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Abstract: This paper analyses, as a case study, various balcony glazing arrangements in a typical
tourist apartment building on the Mediterranean coast of south-eastern Spain, and their effects on the
energy performance. The glazing of terraces has been very common in this type of flat over the last
40 years. The objective is to determine qualitatively and quantitatively how the glazing of terraces
in such buildings influences their energy efficiency and indoor thermal comfort, considering the
specific characteristics of the dry Mediterranean climate (BShs) within a warm semi-arid climate
(BSh). The scientific novelty of the work consists of demonstrating that the installation of glazed
enclosures on terraces allows the houses to be heated for free in winter, taking advantage of the
greenhouse effect, and allows excess heat to be dissipated in summer by using natural ventilation.
The results of the work enable the determination of appropriate terrace glazing solutions to improve
the energy efficiency and thermal comfort of the dwelling, obtaining a reduction of more than 58% in
annual energy demand and annual energy consumption. The work demonstrates the advantages that
glazing systems for terraces can have in improving the energy efficiency of houses by using systems
like glass curtains.

Keywords: balcony glazing; energy efficiency; hygrothermal performance; interior thermal comfort;
natural ventilation; sustainable rehabilitation; warm semi-arid dry Mediterranean climate

1. Introduction

This work studies the energy performance of a typical tourist apartment building in
south-eastern Spain. On the Spanish Mediterranean coast, tourist apartment buildings with
large balconies have abounded since the tourist boom of the 1960s and 1970s [1]. These
balconies provide a great outdoor space in which to enjoy the sunny and warm climate of
the Mediterranean coast [2] and protect the glazing from the high solar radiation of this
geographical area [3-5]. These types of beach apartment buildings were traditionally used
as second homes to be used only in summer [6]. Therefore, their use was mainly occasional
and for holiday relaxation [7].

However, in recent decades, there has been a progressive change of use in respect of
these beach flats into year-round primary dwellings, due to the rise in house prices in city
centres [8]. The new permanent usage has increased energy consumption and the need for
more usable space inside the house [9,10] by generalising the enclosure of terraces with
glazing in order for them to be used as interior spaces of the house throughout the whole
year [11]. In many cases, these glazed terraces are joined to the living room by removing the
original facade enclosure of the building [12]. In other cases, the original facade enclosure
is maintained so the terrace forms an independent space complementary to the living
room [13]. In both situations, the glazing of the terraces implies losing the solar protection
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provided by balconies overhanging the original glazing of the building fagade [14]. This
causes a significant change in the thermal behaviour of the indoor environment, especially
in a climate characterised by a high annual solar radiation [15,16]. Furthermore, this change
in thermal behaviour is different depending on whether the glazed terrace is joined to the
living room by removing the original facade enclosure, or whether the glazed terrace is
kept as an independent space [17-19]. However, these indoor thermal effects are usually
ignored by homeowners, who do not know and do not foresee the consequences of these
changes on the energy efficiency and indoor thermal comfort of their dwellings [20,21].

Previous research has demonstrated the high greenhouse effect generated by glazed
surfaces in the BShs climate [22] and the beneficial effect of natural ventilation in dissipating
excess heat from the indoor environment [23-27]. Some case studies consider modern
single-family houses with large windows, or public buildings with large semi-transparent
roofs, such as sports buildings or heated public swimming pools [28]. However, there is a
lack of studies on the important effects (positive and negative) on energy efficiency and
indoor thermal comfort due to the glazing of terraces in this specific climate [29].

The particularly high solar radiation of the BShs climate [30] requires different energy-
saving strategies in comparison to continental and Central European climates [31]. Ghrab-
Morcos demonstrated the importance of adequate compensation for winter and summer
considerations in a Mediterranean climate [32]. In winter and cold days in spring and
autumn, enclosed glazed terraces can be used as “solar galleries” to capture the sun’s
heat [33,34] as they generate a favourable greenhouse effect for the heating of the house [35].
In summer, glazed terraces can be opened to take advantage of the benefits of natural cross-
ventilation to reduce heat. This contributes to energy savings [36—40] and to thermal comfort
and indoor air quality [41-47], reducing reliance on mechanical systems [48]. It avoids
excessive reliance on renewable energies, whose fluctuations due to climatic conditions
require the use of conventional energy sources or renewable-energy-resource-based poly-
generation microgrids [49] and advanced storage technologies [49].

However, current Spanish regulations do not sufficiently consider the particularities
of the Mediterranean climate, forcing the design of very insulated and airtight dwellings.
Nevertheless, Mediterranean architecture has historically been characterised by more
permeable envelopes with plenty of natural ventilation to take advantage of the goodness
of the climate as an important architectural resource [50]. In fact, regulations and energy
certification software do not facilitate the use of these kinds of passive systems and, despite
their advantages, do not allow consideration of the natural ventilation of dwellings [51-53].

