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Abstract: The dry Mediterranean climate (BShs) within a warm semi-arid climate (BSh) is the zone in
Europe with the most annual hours of sunlight, and it has a smaller annual temperature variation
than most climates. This allows the greenhouse effect caused by windows to be used to heat dwellings
in winter. Balcony frameless retractable glazing systems known as “glass curtain” systems offer the
highest proportion of glass and maximum openness in the facade, allowing for maximum sunlight
and ventilation. This work studies a glazed terrace with a “glass curtain” in a dwelling on the
Spanish Mediterranean coastline. The objective is to quantitatively determine the enhancement of the
thermal comfort and energy efficiency of a dwelling using “glass curtain” systems. The modification
of several design parameters of the glazed terrace is also analysed. The novelty of this study lies
in demonstrating that the use and optimised design of “glass curtain” systems allows us to obtain
nearly zero-energy buildings (nZEBs) and thermally comfortable dwellings all year round. The
research methods include a comparison of the current thermal performance of the dwelling with and
without a “glass curtain” system via on-site measurements. The study also evaluates the influence
of modifying design parameters using computer simulations. The results show that “glass curtain”
systems increase the indoor temperatures inside the dwelling by about 4 °C in winter and reduce
the annual indoor thermal oscillation from more than 16 °C to only 10 °C. Consequently, such
systems reduce heating energy needs by almost 60%. Glazed terraces using the proposed design
parameters show further improvement regarding thermal comfort and practically eliminate heating
and cooling needs.

Keywords: nearly zero-energy building; energy efficiency; indoor thermal comfort; balcony frameless
retractable glazing systems; glass curtain; warm semi-arid dry Mediterranean climate

1. Introduction

Current energy efficiency standards in Europe and Spain [1-4] promote construction
solutions mainly based on greater insulation and airtightness in the thermal envelopes
of buildings [5,6]. These standards are focused on decreasing the thermal conductivity
of the enclosures as much as possible, which is especially useful in cold or very hot
climates. However, the specifications of the BShs [7] climate are very different, with mild
temperatures in winter and not too hot in summer, although with high solar radiation all
year round, including winter. Due to these characteristics, increased by climate change [8,9],
this type of climate requires different architectural and construction solutions from those of
other regions in Europe [10-13].

Earlier research has shown the strong influence of sun exposure on heat gains and,
consequently, on the thermal performance and indoor thermal comfort of buildings in
the BShs climate [14-21]. These studies show that solar radiation increases the mean
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radiant temperature (MRT), which influences the operating temperature distribution and
indoor thermal comfort [22-24]. This influence is especially important in high sunlight
regions throughout the year, and the operating temperature is taken to be the mean of
the dry-bulb air temperature and the radiant temperature for indoor air velocities under
0.2 m/s [25]. On the other hand, the advantages of natural ventilation in summer in terms
of dissipating excess heat have also been demonstrated [26-30]. Therefore, the residential
architecture of coastal cities in Spain has usually had large porches or terraces that protected
the windows from the sun. Traditional dwellings have also been characterised by natural
cross-ventilation [31].

In recent decades, rising house prices in cities and tourist towns has led to the glazing
of many balconies to gain usable space in houses [32,33]. This is why the influence of
balcony glazing on the energy efficiency and thermal comfort of dwellings in this climate
was studied in previous research [34]. This study showed that glazed terraces improve the
indoor thermal comfort and energy efficiency of homes if they are kept separately from the
other parts of the dwelling in winter [35-37] and if they are open in summer. It also showed
that terraces with more glazing and more openness also improve the thermal performance
of the house. This study led to the conclusion that the glazing of terraces increases the
greenhouse effect in the house and helps to heat it for free in winter [38—40], although it is
also essential to dissipate excess heat with natural ventilation in summer [41-43]. However,
the current standards and official software [3,4,44] do not include either the possibility of
using daytime natural cross-ventilation or glazed terraces with retractable glazing that is
kept closed in winter and opened in summer or other passive solutions.

Contrary to these standard limitations, this work argues that the characteristics of the
BShs climate make it possible to propose bioclimatic solutions based on more permeable
and flexible enclosures, adaptable to the different seasons of the year, and more in keeping
with traditional Mediterranean architecture and lifestyle. This work suggests using glazed
terraces with retractable glazing to heat dwellings in winter and promotes the use of natural
ventilation to cool dwellings in the warmer months [45-51]. For this purpose, it is proposed
to use balcony frameless retractable glazing systems known as “glass curtain” systems.
Such a system consists of an enclosure of glass sheets held in place by two small longitu-
dinal metal profiles at the ceiling and floor. These glass sheets can be completely folded
over each other, leaving the terrace open. “Glass curtain” systems allow the maximum
glass area and the largest possible aperture. Therefore, they can capture the maximum
amount of heat energy from solar radiation in winter, and they can be completely opened
in summer, dissipating the accumulated excess heat inside the home and avoiding the
greenhouse effect.

Based on the results of these previous works, this research analyses the influence on
energy efficiency and indoor thermal comfort of using glazed terraces with “glass curtain”
systems. To this end, it studies and comparatively analyses the current thermal performance
of the dwelling with and without a “glass curtain” system via on-site measurements. After
that, the study evaluates the influence of modifying several design parameters of the glazed
terrace and the “glass curtain” system using computer simulations to optimise the thermal
performance of dwellings. The study includes geometrical and constructive parameters,
as the optimum depth of glazed terraces, glass properties, ventilation methods and use of
shading devices.

