global
ay and as a first approach, the relationship between climate in

he region [18,19] and thermal comfort situation, which is defined
hen the human body requires the minimum energy consump-

ion, i.e., taking in all cases an individual wearing light clothing,
ith low muscular activity and in the shade. The results lead on to

he identification of the required thermal conditions and the pos-

ible passive heating and cooling improvement strategies [7,14].
ivoni’s psychrometric chart was used for that purpose. Thermal
omfort situations, which are based on inhabitants’ experience, are
eflected in this chart by means of the introduction of regional cli-
al System and the Valley mountain range.

mate values (monthly average dry bulb temperature and relative
humidity) [2,20].

In second place, a computational model was  developed, defining
the following aspects: on the one hand, the representative build-
ing type [21–23] according to a study of the vernacular dwelling
stock [24], in order to examine the construction system and the
design patterns of the dwelling, and on the other hand, the use,
the activities and the characteristic covering of the dwellings.
Thereby, DesignBuilder of EnergyPlus (version 2.4.2.026), an energy
simulation software to study the energy exchanges [25] and the
indoor hygrothermal behaviour of this model [26] on daily, weekly,
monthly and semesterly basis, has been used. In addition, a study
of the hourly climate values specific to the region, considering the
different internal gains, has been included.

Finally, the energy balances and hygrothermal results obtained
in the housing, as well as the reduction in energy consumption, have
been analysed regarding thermal comfort according to Givoni [27],

evaluating the improvements achieved in relation to the outdoor
climate constraints. Furthermore, the improvement strategies are
selected [21–23], in order to propose the adequate refurbishment
strategies for each vernacular building in future actions [24–26,28].
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Fig. 3. Givoni’s psycrhometric chart adapted to monthly climate in 

. Case study results

.1. Approach to the thermal comfort situation and to the
ioclimatic strategies in the Valley using Givoníıs psychrometric
hart

The monthly climate data, which were collected from the
eather station placed in the municipality of Barrado (first order

tation, n◦ 3–439, with historical records dating from more than 30
ears ago [32]), were introduced in Givoni’s psycrhometric chart.
ue to its altitude, latitude, land topography, weather, pluviome-

ry, and solar radiation, the station was considered a representative
ocation of the eleven settlements in the Valley [33].

Each monthly value has been represented by a coloured line,
hich is positioned in different chart areas of the diagram according

o the thermal comfort during the corresponding period.
Therefore, according to Givoni’s psychrometric chart, the Val-

ey is located in the thermal comfort zone almost entirely during
he summer months, the end of the spring, and the beginning of
he autumn (terming this time frame warm period, when cool-
ng strategies are needed, and since approximately April 16th to
ctober 15th). In the summer months, the hottest midday hours
ust be exempted, in which the chart proposes thermal inertia

s a strategy to diminish the exterior heat flow. Additionally, the
oolest night hours in spring and autumn must be excluded, when
olar radiation is proposed in the chart. Likewise, the adequate
ioclimatic strategy from 20◦ C would be sun protection (Fig. 3).

In the same chart it can be noted that the climate during the rest

f the year is outside the thermal comfort zone (the cold semester,

n which heating strategies are needed from approximately October
6th to April 15th). In this cold period, the passive strategy sug-
 strategy High the rmal iner�a strateg y

lley according to the data of the meteorological station in Barrado.

gested by Givoni is solar radiation during the midday hours in
spring and autumn months (Fig. 3).

3.2. The Valley building envelope behaviour through energy
simulation

3.2.1. Energy model definition
In order to carry out the subsequent data extrapolation, the

building type and, by means of this typology, the energy model
that will be used in the energy simulation are defined. To that
end, the following bibliographic elements will be used: firstly, the
existing literature about the region, as well as the land registry,
the National Institute of Statistics, and the planning regulations
database to obtain the territorial and urban definition.