This work challenges these regulatory limitations and explores the possibility of using
glazed terraces as a passive method to heat houses in winter, and natural ventilation to
cool houses in summer. This paper analyses the thermal behaviour of several dwellings of
a tourist apartment building with glazed and unglazed terraces. Three real dwellings with
the same construction characteristics, orientation and usable area are studied. One of them
maintains its original layout with an open-air terrace. The second property was renovated
by glazing the terrace and joining it to the living room. The third dwelling was renovated
by glazing the terrace and keeping the original facade windows and enclosures between
the terrace and the living room. The experimental design includes a climatic study of the
area, a study of the current hygrothermal conditions of the building, and a study of the
thermal comfort and energy efficiency of the three dwellings via in situ measurements and
computer simulations.

For the study of thermal comfort, on-site surveys of the users of the three dwellings
were carried out, and the Fanger analytical method comprising the predicted mean
vote (PMV) and the predicted percentage dissatisfied (PPD) was applied. According
to this method, the following values were considered for the PMV: —3 (cold), —2 (fresh),
—1 (slightly cool), 0 (neutral), +1 (slightly warm), +2 (warm), +3 (very hot). Values be-
tween —1 and +1 are assumed adequate according to the adaptive method established by
ASRAHE 55 [54]. For the PPD, values of less than 10% unsatisfactory were assumed to
be adequate.
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The significance of the study is to determine qualitatively and quantitatively how
the glazing of terraces affects the thermal behaviour of dwellings. The work analyses
the influence of this glazing on indoor temperatures, indoor thermal comfort and energy
efficiency throughout the year. The research allows the determination of appropriate terrace
glazing solutions for the improvement of energy efficiency and thermal comfort of the
dwelling. The results and conclusions can be applied to many other energy renovation
projects in residential buildings in the BSHs climate.

2. Materials and Methods

The case study building is located on the San Juan Beach, Alicante (Spain). This
geographical area corresponds to the dry Mediterranean climate (BShs) within a warm
semi-arid climate (BSh) according to the Koppen-Geiger climate zones [55], and to climate
B4 according to Spanish legislation [56]. The area has a temperate climate, with mild winters
and hot, dry summers. Winter temperatures are around 18 °C, and summer temperatures
are around 27 °C. The sea breeze acts as a thermal regulator, reducing the sensation of heat.
It is important to highlight this fact because the correct use of the effects of the thermal
breeze makes it possible to improve comfort and energy efficiency with economical passive
methods [57]. However, for this research, the most remarkable aspect of this climate is the
high solar exposure during the whole year, with more than 3000 h of sunshine per year
(Figure 1). For the energy calculation, the climate database of the El Altet weather station
(Alicante) was used.

BENIDORM

SAN JUAN BEACH
ALICANTE

(b)

Figure 1. (a) BShs climate zone (red) according to the Képpen-Geiger Climate Classification for the
Iberian Peninsula, the Balearic Islands and the Canary Islands by the Agencia Estatal de Meteorologia
del Ministerio para la Transiciéon Ecolégica del Gobierno de Espana (location map of Alicante in a
circle); (b) location map of San Juan Beach (own elaboration).

The selected case study is the Maralic building (Figure 1a), which was built in 1963. It
was designed by the well-known Alicante architect Juan Antonio Garcia Solera in collabo-
ration with the Madrid architect Jaime de Alvear [58]. This building was one of the first
tourist buildings constructed on the Spanish Mediterranean coast and is a clear example
of the tourist boom of the 1960s and 1970s in the city. It is a ten-storey building, with a
rectangular plan geometry of 66 m long and 13 m wide (Figure 2a). On the main facade
there are the terraces of the flats. Each flat has a living area of 48 m? (Figure 2b). The
dwellings have a living-dining room/bedroom, a kitchen, a bathroom and a terrace. The
original dwellings are characterised by a small interior area and large exterior terraces
(Figure 2c). Three identical dwellings with three different renovations were studied. One of
them keeps the original design with the open-air terrace. Another house was renovated by
glazing the terrace and joining it to the living room by eliminating the original enclosure
that separated the living room from the terrace. The third dwelling was renovated by
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glazing the terrace but maintains the original facade windows and enclosures between the
terrace and the living room.

ababbabababababababab

(b) (©)

Figure 2. Case study building: (a) external image of the building; (b) floor plan of the original
dwelling; (c) floor plan of the original building without the glazed terraces.

This building has been selected because it has a typology of tourist housing that is
very common to most of the tourist buildings built in the 1960s and 1970s in Spain. The
construction typology and its solutions show a significant advance in terms of space and
construction solutions compared to the period of “hygienic housing” [59] after the Spanish
Civil War. The dwellings have a simple interior layout, which allows a better analysis of
the influence that the modification of glazing has on the overall energy performance. As
a result, this study can be extrapolated to most of the tourist buildings on the Spanish
Mediterranean coast, which are characterised by large balconies and terraces.

The methodology used in this work consisted of three phases. First, a climatic study
of the area was carried out considering the exact location and orientation of the building.
Second, an investigation of the current hygrothermal conditions of the dwellings was
conducted with on-site temperature measurements and user comfort surveys. Thirdly,
a systematised study of the energy performance of the three dwellings was carried out
using computer simulations. All these aspects allowed a comparison between the original
dwelling with an outdoor terrace and the two other renovated dwellings with different
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conditions in glazed terraces, and their effect on the global building energy performance
and thermal comfort, considering the specific conditions of the local climate.

