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Abstract: According to the IPCC Climate Change projections by 2050 temperatures in southern Spain
will have increased noticeably during the summer. Housing—in its current form—will not be able
to provide a suitable response to this new climate scenario, and will in turn prompt an increase in
cooling energy consumption and a series of problems relating to health and comfort. The Design
Builder simulation tool was used to quantify the impact of this future climate scenario on energy
demand, as well as its effect under free-running conditions on indoor temperature. Different passive
conditioning strategies were evaluated to establish their influence on the indoor comfort conditions.
The case study examined a theoretical single-family residential unit model in order to establish
guidelines for the pre-selection of the most suitable passive solutions. The results show that passive
conditioning strategies analysed (envelope treatment, solar gain protection and night-time natural
ventilation) reduce energy demand and indoor temperatures, thus increasing energy efficiency and
improving indoor comfort conditions. Therefore, these passive conditioning strategies reduce the
cooling energy consumption.

Keywords: climate change; energy efficiency; thermal comfort; passive conditioning strategies;
night-time natural ventilation; Mediterranean climate

1. Introduction

Current environmental awareness faces a new challenge, that of the verified rise in temperatures
on a global scale. Numerous researchers and associations have been warning of the risks of climate
change. Since 1988 the Intergovernmental Panel on Climate Change (IPCC) [1] has collected this
information in a series of reports compiling the most relevant research, together with the political and
normative reactions aimed at mitigating the effects of climate change.

The latest IPCC report, Fifth Assessment Report (AR5) [2], includes the Physical Science Basis,
gathering all the scientific data; the Impacts, Adaptation, and Vulnerability, which evaluate the
consequences of the data collected within the Science Basis; the Mitigation of Climate Change, analysing
potential ways to minimize or avoid the different impacts identified in the previous report; and the
Synthesis Report, offering a summarized and simplified version of the entire Report. Additional
special reports drawn up include the Special Report on Emissions Scenarios (SRES) [3], which shows a
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set of future scenarios classified according to social and economic variables and resulting in different
evolutions of greenhouse gas emissions. Different hypotheses for greenhouse gas emission profiles
based on socio-economic simulations lead to four scenarios with a particular climate forecast (A1, A2,
B1 and B2). A2 is the scenario in which a higher CO; concentration is predicted in the long term (year
2100), due to a fast population growth and a smaller increase in agricultural productivity. As stated in
the H2020 requirements [4] and the subsequent legislation [5], energy efficiency is one of the ways in
which climate change can be combatted.

The building sector in one of the largest energy consumer. A 25.4% of final end-use energy was
attributed to the households category in the European Union 28 Member States (EU-28) in 2015 [6].
Fuller et al. [7] found that the location and the size are the dominant factors determining energy use in
the residential sector. Du et al. [8] made use of empirical data at an individual and household scale to
conclude that the building operational energy footprints are bigger in low-rise suburban households
that in high-rise urban ones. In 2016, the population from EU-28 mostly did not live in flats, as a 23.9%
lived in semi-detached houses and a 33.6% in detached houses [9].

Climate change will not only affect energy consumption [10] but also indoor comfort
conditions [11], a crucial aspect given that the population is increasingly spending more time indoors
(85-90% on average) [12]. Tzikopoulos et al. [13] observed that in Mediterranean bioclimatic buildings
energy efficiency decreased by 7% each 1500 degree hours, while building location also accounted for
a variation of about 17%. Yau and Pean [14] calculated that every temperature increase of 1 °C can
reduce the coefficient of performance (COP) by 2%. This increase in temperatures will therefore lead to
a heightened risk of fuel poverty [15].

Although beneficial in heating periods, this temperature increase is particularly worrisome in
refrigeration periods. Regions currently classified as warm, such as southern Spain, will suffer more
extreme warm temperatures in a relatively short time scale, which could lead to a situation in which
the current passive conditioning strategies are not sufficient anymore to provide comfortable indoor
conditions. According to the projections of the IPCC, this new climate scenario will be similar to the
one currently existing in North Africa and the Middle East.