In addition, the fieldwork in each settlement, with the data col-
lection of the most representative housings (example in Fig. 4.),
as wells as material testings for the architectural and constructive
definition, can be also found among the collected data.

By collecting the previous data, the Valley building typology
(Fig. 5) has been defined as a building situated in a lengthened
rectangular plot, with a width/long ratio of 1/5, an average area of
125 m2, and a predominant orientation SE-NW. This housing type
has two floors, plus another under the roof. Likewise, the build-
ing envelope consists of two narrow exterior facades, orientated
towards two facing streets, two  great party walls, the plot, and a
low-pitched gable roof.

In architectural terms, at the ground floor, the thick walls are

built up of granite stones, with small windows on the facade,
whereas the first floor presents half-timbered walls made of chest-
nut wood and adobe, with long balconies protected by large
overhangs. Both floors have the same structure and internal par-
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Fig. 4. Half-timbered housing examp

itions. The horizontal building envelopes are light and are made of
imber frame, identical to the roof, which favours ventilation. Lime

ortar and mud  are used as cladding.
Regarding the interior layout, the housing is divided into two

ays: the first floor houses the main entrance (hall) and the rooms
or cattle and crop storage (stable and wine cellar); the second
oor contains the living part of the house in the strict sense (living
ooms, kitchens and bedrooms); and the under-roof space, which
s not habitable, has a secondary use as storage and drying place for
ome agricultural products. The geometric, constructive and dis-
ributive definition of the computational model is specified in Fig. 5.
ir impermeability, crack template, and modelling of grids have
een introduced in the model and have adapted to each situation.

nfiltrations have been simulated according to the different con-
tructive systems of the envelope: airtight walls at the ground floor,
nd permeable ones on the first floor and the under-roof space,

With respect to the rest of parameters introduced in the energy
imulator, it is important to note the following aspects: firstly,
limate data made reference to a specific schedule study about
egional climate, thereby incorporating the nigh-day behaviour

30].

Secondly, the activity patterns, the clothing as well as the use
ave been adjusted to the traditional lifestyles and the local cus-
oms. These parameters are considered for each room, taking into
e Valley (drawings from Heras [29]).

account the housing usage, bearing also in mind the farming activity
carried out in the building [31].

Thirdly, the highest internal gains are considered during the cold
period, 15000 kWh, in comparison to the 4000 kWh  in the warm
period. Such a difference is due to the wood fire on the first floor
(which is lit all day during this period), the occupancy and the latent
gains resulting from the animals on the ground floor (where they
are sheltered in the coldest months). The solar gains through win-
dows are minimal because of the lack and the small dimensions of
the openings (Fig. 6).

Finally, no additional energy supply was introduced in the
energy simulator.

3.2.2. Heat exchanges in the envelope and hygrothermal
behaviour model

Once the above-defined Valley housing model has been intro-
duced in the energy simulation and its energy behaviour has been
obtained, it appears that the heat exchanges balance is negative
during two  periods per annum. That means the internal heat is
lost to the outside all the time. With regard to exchanges between

the thermal envelope with the exterior, the highest heat losses are
due to exfiltrations, which take place during the whole year (56%
of the total: 10000 kWh). These heat losses are higher in the cold
period and are mostly produced in the under-roof floor, through
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Fig. 5. Vernacular half-timbered building type in the Valley.

Apr Ma y Jun Jul Ag o Sep Oc t Nov Dec Jan Feb Mar Warm
Sem.

Cold
Sem.

Cooking gains 473 29 3 28 3 29 3 29 3 28 3 48 8 75 5 136 6 136 6 123 4 97 5 191 8 618 4

Occupancy 875 77 62 53 52 56 82 9 89 9 99 5 102 3 89 4 94 3 117 5 558 3

Latent ga ins 544 30 41 54 54 47 63 8 52 0 47 2 44 3 43 0 52 2 77 0 302 5

Solar ga ins 20 26 28 21 19 21 16 10 8 11 12 20 13 5 77

TOTAL 1908 42 6 41 4 42 0 41 8 40 7 197 1 218 4 284 1 284 4 257 2 246 2 399 7 1486 9
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Fig. 6. Internal heat gains entered in the energy model.
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Apr May Jun Ju l Ag o Sep Oc t Nov Dec Ja n Feb Ma r Warm
Sem.