Phase 1. The annual cumulative radiation on the building envelopes and the wind
speed on the facades were analysed using computational fluid dynamics (CFD).

Phase 2. To study the constructive and hygrothermal conditions of the dwellings, two
types of in situ measurements were carried out: thermographic photographs (Figure 3a) and
thermal transmittance of the facades using a thermal transmittance flow-meter (Figure 3b).
To study the annual evolution of indoor temperatures, on-site measurements were carried
out with a hot-wire sensor (Figure 3c).

(@)

Figure 3. On-site measurements of the studied house enclosures: (a) thermographic photograph;

(b) thermal transmittance measurement; (c) temperature and air velocity measurement.

In addition, surveys were carried out to evaluate the users’ perception of thermal
comfort inside the dwellings and their thermal adaptation. The questionnaire was com-
pleted by the usual residents of the property. For on-site assessments and surveys, the
air conditioning had to be switched off throughout the day so as not to interfere with the
indoor conditions. The measuring devices were switched on five minutes beforehand to
allow the sensors to acclimatise to the indoor environment. These strict settings meant that
measurements had to be taken on specific days. This prevented the use of an automatic
data collection system. The humidity and outside temperature of the enclosure were also
measured. The on-site measurements and surveys were carried out simultaneously and at
the same time, between 13:00 h and 14:00 h, every fortnight and for 12 months.

The thermographic evaluation was carried out using a Testo 868 camera. The mea-
surement of thermal transmittance, humidity, temperature and air speed was carried out

using a Testo 435-2 multifunctional instrument calibrated at standard settings (Figure 4 and
Table 1).

Table 1. Summary of measuring instruments and their characteristics.

Model Measuring Range Accuracy
Thermographic camera Testo 868 —15-+50 °C +£2°C/£2%
+10-+95% HR +2% HR
Thermal transmittance flowmeter Testo 435-2 —20—+50 °C -

Humidity /temperature probe Testo —20—+70°C +£03°C
+10-+100% HR +2% HR

Surface probe Testo —20-+70°C +0.1°C

Hot-wire probe Testo —20—+70°C +£03°C

+0.3m/s
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(b) (c) (d) (e)

Figure 4. Instruments and measuring equipment used: (a) Testo 868 thermal imaging camera;
(b) Testo 435-2 thermal transmittance flowmeter; (c) humidity/temperature sensor with wireless
handle; (d) surface sensor; (e) hot-wire sensor.

Phase 3. On-site measurements of indoor temperatures and thermal comfort surveys
were complemented by computer simulations. The actual measurements and surveys were
then compared with the computer simulations to adjust and validate the calculations made
with the energy simulation tool. Finally, computer simulations were used to accurately
calculate the annual cooling and heating energy needs of the three dwellings. To compare
the energy performance of the three dwellings caused by the thermal effect of the terraces,
the same conditions of use and air-conditioning installations were considered in all three
dwellings. For this reason, actual measurements from electricity meters could not be used
and simulations had to be performed.

The research has a systematised approach and is based on the following four case
studies:

- Original house: A dwelling that maintains the original distribution with the exterior
terrace (Figure 5a).

- Modification 1: A refurbished dwelling with glazing on the terrace that joins it to the
living room and eliminates the original enclosure that separated the living room from
the terrace (Figure 5b).

- Modification 2: A refurbished dwelling with glazing on the terrace that maintains
the original fagade windows and enclosures between the terrace and the living room
(Figure 5c).

- Modification 3: A refurbished dwelling with glazing on the terrace, maintaining the
original facade enclosures and windows between the terrace and the living room, and
applying natural ventilation in summer (Figure 5d).

The size and interior layout of the three houses is the same. The insulating characteris-
tics of the glass and joinery used in the glazing of the terraces of the refurbished houses are
very similar to the glass and joinery of the original houses.

A diagram of the methodology used in the research is shown below (Figure 6).

DesignBuilder software (version v.7.0.1.006, DesignBuilder Software Limited, Stroud,
UK) was used for modelling and simulations. It is a spatialised computer programme used
to simulate the energy performance and thermal comfort of buildings using the EnergyPlus
calculation engine [60]. This programme also allows CFD calculations and simulations for
the effect of natural ventilation (Figures 7 and 8).
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Figure 5. Sketch of the case studies: (a) original dwelling; (b) Modification 1; (c¢) Modification 3;
(d) Modification 4.
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Figure 8. Full interior view of the building modelled in DesignBuilder software.

The computer model of the original house has taken into account its geometry, orien-
tation, and the size and arrangement of the glazing, as well as the constructive composition
of each architectural element that makes up the envelope (Figure 9 and Table 2).