By 2050 it will be necessary to incorporate renewable technologies for the passive cooling of
buildings [16], together with predominantly passive cooling techniques, in order to reduce cooling and
heating energy consumption in residential buildings [17]. Some researchers have proposed different
passive strategies in warm and arid climates, similar to that expected in 2050 in southern Spain.

One of the first solutions proposed is the envelope improvement by controlling the energy
exchange between the interior and exterior. A decrease in U-value through increased insulation results
in a noticeable improvement in winter periods, although it can worsen environmental behaviour
in summer. As regards thermal inflection, an increase in insulation thickness results in an increase
in total demand, as studied by Idris & Mae [18] in different climates and by Ledn et al. [19] in the
Mediterranean area. In the Mediterranean climate, energy consumption can be reduced with adequate
windows and shading devices, as well as with roof insulation [20]. In the same way, thermal bridges
lead to an increase in energy demand, not only in heating periods, but also in refrigeration as analysed
by Al-Sanea et al. [21] in Saudi Arabia. If considering the building envelope as a dynamic energy store,
thermal mass is used to manage the damping of the thermal wave during the day, with the subsequent
heat dissipation during the coldest hours, while allowing for the stabilization of the indoor thermal
conditions, as shown by some authors in hot and dry regions [22-24].

Roof ponds can provide year-round thermal comfort while reducing demand for active heating
and cooling systems and increasing efficiency in hot and dry climates, as stated by Sharifi and
Yamagata [25]. Roof ponds save energy through indirect evaporative cooling and radiant cooling and
by mitigating the heat exchange between the roof and outdoor environment, leading to reductions in
indoor air temperature up to 30% [26,27]. The different varieties and characteristics of roof ponds have
been collected in Spanaki et al. [28].
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The use of green roofs [29,30] reduces energy demand, increasing thermal resistance and
decreasing solar gain according to the study by Goudarzi et al. [31] in Iran, which shows that this
measure is more efficient than using a roof pond or an underground house. The energy efficiency of
this measure can be enhanced by improving the thermal insulation, shading and thermal mass used in
the design [32]. Ascione et al. [33] studied the impact of green roofs on heating and cooling energy
saving and reported an expected energy saving of 8-11% in Italy and Spain. Zinzi and Agnoli [34]
compared the effect of cool roofs and green roofs on the energy performance of residential buildings.
This study established that the use of green roofs leads to 2.8-13.9% cooling energy saving while for
cool roofs this figure is in the range of —13.7% to 30.1%. Other authors [35,36] maintain that the use of
cool roofs reduces the cooling needs with an average value close to 20%.

The reduction of solar radiation through windows has been widely analysed based on multiple
solar protection systems [37,38]. Double skin systems—through ventilated claddings—are an adequate
solution in climates with significant solar radiation. As different authors have studied [39] their thermal
behaviour depends on different parameters: environmental conditions [40]; orientation; air chamber
configuration [41] and ventilation conditions [42]; outer skin type [43] and base construction solution.

In order to be able to subtract heat from indoors, adequate mechanisms are needed for
natural ventilation during the night, analysed and quantified by Solgi et al. [44], Santamouris and
Kolokotsa [45]. This night-time ventilation should be combined with the heat accumulation processes
in the thermal mass [23]. Campanico et al. [46] studied and compared the cooling potential of four
passive ventilation-based methods, including direct ventilation, Earth-Air Heat Exchanger (EAHE),
controlled thermal phase-shifting and evaporative cooling, and reported that the use of above systems
can provide up to 38% cooling demand saving. However, when outdoor conditions drop to the comfort
levels during cooling periods, an increase in ventilation rates is beneficial [47].

In the future climate scenario characterized by rising temperatures, the challenged posed by
buildings overheating must be addressed. The main aim of this work is the energy assessment (in
free-running conditions, that is, no use of mechanical heating or cooling systems) of the main passive
conditioning solutions applied to the single-family residential unit in southern Spain in the climate
change scenario of 2050. In terms of indoor comfort following adaptive models, the analysis of the
sensitivity and effectiveness of different passive conditioning solutions is proposed. This analysis is
designed as a guide for the adequate pre-selection of different passive conditioning solutions, but a
subsequent analysis should be carried out in order to find the optimal combined solutions.