On-site surveys of dwelling users were carried out to study thermal comfort. Ques-
tionnaires were supplemented with computer calculations using the Fanger analytical
method, which includes a combination of parameters to estimate the thermal comfort of
a building [52,53]. However, it does not include other more personal factors, such as age
or the individual’s metabolic rate [54-58]. This method calculates the predicted mean
vote (PMV) and predicted percentage of dissatisfied users (PPD). Thermal sensation can
be classified as: cold (—3), fresh (—2), slightly cool (—1), neutral (0), slightly warm (+1),
warm (+2) or very hot (+3). According to the adaptive method defined by the ASRAHE
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55 standard, PMV values of —1 to +1 are adequate [59]. Less than 10% of dissatisfied users
are also considered adequate.

The novelty of this work lies in quantitatively determining the influence of glazed
terraces with “glass curtains” on the energy efficiency and thermal comfort of dwellings,
and in validating their use as a bioclimatic design strategy in residential buildings for a
BShs climate. It also aims to determine the design parameters of glazed terraces to optimise
the energy behaviour of dwellings. The results and conclusions of this study can be applied
in the design and renovation of many other residential buildings in this climate. In addition,
this climate is tending to be spread to more parts of Europe due to climate change [60-62].

2. Materials and Methods

The analysed dwelling is located on the San Juan Beach, Alicante (Spain). This city
belongs to the dry Mediterranean climate (BShs) within a warm semi-arid climate (BSh)
according to the Képpen-Geiger climatic zones (Figure 1). This climate has a smaller annual
temperature oscillation than most climates because the breeze from the Mediterranean Sea
regulates the temperature. As a result, winters are mild and summers not too hot, with
mean winter temperatures of about 18 °C and average summer temperatures of about
27 °C. However, this climate is characterised by strong solar radiation throughout the year,
exceeding 3000 h of daylight annually.

BENIDORM

SAN JUAN BEACH
ALICANTE

(b)
Figure 1. (a) Location in the BShs climate zone (red) and (b) location map of the analysed building.

The case study is a residential building constructed in 2001. It is a nine-storey building,
with a slightly curved plan geometry of 78 m long and 16 m wide. The main facade
is oriented to the south. It is placed in a very sunny location, and it is surrounded by
residential buildings with many landscaped areas. On the main facade, there are balconies
on the dwellings (Figure 2a). The analysed dwelling has approximately 90 m?. It has a
living-dining room, a kitchen, two bedrooms, one bathroom and a balcony (Figure 2b).
The dwelling originally had an open-air terrace. It was later refurbished by glazing the
terrace with a balcony frameless retractable glazing system and retains the windows and
enclosures of the original facade that separate the terrace and the rest of the dwelling.

A very common residential building typology in the last 20 years on the Spanish
Mediterranean coast was chosen for the selection of the study dwelling. In addition, all
the dwellings in this building are being refurbished by glazing the terraces with balcony
frameless retractable glazing systems like the analysed dwelling. It is located on an inter-
mediate floor of the building (3rd floor). The height of the dwelling has little influence
on the results because the neighbouring buildings do not cast shadows because they are
free-standing buildings, separated from nearby buildings and surrounded by landscaped
areas. As a result, this study makes it possible to use and apply the results obtained for the
refurbishment of the rest of the dwellings in this building. In addition, the case study of this



Appl. Sci. 2023,13, 13082

4 of 24

work is a typical dwelling very common in this geographical area due to its size, interior
layout and construction typology. Consequently, the results and conclusions obtained
in this study can serve as a reference for many dwellings with similar characteristics in
the coastal areas of southern Europe. The calculations should be adapted considering the
orientation, size and interior distribution of each dwelling in order to extrapolate the results
accurately to other case studies.

Figure 2. Building of the dwelling under study: (a) general view of the building and (b) interior
distribution of the analysed dwelling.

This work was divided into three parts. It started with a constructive analysis of the
building envelopes under study. The next step was to explore the current indoor thermal
comfort and energy needs of the analysed dwelling, comparing the thermal performance of
the dwelling with and without a glazed terrace with a balcony frameless retractable glazing
system. The analysis carried out incorporated occupant surveys and electricity records.
Finally, several modifications of various geometrical and constructive parameters of the
glazed terrace with a “glass curtain” were evaluated via computer simulations. In this way,
a comparison of the thermal behaviour of the dwelling with and without a “glass curtain”
system was performed, and also different parameters for optimising the energy efficiency
of the house with this system were analysed.

Part 1. Thermographic photographs were taken to qualitatively differentiate building
envelope zones with different thermal insulation and to detect thermal bridges (Figure 3a),
and the insulation of the building envelope was quantitatively measured using a thermal
transmittance flowmeter (Figure 3b).

Part 2. The indoor temperatures were recorded via on-site measurements to analyse
the thermal behaviour of the dwelling throughout the day and throughout the year. The
dry-bulb air temperatures were measured using a hot-wire sensor (Figure 4a). The mean
radiant temperatures and mean operating temperatures were measured using a black globe
probe (Figure 4b) and with thermocouples. A humidity /temperature sensor with a wireless
handle was used to measure the outdoor air temperature, relative humidity, and indoor
air velocity.

On-site measurements of the indoor temperatures were taken in the most used areas of
the dwelling: in the centre of the conservatory, on the living room sofa, on the dining room
table, in the kitchen workspace, in the centre of the hallway, in the centre of the bathroom
and on each bed. On-site measurements of the outdoor temperature were performed in the
street, 10 m away from the building. The outdoor and indoor measurements were taken
simultaneously. Several indoor measurements were taken at a maximum time interval of
1 h to ensure the same outdoor weather conditions and the same outdoor temperature.
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Figure 3. On-site measurements of the studied building enclosures: (a) thermographic photograph
and (b) thermal transmittance measurement.

(b)

Figure 4. On-site measurements of the studied building enclosures: (a) hot-wire probe measurements

and wireless probe measurements and (b) black globe temperature measurements.