.2 2. 1. 2
4 ¢
X 20 "
4 3
) )y emd &
15 2 2 10 2 04
(a) (b) (c) (d)

Figure 9. Current constructive composition of the dwellings: (a) fagade constructive section; (b) inner
division section; (c) slab section; (d) glazing section. Materials: 1. 1/2 ceramic brick; 2. low-hardness
gypsum d < 600; 3. mass concrete 2000 < d < 2300; 4. unidirectional slab with ceramic beams;
5. cement mortar; 6. ceramic tile; 7. monolithic glass, Ug = 5.70 W/ m? K, g = 0.85; 10. ggl;sh;wi = 0.68;
11. Uf = 2.2 W/m? K (dimensions in cm).
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Table 2. Summary of the construction composition of the thermal envelope in the original house.

Composition of the Thermal . Thermal
Thickness . . U
Envelope (cm) Conductivity (W/m?2-K) g
of the Original House (W/m-K)
Roof: 1.43
Ceramic tile 2 1.3
Cement mortar 2 0.55
FU ceramic interlayer 30 0.846
Mass concrete 2 1.65
Low-hardness gypsum d < 600 2 0.18
Interior walls: 2.07
Low-hardness gypsum d < 600 2 0.18
1/2 ceramic brick 11.5 0.991
Low-hardness gypsum d < 600 2 0.18
Enclosure type: 2.52
1/2 ceramic brick 11.5 0.991
Low-hardness gypsum d < 600 2 0.18
Window: Uw =5.68
Glass (90% of the window) Ug =5.70 g=0.68
Frame (10% of the window) Uh =5.58

Frame absorptivity = 0.96; frame air permeability = 100.00 m3 /h-m?.

The calculations considered parameters such as occupation, performance of air-
conditioning equipment, usage schedules and calendars, set-point temperatures, ventilation
air renewals required by regulations and internal lighting loads. To compare the three
dwellings analysed by evaluating the thermal effect of the terraces, these parameters were
unified in all three dwellings (Table 3).

Table 3. Parameters considered in the computer simulation calculations.

Parameter Applicable Regulation
People/m? Metabolic rate Schedule DB-HE
Occupation 0.05 1 Activated 24/7 Application Guide 2019 [61]
Cop Months Schedule DB-HE Annex D
Cooling equipment 4 6/7/8/9 0:00-24:00 27 °C Operational conditions and
Heating equipment 3.5 1/2/3/4/5/10/11/12 0:00-24:00 19 °C use profiles [41]
Ren/h Schedule
Mechanical ventilation 0.44 Activated 24/7 DB-HS3 [41]
Natural nocturnal 0.44 0:00-08:00 100%
ventilation
Average illumination Power
Internal lightning loads 200 lux 2 W/m? 0:00-07:00 10% Royal Decree 486/1997
07:00-19:00 30% Annex IV [62]

19:00-23:00 100%
23:00-24:00 50%

3. Results
3.1. Climate Studies of the Building

The results of the radiation study show higher accumulated annual radiation on the
facades of buildings with a south-north orientation in the tourist area of San Juan Beach,
obtaining average values between 1215.47 KW/m? and 1562.75 KW /m? per year. The
building studied is one of them, with its dwellings facing south-north. The results obtained
confirm the high level of solar radiation in Alicante during all of the year, even in winter
(Figure 10).
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Figure 10. Annual radiation study of the tourist area of San Juan Beach. Study building highlighted
in black.

The results of the computational fluid dynamics (CFD) calculations of the wind be-
haviour in the building, considering the prevailing winds of the area and the shape and
layout of the building, show a higher wind pressure against the north facade than against
the south facade. The wind impacts against the facades with an average velocity between
143 m/s and 4.28 m/s (Figure 11).

Velocity  0.00 0.71 1.43 2.14 2.86 3.57 4.28 4.99 5.71 6.42 7.14 7.85 (m/s)

Figure 11. Plan of exterior CFD study in the building (velocity and pressure).

3.2. Indoor Temperatures

Comparison of the real results with the computer simulation allows validation of
the calculations made with the simulation tool because the deviation is low. The simula-
tions show more thermal oscillation because they indicate all the daily temperatures by
hour. However, the evolution of daily and monthly temperatures is similar to the on-site
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measurements in the four case studies. The difference between the real temperatures and
simulations in the same time zone is less than 5% (Figure 12).

WW

do., 31 mar 2002 - Start of summer time ma., 28 oct 2002 - End of summer time

Abr May Jun Jul Aug Sep Oct Nov Dec Jan
@ on-site measurement original dwelling —— simulation original dwelling
B on-site measurement modification 1 —— simulation modification 1
< on-site measurement modification 2 simulation modification 2
¢ on-site measurement modification 3 simulation modification 3

Figure 12. Indoor temperatures considering the four case studies: on-site measurements and simula-
tion results.

The results obtained for the original building show that indoor temperatures in the
house, without using air-conditioning systems, are below 21 °C for about 42% of the year
(equivalent to 3630 h). Temperatures are below 19 °C for about 26% of the year (equivalent
to 2277 h). However, temperatures are above 25 °C for about 36% of the year (equivalent to
3154 h) and above 27 °C for about 28% of the year (equivalent to 2453 h). The temperatures
do not exceed 32 °C and are not below 12.5 °C throughout the year. Consequently, indoor
temperatures are between 21 °C and 25 °C for about 22% of the annual hours (equivalent
to 1927 h), and between 19 °C and 27 °C for about 46% of the annual hours (equivalent to
4030 h).