Cold
Sem.

External walls -72 18 4 29 9 38 5 30 9 15 1 -32 -15 8 -22 0 -21 3 -15 3 -71 125 5 -84 7

Sto ne -169 9 113 176 160 95 -111 -186 -257 -257 -206 -179 383 -1196

Adobe blocks 97 17 5 18 6 20 9 14 9 56 79 28 37 44 53 10 8 87 2 34 9

Roo f 134 38 8 49 8 54 7 44 9 24 8 0 -16 5 -23 4 -20 4 -11 7 82 226 4 -63 8

External infiltr a�on -110 0 -60 2 -63 5 -52 0 -60 1 -56 8 -97 7 -95 5 -116 9 -122 5 -114 4 -116 3 -402 6 -663 3

Glazings 5 17 30 45 39 21 -2 -16 -23 -22 -17 -8 15 7 -88

Groun d -16 6 -10 2 -36 5 -58 3 -59 7 -50 1 -36 8 -63 99 14 6 65 -37 -231 3 -15 7

TOTAL -119 8 -11 5 -17 2 -12 6 -40 1 -64 9 -137 9 -135 7 -154 7 -151 8 -136 6 -119 7 -266 2 -836 4
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Fig. 7. Heat exchanges in the envelope of the energy model.
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Fig. 8. Heat flow in the warm period and average temperatures du

he roof. The soil, which is the ground floor flooring, favours the
nternal heat loss (with 13% of exchanges: 2800 kWh), but presents
mall gains in the coldest months of the winter (300 kWh). The
xternal walls, which are made of stone on the ground floor or
f adobe block on the first floor, and the roof (with 14% and
5% respectively) work in reverse: heat is lost during the cold
eriod (1430 and 2300 kWh), gaining it during the warm period
900 and 640 kWh). The glazing does not imply remarkable energy

xchanges (1%).

As a consequence, the “overheating” occurs in summer and it
riginates in the roof and external walls, while the “refreshing”
omes from the soil as well as from the air infiltration. Nevertheless,
he warmest week of the year in the Valley half-timbered housing.

the winter “heating” is poor and it comes from the ground and the
“cooling” enters through the external walls and the roof (Fig. 7).

The results of the heat exchanges through the envelope dur-
ing the two  characteristic climate periods are summarised below.
Likewise, the findings of the hygrothermal behaviour (operating
temperature and the indoor relative humidity) corresponding to
the two most extreme weeks in each period, are also taken into
account:
3.2.2.1. Model envelope behaviour in the warm period (Fig. 8).
In the warm period, the outdoor heat flow penetrates across
the outer envelope surface into the housing: to a large extent
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From 0 to 500 kW h From 501 to 1000 kWh From 1001 to 1500 kWh
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Fig. 9. Heat flow in the cold period and average temperatures during the coldest week of the year in the Valley half-timbered housing.
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the exterior rooms and between 24 and 25 ◦C in the inner rooms.
ig. 10. Hygrothermal behaviour according to the energy simulation in the two 

adapted to monthly climate in the Valley).

hrough the roof surface (with a 2264 kWh  heat gain); in sec-
nd place, through the first floor exterior walls (872 kWh); and
he rest, through the ground floor external walls (383 kWh). The
xchange continues and descends towards the ground, crossing
he house vertically (2313 kWh  heat loss). The most important
xternal exfiltrations occur through the roof (3454 kWh  heat loss).
he inner air movement is stronger on the upper floor, due
o the heat generations coming from the kitchen (3628 kWh)

Fig. 8).