A typical dwelling in the building was analysed. User surveys on thermal comfort
were also carried out to check users’ perceptions. The surveys were completed by the
4 occupants of this dwelling. The current daily electricity consumption of the dwelling was
measured. The dwelling has a single-zone electric air-conditioning system.

The surveys were carried out at the same time as the measurements. The dry-bulb air
temperatures, mean radiant temperatures and mean operating temperatures were analysed
and their distribution in the dwelling space was studied. Humidity and outside tempera-
tures were also measured. The measuring instruments were to be switched on five minutes
before taking the measurements to enable the sensors to adapt to the indoor temperature.
The HVAC system had to be switched off all day so as not to artificially change the temper-
atures in the dwelling. This is why the on-site measures were performed on particular days
and why automatic data loggers could not be used. The on-site measurements and surveys
were carried out simultaneously, between 13:30 h and 14:30 h, fortnightly, for one year to
cover all the climatic conditions of the year.

Thermographic photographs were taken with a Testo 868 camera (Testo SE & Co.,
Ltd., KGaA, Titisee, Germany). The thermal transmittance, dry-bulb temperature, average
radiant temperature and humidity were measured using a Testo 435-2 multifunctional



Appl. Sci. 2023,13, 13082 6 of 24

instrument (Testo SE & Co., Ltd., KGaA, Titisee, Germany) calibrated to standard settings
(Figure 5 and Table 1).

(a) (b) () (d) (e) ()

Figure 5. Measuring devices: (a) thermographic camera; (b) thermal transmittance flowmeter;
(c) humidity /temperature probe; (d) surface probe; (e) hot wire probe; and (f) black balloon probe.

Table 1. Summary of the 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
Black globe temperature probe Testo +0-+120 °C Class 1 (UNE-EN 60584-1) [63]

Part 3. Computer simulations were used to evaluate the thermal effect of the modifi-
cation of various geometrical and constructive parameters of the glazed terrace analysed.
Before calculating the new proposals, the computer simulations were adjusted and vali-
dated by comparing the virtual results with the on-site measurements. The analytical results
of the PMV and PPD were also checked against the surveys, and the computer-calculated
annual energy needs were checked against the current consumption.

Once the validity of the informatics calculations had been tested, several design
parameters of the glazed terrace were changed to determine the effect of each parameter
on the thermal performance of the dwelling. The design parameters considered were
as follows:

- Solar Gallery Deep Ratio (SGDR): depth of the glazed terrace.

- Window Wall-Solar Gallery Ratio (WWSGR): proportion of windows in the original
fagade between the glazed terrace and the rest of the dwelling.

- Window Frame Ratio (Fr): “glass curtain” frame size ratio.

- 8glsc: solar factor of the “glass curtain” glass.

- 8glshsG: solar radiation control of the “glass curtain” glass.

- Solar Gallery-Indoor Dwelling Ventilation Ratio through the wall (SGIVR): ventilation
rate between the glazed terrace and the inside of the dwelling through louvres or
glazing openings.

- Thermal Balancing Ventilation Ratio (TBVR): supply ventilation flow rate of the
proposed heat-balancing fan system.
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The influence of whether the glazed terrace is thermally insulated on the floor, roof
and side walls, or whether the terraces of adjacent dwellings are glazed, was also studied.

DesignBuilder software (version v.7.0.1.006, DesignBuilder Software Limited, Stroud,
UK) was used for the computer simulations. This software uses the EnergyPlus calculation
engine, which is specific for the simulation of the thermal performance of buildings [56].
This software allows us to calculate the evolution of daily temperatures, thermal comfort
and energy demands throughout the year. This program also allows us to calculate and
visualise the distribution of temperatures and thermal comfort in the different areas of
the dwelling by means of computational fluid dynamics (CFD). The thermal envelope
construction characteristics obtained from the on-site measurements were considered in the
computer calculations. The virtual model also considered the geometrical characteristics of
the dwelling, the walls between the interior rooms and their orientation. The floor slabs and
partition walls with neighbours were considered thermally adiabatic because the dwelling
is surrounded by other dwellings occupied all year round as it is a residential building, not
a holiday building. This calculation method, in accordance with current standards, consid-
ered the thermal transmittance transmission of solar radiation through semi-transparent
surfaces with the correcting coefficients of the solar factor, the air permeability and the
absorptivity of the frames [58] (Table 2).

Table 2. Summary of the thermal properties of the building fagades according to the on-site measure-

ments.
. Thickness U .. Air Permeability
Thermal Properties (cm) (W/m2.K) g Absorptivity m3/h-m2
Opaque fagade enclosure 30 U=042
Glass (80% of the window) 2.0 Ug =2421 0.75
Frames (20% of the window) 7.0 Uf =4.562 0.75 50.00
Floor 40.0 U=0.90
Roof 40.0 U=0.90

Air change rates by natural ventilation = 0.6 ren/h
Frame air permeability = 27.00 m3/h-m?

The computer simulations considered occupation, HVAC efficiency, usage schedules,
setpoint temperatures, ventilation air renewals and thermal gains of lamps (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 Ap phcatlo[glC]Julde 2019
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 35 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 ventilation 0.44 0:00-08:00 100%
. Ave.ragfe Power
illumination
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%

The use of summer solar shading is proposed with the following features (Table 4).
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Table 4. Parameters of the computer calculations.
Parameter Applicable Regulation
Type of control Thermal property Geometric property
Emissivity Distance to glass
Window shading Indoor air temperature. 0.20 15 cm DB-HE [57]
3. Results

First, this section shows the current indoor temperatures in the dwelling, indoor
thermal comfort, and energy needs, comparing the dwelling with a glazed terrace using
a balcony frameless retractable glazing system (“glass curtain”) and without it. The on-
site measurements and computer simulations are included. For the measurements and
calculations, the air-conditioning system was switched off. Second, this section shows the
influence of modifying several design parameters of glazed terraces with “glass curtain”
systems using computer simulations to optimise the thermal performance of the dwelling.