2. Methods

In order to evaluate the impact that a climate change scenario would have on a single-family
residential unit in southern Spain, this study uses a simulation model in compliance with the current
demand stipulations of the Spanish CTE-DB-HE1 regulation [48]. Subsequently, the same model is
used to evaluate the energy variables, but under the climate conditions predicted for the year 2050.
Finally, some passive conditioning solutions are proposed to improve indoor comfort conditions under
the 2050 climatic conditions.

2.1. Characterization for Regulatory Compliance and Energy Assessment under Current Climate Conditions

An initial theoretical model representing a single-family residential unit is proposed, with a
thermal envelope defined by common construction solutions and in compliance with current regulatory
requirements. Given the impact of orientation on the demand, the different strategies assessed take
into consideration East-West as well as North-South orientations. DesignBuilder, Version 5.3.0.014 [49]
software is used to simulate the energy evaluation, by means of the energy demand assessment and
the indoor temperature in free-running conditions. The energy model recreates each room in the
residential unit as a thermal zone. The average indoor temperature value weighted by the surface of
each thermal zone is simulated for the free-running environmental analysis.
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2.2. Energy Assessment under 2050 Climatic Conditions

The influence of a climate change scenario on the energy behaviour of the single-family housing
model is simulated. To do this, climate data are modified taking into consideration the climate change
scenario forecast for the year 2050 and the previous energy model. In this projection the horizon is
far enough ahead in the future to establish a certain prospect of change, yet close enough to avoid
triggering the uncertainty of the results obtained.

CCWorldWeatherGen software developed by the University of Southampton is used [50] to
convert the current climate data file from a specific location to another with future conditions using a
climate change scenario [51]. Specifically, the case study used is A2 scenario, according to the IPCC
Hadley Center Coupled Model Version 3 (HadCM3) [52], as it is the most unfavourable, according to
the future prediction of CO; particles per million.

After the subsequent simulation of the energy models with the DesignBuilder tool, the energy
demand results are analysed and compared with the values obtained in current climatic conditions.
Equally, the outdoor and indoor operative temperature evolution on a typical winter (30 January) and
summer (24 July) day is analysed. This makes it possible to quantify the influence of the temperature
increase in the 2050 scenario—in keeping with climate change projections—for a single-family
residential unit conditioning in southern Spain.

2.3. Environmental Assesment of Passive Conditioning Solutions for Improvement under the 2050 Climatic
Conditions

Once the impact of climate change on energy demand is assessed, different passive conditioning
solutions to mitigate its energy impact are evaluated in a single-family residential unit. Temperature
evolution is analysed in order to assess the environmental influence of these solutions applied to the
simulation model in free-running conditions and compared with the adaptive comfort temperatures.

The comfort temperature bands from the optimum comfort temperature (Tco) are set up following
adaptive standard EN 15251 (Equation (1)) during the winter period, with an acceptability range
according to building category II, for a normal level of expectation (PPD < 10%), that is, a temperature
interval of +3 °C. In summer, the adaptive comfort equation defined by Barbadilla-Martin et al.
(Equation (2)) [53], for the specific case of hybrid or ‘Mixed Mode’ buildings (naturally ventilated
through windows and with air conditioning equipment used intermittently) in the Mediterranean
climate, is used. In this case, an acceptability range corresponding to 90% of satisfied occupants
(PPD < 10%) is applied, with a temperature interval of 3 °C In both cases, the running mean external
temperature (T,r) is calculated according the Equation (3).

Teoyinter = 0.33 X T,g + 18.8 (1)
Tcosymmer = 0.24 X Ter +19.3 )
Ter = (1 —a) X Tog—1 +a X Ter—1 3)

where: T,;_1: daily mean external temperature for previous day; T,r—1: running mean external
temperature for the previous day; a: a constant between 0 and 1. The use of 0.8 is recommended.

A widely accepted framework [45] to engineer passive cooling systems consists of three steps: the
prevention of heat gains; the modulation of heat gains; and heat dissipation. Three types of strategies
are therefore considered:

B Envelope treatment solutions

Thermal treatment of the envelope takes on two forms. Firstly, as a means to thermally separate
the indoor environment from the outdoor one, that is, as thermal insulation. Facade Insulation (FI),
Roof Insulation (RI) and Uninsulated Floor (UF) are proposed as solutions. The other form is the
envelope’s use as an energy pickup element and to soften temperature changes, which in turn increases
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thermal inertia. The solutions considered are Facade thermal Mass (FM) and Roof thermal Mass (RM).
The use of Roof Ponds (RP), shallow pools of water built on the roof, incorporates a high volumetric
heat capacity of water that allows the thermal mass of the roof to be increased.