The results obtained for the house with the glazed terrace connected to the living room
(Modification 1) show temperatures below 21 °C for about 23% of the year (equivalent
to 2015 h). Temperatures are below 19 °C for about 8% of the year (equivalent to 700 h).
However, temperatures are above 25 °C for about 63% of the year (equivalent to 5519 h)
and above 27 °C for about 42% of the year (equivalent to 3679 h). Temperatures reach
35 °C in summer and do not drop below 17 °C in winter except for some days in January.
Consequently, for about 14% of the annual hours (equivalent to 1226 h), indoor temperatures
are maintained between 21 °C and 25 °C, and for about 50% of the annual hours (equivalent
to 4380 h), indoor temperatures are maintained between 19 °C and 27 °C.

The house with the glazed terrace separated from the living room (Modification 2)
shows temperatures below 21 °C for about 6% of the year (equivalent to 525 h). Tempera-
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NOV

tures are below 19 °C for only 3% of the year (equivalent to 263 h). However, temperatures
are above 25 °C for 71% of the year (equivalent to 6220 h) and above 27 °C for about 44%
of the year (equivalent to 3854 h). Temperatures reach 35 °C in summer and do not drop
below 17 °C throughout the winter. Consequently, for about 23% of the annual hours
(equivalent to 2015 h), indoor temperatures are maintained between 21 °C and 25 °C, and
for about 53% of annual hours (equivalent to 4643 h), indoor temperatures are maintained
between 19 °C and 27 °C.

Finally, the house with the glazed terrace separated from the living room and natural
ventilation (Modification 3) has the same temperatures in winter as the previous case, and in
summer temperatures are above 25 °C only for about 40% of the year (equivalent to 3500 h),
and above 27 °C for less than 14% of the year (equivalent to 1226 h). Consequently, for
about 54% of the annual hours (equivalent to 4730 h), indoor temperatures are maintained
between 21 °C and 25 °C. Indoor temperatures are maintained between 19 °C and 27 °C
for more than 83% of the annual hours (equivalent to 7270 h).

3.3. Thermal Comfort

Comparison of the surveys with the results of the computer simulation shows that,
in summer, the analytical values are lower than the actual opinions of the users. This
reflects that the surveys were conducted at the hottest time of the day and the analytical
method reflects the average daily thermal comfort. The Fanger method does not reflect
the discomfort caused by excessive summer heat in the BShs climate in the central hours
of the day. However, the analytical results give a more detailed comparison of the daily
estimation of user comfort throughout the year in the four case studies (Figure 13a,b).

JAN

DEC

MAR

NOV MAR

OCT APR
OCT
SEP ¢ MAY
%
AUG JUN 5 ‘
3 UN
T AUG <o J
JUL

@ survey original dwelling —— PMYV original dwelling
m survey modification 1 —— PMYV modification 1 @ survey original dwelling —— PPD original dwelling
< survey modification 2 PMYV modification 2 m survey modification 1 —— PPD modification 1
¢ survey modification 3 PMYV modification 3 ¢ survey modification 2 PPD modification 2

PMYV -1 —— PMV -0.5 ¢ survey modification 3 PPD modification 3

— PMV +1 — PMV +0.5
(a) (b)

Figure 13. Thermal comfort analysis considering the four case studies: (a) results of user surveys
on indoor thermal sensation and predicted mean vote (PMV) calculated using the Fanger analytical
method; (b) results of the percentage of dissatisfied according to the surveys and predicted percentage
of dissatisfied (PPD) calculated using the Fanger analytical method.
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Temp.

24.04

24.50

In winter, analytical calculations of the wind chill estimation in the original house
according to the Fanger method show PMV values below —1 from December to May, and
even values below —2 on a few days from January to April. However, values above +1
are generalised during the summer, from July to September (Figure 13a). In line with
these data, the results of the PPD calculations in winter show values close to 90% for a few
days from January to April. There are general values above 50% from January to May. In
summer, many days in August and September have values above 50% (Figure 13b).

By glazing the terrace and connecting it to the living area (Modification 1), PMV values
below —1 are usual from November to June, with most days having values below —2 from
January to May. In summer, there are very few days in August with values above +1
(Figure 13a). As a result, PPD calculations in winter show values close to 90% in January,
February and April. There are values above 70% from November to May. In summer, only
some days in August have values above 30% (Figure 13b).

The house with the glazed terrace separated from the living room (Modification 2)
shows PMV values below —1 for a few days in January and April but has values above +1
from June to November (Figure 13a). As a result, PPD calculations in winter show very low
values with only a few days above 80% in January and April, and from July to September
(Figure 13b).

Finally, the house with the glazed terrace separated from the living room and natural
ventilation in summer (Modification 3) shows PMV values between +1 and —1 almost
all year round (Figure 13a). In addition, PPD values are close to 10% all year round
(Figure 13b).

Simulation results of the indoor air circulation calculations by means of CFD show
that natural cross-ventilation improves the indoor thermal comfort of the house. The
comparative analysis of the results obtained for Modification 2 and Modification 3 shows
that the temperature drops by 2—4 °C thanks to natural cross-ventilation. In Modifica-
tion 2, maximum indoor temperatures reach 28 °C (Figure 14a) without cross-ventilation
(Figure 14b).