3.1. Thermal Performance Improvements of the Dwelling with a Balcony Frameless Retractable
Glazing System (“Glass Curtain”)

3.1.1. Indoor Temperatures

The on-site measurements show that the mean indoor operating temperatures in the
dwelling without a “glass curtain” system in winter are below 21 °C for about 45.8% of
the days measured throughout the year (Figure 6). The temperatures are below 19 °C for
about 20.8% of the days measured. However, the measurements show that the mean indoor
operating temperatures with the “glass curtain” system closed in winter are above 21 °C
every measured day. The computer simulations show that the mean indoor operating
temperatures without the “glass curtain” system in winter are below 21 °C for about 45.2%
of the year (equivalent to 3960 h). The temperatures are below 19 °C for about 27.1% of
the year (equivalent to 2374 h). However, the measurements show that the mean indoor
operating temperatures with the “glass curtain” system closed in winter are below 21 °C
for about 10.8% of the year (equivalent to 946 h). Th temperatures are below 19 °C for
about 3.3% of the year (equivalent to 289 h). The results of the on-site measurements were
compared with the results of the computer simulations for the validation of the software.
They have very similar results. This enables us to validate the simulation tool’s calculations.
The computer simulations show larger thermal oscillations because they calculate the
temperatures for every hour of the day.

In the coldest weeks of winter, the indoor mean operating temperatures are almost
4 °C higher with the “glass curtain” system closed than without it. In summer, the indoor
temperatures are the same in both cases because the “glass curtain” remains retracted
and opened.

The on-site measurements of the indoor temperatures in winter, depending on the
location inside the dwelling, show that the indoor temperatures increase in all the rooms
of the dwelling with the “glass curtain” system closed. The mean indoor operating tem-
peratures increase by up to 6 °C in rooms close to the glazed terrace and by about 1 °C in
rooms away from the glazed terrace (Figure 7 and Table 5).
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Figure 6. On-site measurements and computer simulation measures of the mean operating tempera-
tures inside the dwelling: with he “glass curtain” system closed in winter and without it.
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Figure 7. Distribution of the on-site measurements of the mean indoor temperatures, depending on
the location inside the dwelling, at 14:00 h in the extreme winter week (3-7 January): (a) without a
“glass curtain” system and (b) with a “glass curtain” system closed.

Table 5. Summary table of the on-site measurements of the indoor temperatures, depending on the
location inside the dwelling, at 14:00 h in the extreme winter week (3-7 January) with the “glass
curtain” system closed and without it.

Dry Bulb Air Temperature (°C) Operating Temperature (°C)
(Max-Min/Average/Difference) (Max-Min/Average/Difference)
Without “glass curtain” 21.0-15.5/18.3/5.5 22.1-14.9/185/7.2

With “glass curtain” closed 27.1-16.2/21.7/10.9 28.2-15.7/21.9/12.5
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3.1.2. Thermal Comfort

The survey results show that the mean indoor thermal sensation is far better with
the “glass curtain” system than without it in winter, spring, and autumn. Without the
“glass curtain” system, the mean thermal sensation is perceived as slightly cool (—1), fresh
(—2), and nearly cold (—3) from mid-November to mid-April. However, with the “glass
curtain” system closed, the surveys show values between neutral (+0) and slightly cool
(—1) only from mid-December to mid-March (Figure 8a). In line with these data, the
indoor temperatures are dissatisfactory, with PPD values above 20% from the beginning of
November to the end of April without the “glass curtain” system, and the maximum PPD
value exceeds 80%. However, the indoor temperatures are dissatisfactory, with PPD values
above 20% only from mid-December to mid-February with the “glass curtain” system
closed, and the maximum PPD value is 40%. (Figure 8b). The surveys and computer
simulations have very similar results, although the computer simulations show larger
oscillations because they calculate the thermal sensation for every hour of the day. In
summer, the mean indoor thermal sensations are the same in both cases because the “glass
curtain” remains retracted and opened.

May

— survey with glass curtain

- PMYV simulation with glass curtain — survey with glass curtain
—— survey without glass curtain - PPD simulation with glass curtain
— PMYV simulation without glass curtain —— survey without glass curtain
- PMYV simulation with optimal parameters ~— PPD simulation without glass curtain
— PMV -1 — PPD 10%

PMV -0.5

PMV +0.5
— PMV +1

(a) (b)

Figure 8. Results of the thermal comfort surveys and computer simulations of thermal sensation with
a “glass curtain” system closed and without it: (a) occupants’ thermal sensation and (b) percentage
of dissatisfied users.

The surveys also show that the thermal sensation of the occupants is warmer in all
the rooms of the dwelling with the “glass curtain” system closed. The thermal sensation is
perceived as neutral (+0) to cold (—3), depending on the orientations of the rooms of the
dwelling without the glazed terrace. However, the thermal sensation is perceived as warm
(+2) or slightly warm (+1) in the rooms close to the glazed terrace and slightly cool (—1) or
fresh (—2) in the rooms away from the glazed terrace. Consequently, the thermal sensation
is dissatisfactory in most rooms of the dwelling without the glazed terrace (Figure 9a), and
it is satisfactory in most rooms of the dwelling with the glazed terrace (Figure 9b).
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Figure 9. Comfort survey results in the coldest week of the year (3-7 January): (a) without a “glass
curtain” system and (b) with a “glass curtain” system closed.

3.1.3. Energy Efficiency

The records of energy consumption on winter days show very important differences
in the heating energy needs with the “glass curtain” system closed and without it. In
winter, the daily heating energy needs are reduced by around 56.2% with the “glass curtain”
system closed (Figure 10). In summer, the cooling energy needs are the same in both cases
because the glass curtain remains retracted and open.