B Solar gain protection solutions

At this point strategies aiming to avoid solar radiation on the constructive elements of the envelope
would be included. These include Windows Solar Protection (SP), as well as double skin solutions such
as Ventilated Facades (VF) and Ventilated Roofs (VR). The use of Green Roofs (GR) is also analysed,
given that in addition to increasing thermal mass, they reduce solar gain thanks to the reflection and
absorption provided by plants, as studied by Eumorfopoulou and Aravantinos [54]. In addition, a low
absorptivity exterior paint-based finish is applied as a measure for the reduction of the solar Envelope
Absorptivity (EA).

B Ventilation solutions

The entry of outdoor air can help ensure better indoor comfort conditions when this occurs
following an adequate schedule, at night-time when the outdoor temperatures decrease. This will help
to dissipate the accumulated heat during the day. Therefore, in the summer period, all strategies are
evaluated with and without night-time natural ventilation. This allows the influence of ventilation on
indoor comfort conditions and the effect produced by an increase in the night-time Natural Ventilation
rate (NV) to be evaluated.

3. Case study

The housing model selected for the development of the methodological process consisted of a
living room, a kitchen, two bedrooms and a bathroom, with a surface of 58.30 m? and a height of
3.00 m (Figure 1). The formal characteristics of this model are in keeping with those of a single-family
residential unit typology, and it is considered versatile enough to allow conclusions to be reached
that can be extended to a real case of architecture. This model is located in southern Spain, within a
Mediterranean climate.
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Figure 1. Residential unit. (A) Floor plan; (B) 3D model.

3.1. Weather Data

The case study is located in Cérdoba, one of the Spanish cities with the highest outdoor
temperatures during the summer. The Koppen-Geiger classification [55] places this city in the Csa
climate, with a hot and dry period in summer, a maximum average temperature of 36.3 °C in the
warmest month and an absolute maximum temperature of 46.6 °C in the month of July (Figure 2).

According to Spanish regulations CTE DB-HEL [48], Cérdoba is located in winter climate zone B,
with a limitation of energy demand for heating of 15 kWh/m? per year, and type 4 climate severity in
summer, with a limitation of energy demand for cooling of 20 kWh/m? per year.
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Figure 2. Case study climate values [56].

3.2. Case Study Building Definition

For the constructive characterization of the model, two types of layer are considered for the
theoretical envelope, with one providing thermal mass and another providing insulation, greatly
facilitating the subsequent analysis of passive solutions. The thermal mass allows the energy storage
capacity of the envelope to be assessed, while thermal insulation mostly measures heat transmission
capacity. Table 1 shows the envelope characterization, based on one of the most frequent construction
typologies in southern Spain which is included in the CTE constructive solutions catalogue [57].

Table 1. Characterization of the thermal envelope of the base model (BM).

Thermal Mass Indoor Thermal
2
Type Layers (Outdoor — Indoor) U (W/m?K) (kg/m?) Capacity * (kJ/m2K)
Perforated brick (1/2 foot) + No
ventilated air chamber (5 cm) +
FB Facade Polyurethane insulation (6 cm) + 0-30 1954 %6
Double hollow brick (7 cm)
RB Roof Concrete (20'cm) + Expanded 047 490.0 0
polystyrene insulation (6 cm)
FB Floor Expanded polystyrene insulation 0.64 3675 245

(5 cm) + Concrete (15 cm)

Metal frame (with thermal break),
AB Window 5/13/5 double-glazing. Solar 2.68 - -
transmission: 0.82. Surface: 10 m?

* The indoor thermal capacity is defined as the amount of heat required to change the temperature of the inner layer
of the element. It is calculated by DesignBuilder software.