The hygrothermal behaviour per floor during the warmest week
f the year (from 11th to 17th July), when the extreme outdoor
extreme summer and winter weeks per floor using Givoni’s psycrhometric chart

conditions are between 11–35 ◦C and 80–30% humidity (night −
day), can be summarised by the following average values:

- The under-roof floor temperature fluctuates between 20–32 ◦C
and humidity between 60–30% (night − day values);

- The first floor temperature ranges vary between 21 and 28 ◦C in
The humidity content varies from 60 overnight to 30 and 40%
during the daytime;

- The ground floor is the coolest, with a constant temperature of
20 ◦C throughout the day, and high humidity content: 80–50%.
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.2.2.2. Model envelope behaviour in the cold period (Fig. 9). In the
old period, the heat flow goes from the ground floor and the
rst floor outward, throughout the envelope (847 kWh  heat losses

hrough the walls surface and 638 kWh  through the roof). The most
mportant exfiltrations occur through the roof (6633 kWh), and the
nner air movement is stronger on the first floor (8551 kWh) (Fig. 9).

The hygrothermal behaviour per floor during the coldest week of
he year (from 11th to 17th January), when the outdoor conditions
re between −5–10 ◦C and 95–75% humidity (night-day), can be
ummarised by the following average values:

 The under-roof floor temperature ranges from 4 to 9 ◦C and
humidity from 80 to 60% (night-day values).

 The first floor presents variable conditions: the exterior room
temperature ranges fluctuates from 2 to 7 ◦C, whereas the dif-
ference between indoor and exterior humidity levels is minimal;
the temperature ranges fluctuate between 7 and 11 ◦C in the inner
rooms, and the humidity content between 70 and 50%.

 The ground floor presents a constant average temperature of 12 ◦C
throughout the day, and a humidity content ranging from 70 to
50%.

.2.3. Heat flows analysis
Taking into account the previous results, it can be pointed out

hat the main thermal exchanges occur vertically (up or down) in
oth periods. This phenomenon is due to the lightness of the hori-
ontal envelope, as well as the opposite temperature conditions in
he house: the ground (with constant temperature), and the under-
oof space (with similar hygrothermal conditions to the outdoor
onditions). Also, there are two other heat sources in the hous-
ng between the floors during the cold period: the stable and the
itchen.

In addition, throughout the year, the indoor conditions vary
reatly overnight, and from summer to winter. The greatest thermal
ariations occur in the under-roof floor, which is the most exposed
art of the envelope, owing to its large surface and its highly venti-

ated construction system. However, it acts as a barrier, preventing
he outside temperatures from reaching the ground floor.

On account of this phenomenon, the hottest part of the house in
he warm season is the under-roof floor; followed by the first floor;
nd, finally, the ground floor, which is the coolest one. The order
s reversed during the cold period: the hottest zone is the ground
oor; which transmits the heat flow to the first floor; and which
nally goes to the under-roof floor.

. Results and discussion

To assess the thermal comfort situation and the use of bio-
limatic strategies, Givoni’s psychrometric chart is used again,
ncluding this time hygrothermal results obtained in the building
nergy simulations from the Valley houses. For this purpose, the
wo least comfortable weeks of the year are represented by arrows
n the chart. These arrows indicate the temperature and humidity
anges per floor, and their endpoints constitute the day-night oscil-
ation. The distance between the endpoints represents the annual
ituation (Fig. 10).