35

30

26.35

[
n

19.69

[
=

14.50

KWh/m? year
>

14.50

—_
>

11.85

7]

5.19

”

without “glass curtain with “glass curtain”

M Heating Energy Need ~ ® Cooling Energy Need

Figure 10. Annual cooling and heating energy needs with the “glass curtain” system closed and
without it.

These results reflect a significant reduction in the heating system operating hours with
the closed glass curtain system because the indoor temperatures fall below the setpoint
temperature for many fewer hours during the year.

3.2. Influence of the Modification of Design Parameters of the “Glass Curtain” System

Computer software was used to calculate the influence of modification of several
design parameters of the “glass curtain” system to optimise the thermal performance of
the dwelling. To this end, the computer simulation results were checked with the on-site
measurements of the indoor temperatures. After verifying the validity of the computer
simulations, the proposed modifications are separately analysed. The improvements in the
thermal performance of the dwelling are much greater if the glazed terrace is thermally
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insulated on the floor, roof and side walls, or if the adjacent terraces are also glazed. The
modified parameters and results obtained are as follows.

3.2.1. Modified Parameters
Solar Gallery Deep Ratio (SGDR)

As the graph shows, the mean operating temperatures inside the glazed terrace
increase by up to 2 °C if the terrace is deeper and thermally insulated from adjacent
terraces. However, the temperatures decrease by more than 3 °C if the terrace is deeper but
not thermally insulated from adjacent terraces (Figure 11).

Figure 11. Mean operating temperatures inside the glazed terrace in a typical winter week, depend-
ing on the depth of the glazed terrace and if it is thermally insulated from the adjacent terraces
(adiabatic terrace).

815G

The mean operating temperatures inside the glazed terrace increase by up to 2 °C if
the solar factor of the glass in the “glass curtain” is higher and if the terrace is thermally
insulated from adjacent terraces (Figure 12).

Figure 12. Mean operating temperatures inside the glazed terrace in a typical winter week, depending
on the solar factor of the “glass curtain” glass and if the terrace is thermally insulated from the adjacent
terraces (adiabatic terrace).

Window Wall-Solar Gallery Ratio (WWSGR)

The mean operating temperatures inside the dwelling increase by up to 10 °C if the
proportion of windows in the original fagade separating the glazed terrace from the rest of
the dwelling is higher (Figure 13).
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Figure 13. Mean operating temperatures inside the dwelling, depending on the window wall
ratio of the original fagade and if the terrace is thermally insulated from the adjacent terraces
(adiabatic terrace).
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The cooling energy needs decrease by 36% if mobile shadow devices are used in
summer (Figure 14).
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Figure 14. Cooling and heating energy needs with mobile shadow devices and without it, and if the
terrace is thermally insulated from the adjacent terraces (ad.: adiabatic terrace).

Solar Gallery-Indoor Dwelling Ventilation Ratio through the Wall (SGIVR)

The heating energy needs decrease by 27% if there is a constant ventilation system
between the glazed terrace and the interior of the dwelling and if the terrace is thermally
insulated from adjacent terraces (Figure 15). However, the heating energy needs increase
by 9% if the glazed terrace is not thermally insulated. On the other hand, the heating
energy needs decrease by 57% if a scheduled ventilation system is installed between the
glazed terrace and the interior of the dwelling and if the terrace is thermally insulated from
adjacent terraces. However, the heating energy needs decrease by only 24% if the glazed
terrace is not thermally insulated. The programmed ventilation system works according to
the temperatures of the house and the terrace. When the temperature of the glazed terrace
is higher than inside, a ventilation flow between the terrace and the rest of the dwelling
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should be provided. If the temperature of the terrace is lower than inside, ventilation
should be kept to a minimum.

30
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20.17

19.69 1697
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KWh/m?-year
b
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5
0
no-ad. ad. no-ad. ad. no-ad. ad.
without ventilation ventilation 24/7 scheduled ventilation

B Heating Energy Need ~ ® Cooling Energy Need

Figure 15. Cooling and heating energy needs without ventilation between the glazed terrace and
the inside of the dwelling, with ventilation 24 h/7 days, and with scheduled ventilation, and if the
terrace is thermally insulated from the adjacent terraces (ad.: adiabatic terrace).

Thermal Balancing Ventilation Ratio (TBVR)

The temperature differences between rooms close to the glazed terrace and rooms far
away are reduced from more than 10 °C (Figure 16a) to only 4 °C in winter if a ventilation
system is used between the different living areas (Figure 16b). Using a ventilation system
(such as ceiling fans or heat recovery ventilators) allows a continuous flow of ventilation
that balances the temperatures throughout the house.

_ | | T T
| Operating temp. 13.0 15.0 17.0 190 200 230 350 7.0 9.0 310 33.0 ()

(@) (b)

Figure 16. Distribution of the mean operating temperatures, depending on the location inside the
dwelling, at 14:00 h in the coldest week of the year (3-7 January): (a) with a “glass curtain” system
and without ventilation system for thermal balance; and (b) with a “glass curtain” system and with

ventilation system for thermal balance.

The operating temperatures inside the house are reduced by 2 °C to 4 °C in the extreme
summer week by the ventilation system between the different living areas (Figure 17).
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Figure 17. Distribution of the mean operating temperatures, depending on the location inside the
dwelling, at 14:00 h in the extreme summer week (7-14 August): (a) without ventilation system and
(b) with ventilation system.

The results show that cross-ventilation improves thermal comfort with low air velocities.

Proposed Optimal Design Parameters of the “Glass Curtain” System

Considering the results obtained in the individual studies of each parameter, a global
solution was calculated with the best combination of all the analysed parameters. The
proposed solution considered that the glazed terrace is thermally insulated on the floor,
roof, and side walls, or that the adjacent terraces are also glazed. The parameter values of
the proposed global solution are as follows (Table 6).