An infiltration rate of 0.2 Air Change per Hour (ACH) and a natural ventilation rate of 0.4 ACH
are considered, in accordance with CTE DB-HS3 [58]. In addition, a summer night-time natural
ventilation rate of 4 ACH is considered from 23:00 to 9:00, in keeping with the official Spanish energy
rating tool. The rest of parameters of the user profile (Table 2) are based on the data specified in CTE
DB-HE [48]. In order to calculate demand, the set-point temperatures defined in Table 2 are applied,
while the Heating, Ventilation, and Air Conditioning (HVAC) systems are completely deactivated for
the free-running simulation of indoor temperatures.
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Table 2. Standardized user profile and occupancy pattern.

Period Presence Set-Point Temperature Natural Ventilation
Monday-Friday: 4 persons 24-8 h; 17°C 24-8 h
Winter 1 person 8-16 h; 2 persons 16-24 h. 04ACH?24h
Weekend: 4 persons 24 h. 20°C8-24h
Monday-Friday: 4 persons 24-8 h; 27°C24-8h
Summer 1 person 8-16 h; 2 persons 16-24 h. No HVAC 8-15 h 4ACH23-9h
Weekend: 4 persons 24 h. 25°C15-24h 0.4 ACH9-23h

3.3. Passive Conditioning Solutions

As explained in Section 2.3, some passive conditioning solutions are evaluated, which mainly
impact the insulation and thermal inertia of the envelope, the control of solar gains and the dissipation
of accumulated heat. Energy models that simulate the behaviour of these solutions are used to assess
their effect in terms of comfort. The simulation results are compared with the base model (BM), defined
in the previous section for two orientations: North-South and East-West.

The following passive conditioning solutions are evaluated:

B Envelope treatment solutions

For the constructive characterization of this set of solutions, the decision was made to duplicate
the thickness of the layer that provides thermal insulation or thermal mass to the constructive element.
This allows the comparison of the effect of both strategies on indoor thermal comfort conditions.

O  Facade Insulation (FI): the thickness of the facade thermal insulation layer of the base model is
doubled, increasing from 6 to 12 cm.

O Roof Insulation (RI): the thickness of the roof thermal insulation layer of the base model is
doubled, increasing from 6 to 12 cm.

O Uninsulated Floor (UF): the ground floor thermal insulation layer is removed in order to evaluate
its heat dissipating capacity.

O  Facade thermal Mass (FM): the thickness of the layer that provides the main thermal mass to the
base model fagade is doubled, increasing from 12 to 24 cm of perforated brick.

O Roof thermal Mass (RM): the thickness of the layer that provides the main thermal mass to the
base model roof is doubled, increasing from 20 to 40 cm of concrete.

O Roof Pond (RP): a 30-cm-thick water pond has been included on the base model roof. As well as
providing thermal mass, this solution favours the cooling process through evaporative loss, as
the water temperature is 8-13 °C lower than the air temperature [26].

B  Solar gain protection solutions

The thermal transmittance of the base model constructive solution is maintained in this set of
solutions, implementing those which exclusively affect the solar transmission of its envelope.

O  Solar Protection (SP): a solar screen is placed over the windows and it only allows the transmission
of 5% of the solar energy to the indoors.

O  Ventilated Fagades (VF): a ventilated fagade solution, with a ceramic finish and chamber openings
in its base and top, is incorporated into the base model.

O  Ventilated Roofs (VR): a ventilated roof solution, with a ceramic finish and chamber opening in
its perimeter, is incorporated into the base model.

O  Green Roofs (GR): a plant layer is included on the roof of the base model. Stomatal resistance is
set at 50 s/m; reflectivity of the plant leaves at 0.22; absorptivity at 0.6; and humidity percentage
at 12.5% [54]. With these characteristics, the roof only allows the transmission of 18% of the solar
energy to the indoors.
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O  Envelope absorptivity (EA): a new exterior finish is applied to the base model envelope (facades
and roof), with a white reflective paint base, and with absorptivity values decreasing from 0.7 in
the base model (BM) to 0.05 in the EA model.

B Ventilation solutions (NV)

In order to evaluate the influence of the night-time natural ventilation rate on the indoor thermal
comfort level during the summer period, the ventilation rate established by the standard pattern is
doubled from 4 to 8 ACH following the schedule established in the Table 2.