T T T T T T I | — ]
24.95 25.40 25.86 26.31 26.77 27.22 27.68 28.13 28.58 29.04 (°C)

(a)

Figure 14. Cont.
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(b)

Figure 14. Simulation results of the indoor air circulation calculations using CFD in Modification 2
without natural cross-ventilation: (a) air temperature results; (b) air velocity results.

In Modification 3, the maximum indoor temperature drops to 25 °C with natural cross-
ventilation (Figure 15a). Simulation results show that cross-ventilation achieves comfortable
temperatures with adequate air velocities, mostly below 0.10 m/s, in accordance with
Spanish regulations (Figure 15b).

Temp. 21.04 21.50 21.95 22.40 22.86 23.31 23.77 24.22 24.68 25.13 25.58 26.04 (°C)
(a)

Figure 15. Cont.
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Figure 15. Simulation results of the indoor air circulation calculations using CFD in Modification 3
with natural cross-ventilation in summer: (a) air temperature results; (b) air velocity results.

3.4. Energy Efficiency

The annual calculations performed for the original house show that the heating
need in winter reaches 42.62 KWh/m? year and the cooling need in summer reaches
30.94 KWh/m? year (Figure 11). As a result, the overall annual need (cooling + heating)
reaches 73.56 KWh/m? year. Winter heating needs are 38% greater than summer cooling
needs (Figure 16).

1 Jan. - 31 Dec., Simulation period

I Calef. W Refrig.

Heating (Wh/m?)
Cooling (Wh/m?)

T
Year

42,629.59
—30,944.84

Figure 16. Simulation results for the calculations of heating and cooling demands in the original
building using the software “DB”, considering original construction features.
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The results indicate that glazing the terrace by joining it to the living room (Modifica-
tion 1) reduces by 62% (16.35 KWh/m? year) the heating energy needs in winter compared
to the original house, but significantly increases the cooling energy needs in summer by
110% (64.90 KWh/m? year). Consequently, the total annual demand (cooling + heating)
increases by 10% compared to the original house (81.25 KWh/m? year) (Figure 17).

1 Jan. - 31 Dec., Simulation period

B Calef. I Refrig.

Year

16,014.07
—64,900.83

Figure 17. Simulation results of the calculations for heating and cooling demands of Modification 1.

The results show that glazing the terrace and keeping the separation between the
terrace and the living room (Modification 2) reduces the heating energy requirement in
winter by 80% compared to the original house (8.47 KWh/m? year). However, this solution
increases the cooling energy requirement in summer by 62% (49.97 KWh/m? year). As a
result, the overall annual requirement (cooling + heating) decreases by 21% compared to
the original house (58.44 KWh/ m? year) (Figure 18).

Using natural ventilation in the last house studied in summer (Modification 3) does
not affect the heating needs in winter and greatly reduces the cooling needs in summer
by 28% compared to the original house (22.31 KWh/m? year). This represents a reduc-
tion of 58% in total heating and cooling energy needs compared to the original house
(30.78 KWh/m? year) (Figure 19). Natural cross-ventilation was considered during the
months of May, June, July, August and September. In winter, between November and
March, only the minimum mechanical ventilation established by Spanish regulations [61]
was considered. For the rest of the year, natural cross-ventilation was considered when the
temperature inside the house exceeded 25 °C.

The results obtained for the four cases studied are summarised below (Table 4).

Table 4. Summary of the values obtained in the DesignBuilder energy programme.

Case Study Heating Cooling Total
Original house 42.62 30.94 73.56
Modification 1 16.35 64.90 81.25
Modification 2 8.47 49.97 58.44
Modification 3 8.47 22.31 30.78

KWh/m? year KWh/m? year KWh/m? year
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Figure 18. Simulation results for the calculations of heating and cooling demands of Modification 2.

1 Jan. - 31 Dec,, Simulation period

Year

8,476.69
—22,312.44

Figure 19. Simulation results for the calculations of heating and cooling demands of Modification 3.

4. Discussion
4.1. Indoor Temperatures and Thermal Comfort

From the analysis of the indoor temperature calculations, it was found that the indoor
temperatures of the original dwelling are comfortable for less than a half of the annual
hours, i.e., 46%. In addition, the thermal oscillation between the daily maximum and
minimum temperatures inside the dwelling is approximately 4 °C. The overhang of the
external terrace roof protects from solar radiation in summer (Figure 20a), but also reduces
solar radiation in winter and the corresponding heat gains (Figure 20b).



Buildings 2023, 13, 1741

18 of 26

21 JUL 12H 68°

Temp.

24.00

24.82

5 T T I —
2564 26.45 27.27 28.09 2891 29.73 30.55 31.36 3218 33.00 (°C)

21 DEC 12H 30°

(a)

Temp.

13.00

13.82

= 1 I E— — ]
14.64 15.45 16.27 17.09 17.91 18.73 19.55 20.36 21.18 22.00 (°C)

(b)

Figure 20. Simulation results of the indoor air temperature using CFD in the original house: (a) 21 July;
(b) 21 December.