Table 6. Summary table of the final solution parameters.

Parameter Value

Solar Gallery Deep Ratio (SGDR) 25m
Window Wall-Solar Gallery Ratio (WWSGR) 75%
Window Frame Ratio (Fr) 2% (“glass curtain”)

8g1SG 0.85
8gl;sh;SG 1.0 (in winter)/0.10 (in summer)

Solar Gallery-Indoor Dwelling Ventilation Ratio through the wall (SGIVR) Scheduled ventilation system
Thermal Balancing Ventilation Ratio (TBVR) Ceiling fans or heat recovery ventilators

3.2.2. Indoor Temperatures

The computer simulations show that the mean indoor operating temperatures with
the optimal proposed parameters are below 21 °C for only 2.2% of the year (equivalent to
192 h) and the temperatures are above 20 °C all year round (Figure 18). Moreover, the mean
indoor operating temperatures are above 27 °C for about 3.9% of the year (equivalent to
342 h) and the temperatures are below 28 °C all year round. Consequently, the mean indoor
operating temperatures are between 21 °C and 27 °C for about 94% of the year (equivalent
to 8235 h) and the temperatures are between 20 °C and 28 °C all year round.
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Figure 18. Computer simulation measures of the mean operating temperatures inside the dwelling:
without the “glass curtain” system, with the “glass curtain” system closed in winter and with the
optimal proposed parameters.

In the coldest weeks of winter, the indoor mean operating temperatures are 5-7 °C
higher with the “glass curtain” system with the optimal proposed parameters than without
the “glass curtain” system. Moreover, in summer, they are 2-3 °C lower with the proposed
solution and the maximum indoor temperatures drop from almost 30 °C to 27-28 °C. As a
result, the annual thermal oscillation is reduced from more than 15 °C without the “glass
curtain” to almost only 6 °C with the proposed solution.

3.2.3. Thermal Comfort

The computer simulations of thermal comfort show that the mean indoor thermal
sensation is much better with the proposed optimal design parameters all year round. The
mean thermal sensation is perceived between slightly cool (—1) and slightly warm (+1) all
year round with the proposed solution. The results show PMV values between +0.5 and
—0.5 for about 9.2% of the year (equivalent to 806 h) and between +1 and —1 almost all
year round (Figure 19a). In addition, the PPD values are lower than 10% most of the year
(Figure 19b). In summer, the mean indoor thermal sensation is the same in all three cases
because the glass curtain is always retracted.

3.2.4. Energy Efficiency

The results of the computer simulations show that the dwelling’s energy consumption
significantly decreases all year round with the optimal proposed parameters. In winter, the
heating energy needs are practically eliminated, reducing them to only 0.49 KWh/m?-year.
This is a 95.9% reduction compared to the dwelling without the glass curtain. In summer,
the cooling energy needs are reduced to only 5.56 KWh/m?-year. This is a reduction of more
than 61.7%. As a result, the annual energy needs are reduced to only 6.05 KWh/m?-year
(Figure 20).

The results reflect a very significant reduction in the air-conditioning system during
the year with the proposed design parameters because the indoor temperatures practically
do not fall below the setpoint temperatures during the winter and exceed the setpoint
temperatures for few hours during the summer.
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Figure 19. Results of the computer simulations of thermal comfort without the “glass curtain” system,
with “glass curtain” and with the optimal proposed parameters: (a) predicted mean vote (PMV); and
(b) predicted percentage of dissatisfied users (PPD).
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Figure 20. Annual cooling and heating energy needs with the optimal proposed parameters.

4. Discussion
4.1. Thermal Performance Improvements of the Dwelling with the Balcony Frameless Retractable
Glazing System

The analysis of the indoor temperature and energy needs shows that by glazing the
terrace with a “glass curtain” separately from the rest of the dwelling, it greatly improves the
indoor thermal comfort and energy efficiency of the dwelling. With this solution, the mean
daily indoor temperatures of the dwelling in winter are increased by about 4 °C compared to
the dwelling without the “glass curtain” system. This solution makes it possible to maintain
comfortable indoor temperatures without the use of heating systems almost all winter long.
The on-site measurements remain above 21 °C and the computer simulations show almost
all hourly temperatures to be above 19 °C all winter long, nearly eliminating discomfort
hours. As a result, this solution reduces the annual thermal oscillation from more than 16 °C
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to almost only 10 °C, flattening the mean indoor temperature graph approximately between
19 °C and 29 °C throughout the year without the use of air-conditioning systems. This
system causes an increase in the indoor temperatures in every room inside the dwelling
in winter, although the improvement is much greater in rooms close to the glazed terrace.
Consequently, the thermal comfort sensation inside the dwelling is satisfactory for most
occupants nearly all winter long.

This is because the separate glazed terrace space in winter, being located between two
glazing units, acts as a “thermal buffer” that dampens the temperature difference between
the dwelling and the outside. There are two reasons for this. First, the double glazing (the
original facade glazing and the “glass curtain”) increases the insulation and reduces the
thermal transmittance of the enclosure in the dwelling. Second, the glazed terrace with
the “glass curtain” does not have the solar protection of the roof overhang, increasing
the thermal gains from direct solar radiation in winter. Consequently, the glazed terrace
captures and accumulates the heat from solar radiation and transmits it to the interior of the
dwelling. At the same time, the double-glazed terrace space reduces and slows down heat
loss from the inside of the dwelling to the outside. As a result, this solution increases the
greenhouse effect in the dwelling in winter, increasing and accumulating the heat gains for
free. In addition, reducing the frame size of the glazing improves the thermal performance
of the dwelling in winter because it increases the area of solar radiation capture. This
increases the thermal gains of the solar gallery throughout the day.