Table 3 shows the main characteristics of the passive solutions which require a modification of the

constructive configuration of the base model envelope.

Table 3. Characterization of passive conditioning strategies.

Type of Strategy

Layers (Outdoor — Indoor)

U (W/m2K)

Thermal Mass
(kg/m?)

Indoor Thermal
Capacity * (kJ/m2K)

FI Fagade

Polyurethane insulation (12 cm) +
Perforated brick (1/2 foot) + No
ventilated air chamber (5 cm) +
Double hollow brick (7 cm)

0.18

198.4

55

RI Roof

Expanded polystyrene insulation
(12 cm) + Concrete (20 cm)

0.25

490.0

215

UF Floor

Concrete (15 cm)

3.32

367.5

215

Envelope

treatment FM Facade

Polyurethane insulation (6 cm) +
Perforated brick (1 foot) + No
ventilated air chamber (5 cm) +
Double hollow brick (7 cm)

0.28

317.8

55

RM Roof

Expanded polystyrene insulation
(6 cm) + Concrete (40 cm)

0.44

980.0

215

RP Roof

Water (30 cm) + Expanded
polystyrene insulation (6 cm) +
Concrete (20 cm)

0.38

790.0

215

VF Fagade

Ceramic tile (2 cm) + Ventilated
air chamber (5 cm) + Perforated
brick (1/2 foot) + No ventilated
air chamber (5 cm) +
Polyurethane insulation (6 cm) +
Double hollow brick (7 cm)

0.30

195.4

55

Solar gain

protection VR Roof

Ceramic tile (2 cm) + Ventilated
air chamber (5 cm) + Concrete (20
cm) + Expanded polystyrene
insulation (6 cm)

0.47

490.0

GR Roof

Vegetation and sand (10 cm) +
Expanded polystyrene insulation
(6 cm) + Concrete (20 cm)

0.40

560.0

215

* The indoor thermal capacity is defined as the amount of heat required to change the temperature of the inner layer
of the element. It is calculated by DesignBuilder software.

4. Results and Discussion

4.1. Results in Current Climatic Conditions and the 2050 Climate Scenario

The model simulation in the East-West orientation results in a higher energy demand than in
the North-South orientation. Therefore, the case of the East-West model is considered to be the most
unfavourable and the envelope parameters of the base model are adjusted to obey the regulation limits
in this particular case. Demand in the North-South orientation is lower than that required by the
current regulation (Figure 3).
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Figure 3. Energy demand for current and 2050 climate scenarios, compared to current regulatory
requirements (CTE Limit). (A) East-West orientation. (B) North-South orientation.

A major impact is observed on energy demand after evaluating the energy behaviour of the base
model in the 2050 climate scenario, without changing any of the parameters of the model. Heating
demand is significantly reduced to a value of 6-7 kWh/m?, and is almost independent of orientation.
In contrast, cooling demand is doubled in the North-South orientation with respect to the current
conditions, and it reaches its highest value in the East-West orientation (Figure 3).

As Figure 4 shows, the new climate scenario results in an increase in outdoor temperatures. On the
winter day represented there is an increase of 1-2 °C, which becomes more significant in summer, with
an increase of 6 °C during the day (reaching 47 °C) and of 4 °C during the night (with a minimum
value of 24 °C). This outdoor temperature increase clearly affects the indoor operative temperatures.
While in winter indoor operative temperatures barely increase by 1 °C, in summer climate change
influence is much more noticeable, causing an increase of around 3—4 °C, with the highest temperatures

found in the East-West orientation.
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Figure 4. Evolution of the average indoor operative temperature and the outdoor air temperature in
current and 2050 climate scenarios. (A) Winter. (B) Summer.
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4.2. Energy Evaluation of Passive Conditioning Strategies in the 2050 Climate Scenario

The major energy impact forecast for the future climate scenario makes it necessary to rethink the
passive strategies currently applied in the thermal conditioning of single-family housing to improve
thermal comfort in free-running conditions and to reduce energy consumption.