By glazing the terrace connected to the living room (Modification 1), the thermal
behaviour of the dwelling in winter is greatly improved, increasing the indoor temper-
atures in winter by about 4 °C. The new glazing does not have the solar shading of the
roof overhang that the terrace had (Figure 21a,b). This allows comfortable temperatures
almost all winter long, between 19 and 27 °C, reducing the hours of discomfort to 16% in
winter. In summer, however, the indoor environment in the dwelling overheats, increasing
temperatures by 5-6 °C, reaching 34 °C and increasing the hours of discomfort in summer
by up to 84%. In addition, the daily temperature variation increases to 5 °C in winter and
6 °C in summer, due to overheating of the external glazing in the middle of the day and
cooling at night.

By glazing the terrace separately from the living room (Modification 2), the average
daily indoor temperatures in winter are increased by about 6 °C compared to the original
dwelling. This solution makes it possible to maintain comfortable indoor temperatures
almost all winter long, between 19 °C and 27 °C, reducing the hours of discomfort to 8%
in winter. Furthermore, this solution reduces the daily temperature variation in winter
to less than 1 °C. This is due to the fact that the terrace space, being located between two
glazing units, acts as a “thermal buffer” that dampens the temperature difference between
the house and the outside (Figure 22a,b). On the negative side, the temperature in summer
also increases by 3—4 °C compared to the original house, reaching 31 °C and with 88% of
the hours of discomfort in summer.
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=T

Temp. 24.00 24.82 25.64 26.45 27.27 28.09 28.91 29.73 30.55 31.36 32.18 33.00 (°C)

(a)

21 DEG 12H 30°

[ e S N EE— — ]
Temp. 13.00 13.82 14.64 15.45 16.27 17.09 17.91 18.73 19.55 20.36 21.18 22.00 (°C)

(b)

Figure 21. Simulation results of the indoor air temperature using CFD in Modification 1: (a) 21 July;
(b) 21 December.
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Temp. 24.00 24.82 2564 26.45 27.27 28.09 28.91 29.73 30.55 31.36 32.18
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Figure 22. Cont.
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(b)

Figure 22. Simulation results of the indoor air temperature using CFD in Modification 2: (a) 21 July;
(b) 21 December.

The solution that offers the best thermal performance inside the house involves glazing
the terrace separately from the living room with natural ventilation in summer (Modifica-
tion 3). This solution manages to maintain comfortable indoor temperatures throughout
the winter and dissipates the excess of heat in summer (Figure 23a,b). In winter, the free-
standing and insulated terrace space creates a “thermal buffer” between the house and the
outside. In summer, the glazing is opened to generate natural cross-ventilation, dissipating
the heat inside the house. With this solution, average daily temperatures are between
19 and 27 °C throughout the year. The only negative aspect is that in summer the daily
temperature fluctuation is high due to the dependence of the outside air temperature on
natural ventilation. This involves peak temperatures of over 29 °C in the hot season and
28% of the discomfort hours in the summer. Despite this, this solution reduces the annual
thermal oscillation, flattening the temperature graph in winter and summer. As a result, a
more thermally stable house is achieved throughout the year, reducing the annual hours of
discomfort to 17%.

The study has some limitations. The estimation of thermal comfort has mainly consid-
ered the indoor air temperature. However, other aspects such as the metabolic rate, age,
habits and behaviours of the users have not been considered. Nor have gender, psychology
or mood been considered, whose influence on thermal comfort has been demonstrated
by other research [63,64]. It is important to note that in recent decades the use of air-
conditioning systems has become widespread in Spain, especially in summer. Therefore,
users have become accustomed to keeping their windows closed all day long and not
using natural ventilation. These habits have influenced the psychology of the occupants by
lowering their thermal tolerance threshold and applying very low set-point temperatures in
summer. As a result, glazing is kept closed, houses are not ventilated, the greenhouse effect
inside the house is increased and cooling costs increase in summer. This study demon-
strates the convenience of recovering habits that are less dependent on air conditioning
with solutions such as Modification 3, by glazing the terrace separately from the living
room with natural ventilation in summer.
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Figure 23. Simulation results of the indoor air temperature by means of CFD in Modification 3:
(a) 21 July; (b) 21 December.

4.2. Energy Efficiency

The study of the results shows that the original dwelling has a heating demand that is
38% higher than the cooling demand. These data corroborate that the original design of
this type of tourist building from the 1960s and 1970s was for seasonal use of the dwelling
in summer. Nowadays, with the widespread use of these dwellings throughout the year,
energy consumption needs are increasing significantly, especially for heating in winter
(Figure 24).

The comparative study of the results between the original house and Modification
1 shows that the heating demand decreases by up to 62% when the terrace is glazed and
joined to the rest of the house, but the cooling demand increases by up to 110% in summer.
This is explained by the fact that the new external glazing of the terrace does not have the
solar shading of the roof overhang. This situation greatly increases the solar gains and the
greenhouse effect in the indoor environment. As a result, summer discomfort hours are
greatly increased, and the total annual energy demand increases by 10%.