As a result, the indoor temperature is mostly satisfactory for occupants all winter
round. Consequently, the “glass curtain” system makes it possible to reduce the heating
energy needs by almost 60% compared to the dwelling without the “glass curtain” system
in winter. This represents more than a 25% reduction in the total annual energy needs.
This is due to the reduction in discomfort hours, and therefore, the reduction in the hours
when air-conditioning equipment needs to be activated. However, the reduction in the
annual energy needs would be much greater if the summer thermal sensation could be
improved by using mobile solar control devices and by maximising natural ventilation.
This would be possible because, unlike other types of glazing, the “glass curtain” can be
completely retracted. This solution allows the terrace to be completely open and to receive
the maximum and possibly natural cross-ventilation, dissipating the heat inside the house.
In addition, when the glazing system is fully retracted, the solar shading of the external
terrace roof overhang is restored and protects the fagade of the dwelling from direct solar
radiation in summer. For this reason, the “glass curtain” system allows a greater thermal
performance improvement of the dwelling than other systems because they capture the
maximum solar radiation in winter as they do not have frames and allow complete opening
for ventilation in summer.

The on-site measurements and computer simulations have very similar results, al-
though the computer simulations show larger thermal oscillations because they calculate
the temperatures for every hour of the day. This allows the validation of the calculations
performed with the simulation tool and allows us to propose solutions for improvement.

4.2. Influence of the Modification of Design Parameters of the “Glass Curtain” System to Optimise
Thermal Performance

The analysis of the results shows that the design parameters studied have a different
influence on optimising the indoor thermal performance of the dwelling.

In all cases, the glazed terrace improves the thermal performance of the dwelling in
a better way if the glazed terrace is thermally insulated at the floor, roof, and side walls.
The benefit is similar if the adjacent terraces are also glazed, even if they are not thermally
insulated. Consequently, this work shows that the improvement of the energy efficiency
and comfort of the building is much better and cheaper if all the terraces are glazed. This
aspect should be considered in the design of new residential buildings and also in the
retrofitting of existing buildings.

The results for each parameter analysed are discussed below.
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The computer simulations show that the temperatures inside the glazed terrace in-
crease if the terrace is deeper and it is thermally insulated from adjacent terraces, although
they decrease if the terrace is not thermally insulated from adjacent terraces. Consequently,
a deeper glazed terrace improves the thermal performance inside the dwelling in winter
only if the terrace is thermally insulated. Increasing the depth of the glazed terrace (SGDR)
benefits the thermal performance of the dwelling in winter because it increases the volume
of air in the terrace space heated by the direct radiation of the sun. The heat from the
air is accumulated in the double-glazed space, especially if the terrace is well insulated.
This warm air acts as a thermal buffer between the inside of the dwelling and the outside,
reducing the temperature difference between the interior spaces of the dwelling and the
terrace, and consequently, reducing the heat loss from the interior. When the terrace is
warmer than the dwelling, the accumulated heat is transferred to the inside of the dwelling.
If more warm air can fit in the glazed terrace, more heat is transferred to the interior of
the house. In addition, increasing the depth of the glazed terrace also benefits the thermal
performance of the dwelling in summer because it increases the solar protection of the
original facade glazing and reduces the heat gains. However, if the terrace is deeper and
not thermally insulated, it has more thermal envelope area and there are more energy losses
in winter.

The thermal performance of the house improves in winter if the solar factor of the
“glass curtain” glass (gg,5c) is higher and if the terrace is thermally insulated from the
adjacent terraces. This is explained because glass allows more solar radiation to enter,
heating the air in the terrace. Consequently, the temperature inside the dwelling also
increases and the thermal comfort improves. On the contrary, increasing the solar control
by reducing the solar factor of the glass curtain impairs the thermal performance of the
dwelling in winter. This is because it reduces the heat gains due to solar radiation and,
therefore, reduces the greenhouse effect inside the house.

Increasing the proportion of windows in the original facade separating the glazed
terrace from the rest of the house (WWSGR) improves the thermal performance of the
dwelling in winter. This is explained by increasing the heat transfer from the glazed terrace
to the interior of the dwelling.

The thermal performance of the dwelling is improved if mobile solar control systems
are used in summer (ggjsn;56)- Solar shading (such as awnings or blinds) reduces the
solar radiation entering the house. Consequently, the heat gains and cooling demand are
reduced. It is recommended to use these devices only when the outside temperature and
solar radiation are high. Glass curtains should be retracted in summer to avoid heat gain
and accumulation in the dwelling. Mobile shading devices that allow the solar transmission
coefficient need to be modified depending on the weather conditions and the time of year,
so louvres or flexible synthetic fabrics are more suitable.

A constant ventilation system between the glazed terrace and the inside of the dwelling
improves the thermal performance of the dwelling in winter only if the terrace is thermally
insulated from adjacent terraces. This is because, throughout the day, the ventilation redis-
tributes warm air from the glazed terrace to the rest of the house but, at night, it increases
the energy losses through the thermal envelope of the terrace. The optimal solution is a
scheduled ventilation system that adapts the ventilation ratio (SGIVR) according to the
temperatures of the dwelling and the glazed terrace. When the air temperature of the
glazed terrace is higher than the temperature inside the dwelling, ventilation should be
provided between the glazed terrace and the inside of the dwelling to transfer the heat and
to warm the dwelling. When the temperature of the terrace is lower than the temperature
of the dwelling, ventilation should be reduced to a minimum to allow the glazed terrace to
act as a thermal buffer between the dwelling and the outside. If the internal temperature of
the dwelling is higher than the comfort temperature (27 °C), the “glass curtain” and the
windows of the house should be opened to ventilate the house to the outside with natural
cross-ventilation. A good solution would be to have ventilation grilles between the terrace
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and the dwelling, complemented by a heat recovery unit connecting the outside and inside
of the dwelling for automated air renewal.