In winter (Figures 5 and 6), the solutions with the greatest effect on indoor conditions are the
thermal insulation increase on the roof (RI) and the green roof (GR), which raise average indoor
temperatures by up to 1.5 °C. Despite these improvements none of the individual strategies successfully
increase indoor temperatures enough to ensure comfort conditions, and at best average indoor
temperature is maintained at around 16 °C. It should also be noted that some of the proposed
solutions—the uninsulated ground floor (UF), the solar protection (SP) and the ventilated facade
(VF)—involve a slight worsening of indoor conditions (average indoor temperature drops by less
than 1 °C). Solar protections could be deactivated during winter time, but not the other two strategies.
In general, the indoor thermal conditions in the North-South orientation are slightly better than in the
East-West orientation, although the differences in the average temperature do not exceed 1 °C.

It is during the summer period in the 2050 scenario that the outdoor conditions are really extreme
and the proposed solutions have a more significant effect (Figures 7 and 8). The positive effect of
passive conditioning solutions is more evident in the East-West model, which displays worse thermal
behaviour, than in the North-South one. The fact that the ground floor (UF) is not insulated provides a
thermal dissipation that leads to a decrease in the average indoor operative temperature of up to 4.5 °C
(it goes from 34.5 °C in the base model (BM) to 30 °C in the UF model) and a drop in the maximum
temperature from 37.5 °C (BM) to 32.5 °C (UF), working out well for thermal comfort conditions
during part of the day. The next most effective solution is the ventilated facade (VF), which results in
a 1.5 °C decrease in the average indoor temperature, maintaining the maximum temperature below
35.5 °C compared to the 37.5 °C of the base model (BM). The Roof Pond (RP) leads to a 1 °C reduction
in the average temperature, as well as reducing the maximum temperature to 35 °C thanks to the
thermal mass increase. The increase in the night-time ventilation rate (NV) also causes the average
temperature to fall by around 1 °C, significantly affecting the drop in minimum operative temperature
at night-time, from 31.5 °C (BM) to 29.5 °C (NV).
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Figure 5. Daily fluctuation of the indoor operative temperature in the 2050 climate scenario with
passive conditioning solutions. Winter, East-West orientation. LEGEND: Base Model (BM); Facade
Insulation (FI); Roof Insulation (RI); Uninsulated Floor (UF); Facade thermal Mass (FM); Roof thermal
Mass (RM); Roof Pond (RP); Solar Protection (SP); Ventilated Facades (VF); Ventilated Roofs (VR);
Green Roofs (GR); Envelope absorptivity (EA); Natural Ventilation (NV).
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Figure 6. Daily fluctuation of the indoor operative temperature in the 2050 climate scenario with
passive conditioning solutions. Winter, North-South orientation. LEGEND: Base Model (BM); Fagade
Insulation (FI); Roof Insulation (RI); Uninsulated Floor (UF); Facade thermal Mass (FM); Roof thermal
Mass (RM); Roof Pond (RP); Solar Protection (SP); Ventilated Facades (VF); Ventilated Roofs (VR);
Green Roofs (GR); Envelope absorptivity (EA); Natural Ventilation (NV).
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Figure 7. Daily fluctuation of the indoor operative temperature in the 2050 climate scenario with
passive conditioning solutions. Summer, East-West orientation. NOTE: XX * (filled boxplot) is the XX
passive conditioning solution but without night-time natural ventilation. LEGEND: Base Model (BM);
Facade Insulation (FI); Roof Insulation (RI); Uninsulated Floor (UF); Facade thermal Mass (FM); Roof
thermal Mass (RM); Roof Pond (RP); Solar Protection (SP); Ventilated Fagades (VF); Ventilated Roofs
(VR); Green Roofs (GR); Envelope absorptivity (EA); Natural Ventilation (NV).
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Figure 8. Daily fluctuation of the indoor operative temperature in the 2050 climate scenario with
passive conditioning solutions. Summer, North-South orientation. NOTE: XX * (filled boxplot) is the
XX passive conditioning solution but without night-time natural ventilation. LEGEND: Base Model
(BM); Fagade Insulation (FI); Roof Insulation (RI); Uninsulated Floor (UF); Facade thermal Mass (FM);
Roof thermal Mass (RM); Roof Pond (RP); Solar Protection (SP); Ventilated Facades (VF); Ventilated
Roofs (VR); Green Roofs (GR); Envelope absorptivity (EA); Natural Ventilation (NV).