In this case, other hygrothermal improvement actions are
lready included in the diagram. These result from the inherent
se of the building, such as natural ventilation (programming of
he windows opening). Other improvements were operational, as

hey had already been incorporated by the construction system or
he architectural design, such as thermal inertia, solar protection
r solar gains. These improvements had already been introduced

nto the model and favoured the results obtained.
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Givoni’s chart reveals that the Valley’s buildings generally
improve the outdoor climate conditions. The uncomfortable
months are reduced both in summer and winter, favouring this
thermal situation on the inhabited floors. Also, the possible biocli-
matic strategies that cause these improvements are reflected on
the chart. They can be summarised as follows (Fig. 5):

- On the ground floor, a substantial improvement of outside
hygrothermal conditions can be confirmed in conjunction with
an annual temperature control, which decreases the hot sum-
mer  temperatures and increase the cold winter ones. Its day-night
temperature is constant and its humidity level ranges slightly. The
strategies applied for this improvement, according to the chart,
are thermal inertia and solar protection as refreshing (coinciding
the heavy inertia walls, the flooring being in direct contact with
the ground and the existence of little hollows in the facade). In
terms of heating, the improvement is manifested in the internal
gains, which are reinforced by the floor inertia.

- On the first floor, indoor conditions are only slightly enhanced
with respect to the outdoor conditions on the ground floor, which
exhibits a great day-night fluctuation, despite the fact that the
humidity variance is smaller. The inner rooms are more com-
fortable than the exterior ones, which are more exposed to the
outside conditions. The warm period is almost in the comfort
zone, unlike the cold semester, in which an external energy
supply will be required. On this floor there are no thermal iner-
tia elements and for this reason, the envelope, made of light
and highly conductive walls, does not retain the internal gains
because of the occupancy. Nevertheless, solar protection exists
on the windows.

- The indoor conditions of the under-roof space are very similar to
the outside ones, presenting large day-night and summer-winter
fluctuations. There are solar protection strategies, but thermal
inertia or internal gains are non-existent.

5. Conclusions

Taking into account the study developed in this paper, the need
to elaborate specific energy audits for the vernacular architecture is
evident. The purpose is to diagnose the behaviour and the potential
contribution of both the constructive systems and the architectural
design as thermal comfort strategies. Thereby, heritage interven-
tions can be correctly proposed, preserving the existing beneficial
strategies (which, in addition, enhance the design and the tradi-
tional techniques) and, at the same time, the necessary actions to
improve its drawbacks can be undertaken. In this way, a sustainable
refurbishment process will be promoted.

Furthermore, a methodology that illustrates how to carry out
the energy analysis of the traditional architecture was presented,
with the objective being to preserve and to intervene in historical
sites.

The need to document the vernacular knowledge with a spe-
cific case study strengthens the understanding of passive design
strategies, which are perfectly adapted in local climate conditions
as a thermal comfort measure. On the other hand, the previous
building definition for this settlements group allows a wide use of
the study carried out, as well as the extensive application of the
interventions.

It is nevertheless important to note that the results obtained
should be transferred to a specific dwelling for further develop-

ment of the proposals. Both the current usages and the updated
thermal loads of the dwelling in question, along with the construc-
tive changes from specific refurbishment studies, should be kept in
mind.
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In conclusion, as shown in this paper, the energy refurbishment
roposals for the Valley’s housings should incorporate solutions
hat keep unchanged in summer, when hygrothermal conditions
re suitable (such as inertia of the stone walls, ground contact,
entilated roof construction or compact construction design). In
ontrast, winter conditions should be improved (such as solar gains,
ir infiltration reduction, additional insulation layers or heating).

Even if this study is strictly referred to the characteristics of
he Valley, the conclusions provide relevant information about the
limate adaptation of half-timbered constructions in the Central
ystem mountain range. The results will also be a valuable input
hen studying the adjustment of other places with similar archi-

ectural features and Mediterranean continental climate in the
ountainous area of southern Europe

The extrapolation of the findings to the current building industry
n a modern context will be made by means of the implementa-
ions of climate adaptation strategies to new models. To that end,
he elucidation of the strategies responsible for these bioclimatic
ehaviours will be needed in further studies. The goal is to imple-
ent the strategies in the refurbishment and the design of the

uilding on the area.
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