The comparative study of the results between the original house and Modification 2
shows that glazing the terrace while maintaining the original enclosures separating the
terrace from the rest of the house further reduces the heating demand compared to the
original house by up to 80%. Summer cooling demand increases less than in the previous
case, i.e., by 62%. This is explained by the fact that, as in the previous case, the heating
demand decreases with increasing solar gains because the terrace glazing does not have
the solar protection of the floor slab. In addition, two types of glazing are generated,
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i.e., the original facade glazing and the new external glazing of the terrace, increasing
insulation and reducing thermal transmittance. The two glazing units turn the terrace into
an independent intermediate space that acts as a “thermal buffer” between the inside of the
house and the outside. This space captures and accumulates the heat from solar radiation
and transmits it slowly into the interior of the dwelling. It also transfers heat more slowly
from the inside of the dwelling to the outside. As a result, the energy performance of the
dwelling improves compared to the original house, reducing the total annual demand
by 21%.

90
80
70
60

50

40

3

1 i .
. m 0

original house modification 1 modification 2 modification 3

KWh/m2-year

o o O

B Total Energy Need M Heating Energy Need M Cooling Energy Need

Figure 24. Simulation results of the calculations of heating and cooling demands, using DesignBuilder
software, for case 1 and case 2.

Finally, applying natural ventilation in the last house studied in summer (Modifica-
tion 3) achieves the best results. This solution does not affect the heating needs in winter.
However, it does greatly reduce summer cooling needs by 28%. These results lead to a
reduction in the overall annual heating and cooling energy needs by 58% compared to
the original house. This is because, in hot weather, the terrace can be opened up to create
natural ventilation to dissipate the heat accumulated inside the house. In addition, opening
the external glazing does not generate a greenhouse effect, and the overhang of the floor
slab protects the interior of the house from direct solar radiation, reducing solar gains.

5. Conclusions

The research carried out demonstrates the strong influence of solar radiation on the
thermal performance of residential buildings in a warm semi-arid Mediterranean climate
(BShs). Therefore, the specific characteristics of this climate, with many hours of sunshine
per year, must be taken into account in the design and renovation of dwellings to allow
more effective and economical passive solutions.

The glazing of terraces in such buildings influences energy efficiency and indoor
comfort. The installation of glazed enclosures on terraces allows the generation of a
greenhouse effect to heat the house in winter for free, and the dissipation of excess heat in
summer with natural ventilation.

The typical solution of glazing terraces being connected to the living room improves
the energy efficiency of the original house in winter, but greatly worsens its thermal
behaviour in summer. The results show that this solution allows heating requirements in
winter to be reduced by up to 62%, but cooling requirements in hot weather also increase by
up to 110%. As a result, the total annual energy requirement is increased by 10% compared
to the original house.
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The optimal solution to improve the hygrothermal performance and energy efficiency
of the existing dwelling is to glaze the terrace while maintaining the original facade en-
closures and windows between the terrace and the living room. With this solution, an
intermediate space is created in winter that captures the heat from solar radiation and acts
as a “thermal buffer” between the house and the outside. In hot weather, the terrace can be
opened up to provide natural ventilation to dissipate heat and protect the interior living
space from direct solar radiation by reducing solar gains. Research shows that this solution
allows heating requirements in winter to be reduced by up to 80% and cooling requirements
in hot weather to be reduced by up to 28%. As a result, the annual energy requirement is
reduced by up to 58% compared to the original house, reducing the operational needs of
air-conditioning systems and their energy consumption.

This work demonstrates that glazed terraces benefit the thermal performance of
dwellings if they remain insulated and separated from the rest of the house in winter and
are adequately ventilated in summer. This solution improves indoor thermal comfort and
energy efficiency. The results of this work open up the possibility of using terrace glazing
as a method of energy rehabilitation of buildings. They also show that balcony glazing
with a higher proportion of glass and a higher opening capacity offers greater energy
benefits. Based on the results of this work, new research is currently being carried out
into the influence on energy efficiency and thermal comfort of using retractable glazing
without frames known as “glass curtain” systems. This type of glazing offers the maximum
proportion of glass and the maximum opening. This new work studies the optimal size of
the glazed terrace, glazing characteristics, natural ventilation systems and solar protection
systems to achieve the best energy performance of the dwelling. The results of this research
will be the topic of a future publication.

This study demonstrates the effectiveness of passive systems as an alternative to the
widespread use of active air-conditioning systems for the hygrothermal control of resi-
dential buildings in the BShs climate. As long as regulations and energy certification pro-
grammes prevent the use of natural ventilation, users will have to invest in air-conditioning
systems that are dispensable, as has been demonstrated. It would also improve sustain-
ability and energy efficiency in cities if urban planning regulations were to consider the
benefits of solar radiation in determining building orientations.

The results and conclusions of this work can be extrapolated to many residential and
tourist buildings with similar characteristics to the cases studied, adapting the energy
rehabilitation methodologies to the characteristics of this specific climate. Furthermore, this
case study is representative of quite well-spread housing design within the Mediterranean
basin, and therefore carries relevance beyond the specific area of study.
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