Finally, the use of mechanical ventilation inside the dwelling greatly benefits the
thermal performance of the dwelling because it better balances the temperatures between
rooms. The use of several ceiling fans distributed throughout the dwelling, or a network
of ducts connected to a heat recovery unit, is envisaged. This solution achieves greater
homogeneity and stability of the indoor temperatures. This improves the thermal comfort
sensation in all areas of the house, both in winter and summer, and avoids the need to use
air-conditioning systems in some areas.

Finally, the global solution proposed brings together the best combination of all the
parameters analysed. The solution considers that the glazed terrace is thermally insulated
on the floor, roof and side walls, or that the adjacent terraces are also glazed. The glazed
terrace is more than 2 m deep. The solar factor of the “glass curtain” glass (gg;5G) and the
proportion of windows in the original facade separating the glazed terrace from the rest of
the house are high. Mobile shadow devices are used in summer, a scheduled ventilation
system between the glazed terrace and the inside of the dwelling is installed and ceiling
fans distributed in the interior of the dwelling are also used.

The interplay of different design parameters allows for much more favourable results
than the individual modification of each of the parameters considered. The best thermal
performance of the dwelling is achieved with a deep, thermally insulated glazed terrace
with a lot of solar radiation and a large window area. The glazed terrace should be closed
in winter and fully open in summer with solar shading. And the interior of the house
should have a ventilation system that enhances the distribution of warm air in winter and
cross-ventilation in summer.

The proposed solution greatly improves the thermal comfort and energy efficiency of
the dwelling. The use of glass curtains with the proposed design parameters allows for
comfortable indoor temperatures throughout the year without the use of air-conditioning
systems. The annual thermal oscillation is reduced from more than 15 °C without a “glass
curtain” to almost only 6 °C with the proposed solution. The minimum temperatures rarely
fall below 21 °C and the maximum temperatures rarely exceed 27 °C. Consequently, the
mean thermal sensation is perceived as comfortable, between slightly cool (—1) and slightly
warm (+1) all year round. As a result, the proposed solution allows for a zero-energy house
through passive solutions that avoid the use of heating or cooling equipment.

The thermal comfort has been calculated without considering age, gender, or mood.
These aspects will be the subject of future studies because of their importance in the field of
thermal comfort, as it is has been demonstrated in previous research. Furthermore, for a
more precise definition of the design parameters analysed and possible adaptations to the
standards, this study should be further developed by considering different types and sizes
of dwellings, different orientations, different locations (buildings in city centres, isolated
buildings. . .), and different climatic zones.

The results of this work have served as the basis for further research currently in
progress. A prototype house is being developed to check the influence of modifying design
parameters of a “glass curtain” system via in situ measurements. Mobile shadow devices
with seasonally adaptable solar transmittance coefficients are also being analysed. Finally,
the benefits of combining heat recovery units with fans to balance the temperatures between
rooms are being studied.

5. Conclusions

(1) This work demonstrates that the use of balcony frameless retractable glazing systems
(“glass curtains”) greatly improves the thermal comfort and the energy efficiency of
dwellings in the BShs climate. This system captures the maximum solar radiation in
winter because it has a higher proportion of glass than other glazing systems as it does
not have frames and it allows full opening for ventilation in summer. Consequently,
it generates more of a greenhouse effect to heat the house in winter for free, taking
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advantage of the effects of solar radiation, and the maximum dissipation of heat
excess in summer with natural ventilation. As a result, this system increases the
indoor temperatures inside the dwelling by about 4 °C in winter and avoids air
overheating in summer. It reduces the annual indoor thermal oscillation inside the
dwelling from more than 16 °C to almost only 10 °C and generally maintains the
indoor temperatures between 19 °C and 29 °C throughout the year without the use
of air-conditioning systems. Consequently, it reduces the heating energy needs by
almost 60% and the total annual energy needs by more than 25% compared to the
dwelling without a “glass curtain” system.

(2) The indoor thermal performance improvement of the dwelling is greater if the glazed
terrace remains insulated and separated from the rest of the dwelling in winter and
if it is adequately ventilated in summer. In addition, the glazed terrace has a much
greater impact on the thermal performance of the dwelling if the glazed terrace is
thermally insulated at the floor, roof, and side walls, or if the adjacent terraces are
also glazed.

(38) The thermal performance of the dwelling improves with a deeper glazed terrace, with
a “glass curtain” glazing with higher solar factor, a higher proportion of windows in
the original facade separating the glazed terrace from the rest of the house, mobile
solar control systems in summer, a scheduled ventilation system between the glazed
terrace and the inside of the dwelling, and mechanical ventilation that balances the
temperatures between rooms. This work demonstrates that glazed terraces with
glass curtains using the proposed design parameters allow us to achieve a zero-
consumption and thermally comfortable dwelling all year round without the use of air-
conditioning systems in this climate. The annual thermal oscillation is reduced from
15 °C without the “glass curtain” to almost only 6 °C with the proposed solution, with
the minimum temperatures rarely falling below 21 °C and the maximum temperatures
rarely exceeding 27 °C.

The results of this work have been used to develop new research in a full-scale
industrialised housing prototype at the University of Alicante. The objective is to test
with current measurements all the modifications to the proposed design parameters. The
findings of this work will be the subject of a future paper.

(4) The conclusions of this research can be applied to many dwellings in this climate
zone because the building analysed has common characteristics with most residential
buildings in this geographical area. This research opens up the possibility of using
“glass curtain” systems as an energy refurbishment method for existing buildings and
to adapt the design criteria for new buildings.
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