The increase in facade insulation (FI) or the use of the green roof (GR) barely impact indoor
operative temperatures. The solar protections (SP), the facades and roof absorptivity reduction (EA), the
increase in the roof insulation (RI), and the increase in the roof slab thermal mass (RM) or the ventilated
roof (VR) are solutions which provide positive but less significant effects, causing variations in the
average operative temperature in the range of 0.7-1 °C. Although none of the passive conditioning
strategies evaluated individually reduce the indoor operative temperatures sufficiently to guarantee
comfortable thermal conditions in a free-running scenario, the improvement they represent is enough
to predict that by carefully combining some solutions the average indoor operative temperature could
be maintained within the comfort temperature band.

It should be noted that all proposed solutions are simulated during the summer period with and
without night-time natural ventilation in order to quantify the influence of this passive conditioning
solution in the severe summer scenario for 2050. The standard user profile establishes a night-time
ventilation rate of 4 ACH for summer, which responds to the most usual habit although not all users
have it. When users do not ensure ventilation at night-time, the indoor temperature in all the solutions
evaluated increases by up to 2.5 °C during the day and 3.5 °C during the night.

In order to complete the environmental analysis, the effect of the passive conditioning solutions
proposed (with night-time natural ventilation) on comfort is evaluated throughout the summer period
(June-September). Tables 4 and 5 show the maximum and minimum indoor operative temperatures,
the percentage of hours outside the comfort temperature band and the average deviation of the indoor
operative temperatures (in the periods of discomfort) with respect to the upper limit of the comfort
band. As can be observed, the effect of passive conditioning solutions is not exactly the same when
evaluating temperature and percentage of hours of discomfort (Figure 9). The solution with the greatest
improvement in comfort conditions in summer is that of the non-insulation of the ground floor (UF),
which causes a reduction of around 40% in the hours of discomfort in the model with the East-West
orientation (which goes from 75% in the base model (BM) to 35% in the UF model) and a reduction
of 1.9 °C in the average deviation of the indoor temperatures with respect to the upper limit of the
comfort band (from 3 °C in the BM to 1.1 °C in the UF model). The following most effective measures
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in terms of comfort are the ventilated facade (VF), the increase in night-time natural ventilation rate
(NV) and the envelope absorptivity reduction (EA), which result in decreases in the percentage of
discomfort hours in the range of 8-17%.

Measures such as the Green roof (GR) or the increase of the facade (FM) and roof thermal mass
(RM), which barely cause a change in the average indoor temperature, result in an increase of around
1-5% of discomfort hours. The increase of the roof insulation (RI) results in different behaviour
depending on the orientation: in the East-West-oriented model, it represents an increase of 0.8% in
the percentage of discomfort hours; while in the North-South one it produces a decrease of 6.7%.
This is due to the fact that indoor temperature and, therefore, overheating is greater in the East-West
orientation, thus creating a greater need to dissipate the heat, an action which is further complicated
by this solution.

Table 4. Characterization of environmental behaviour (indoor operative temperature and comfort
level) in the 2050 climate scenario with passive conditioning solutions. Summer, East-West orientation.

East-West Summer Period (June-September)

Type of Strategy Maximum Minimum Discomfort Average

Temperature (°C)  Temperature (°C) Hours (%) Deviation (°C)

Base model 37.6 23.2 754 2.98

Facade Insulation 374 23.5 75.1 2.94

Roof Insulation 36.2 24.4 76.2 2.62

Envelope Uninsulated Floor 32.5 21.5 35.1 1.11

treatment Facgade thermal Mass 37.6 23.7 76.7 3.03

Roof thermal Mass 36.2 24.6 78.3 2.67

Roof Pond 35.8 243 72.7 2.40

Solar Protection 36.9 23.0 70.4 2.60

Solar ain Ventilated Fagades 35.8 22.8 60.6 2.14

o tecgtion Ventilated Roofs 36.7 23.2 70.3 2.57

P Green Roofs 36.9 24.7 81.3 2.90

Envelope absorptivity 36.4 23.1 67.9 2.45

Natural ventilation 36.9 22.0 62.4 2.55

Table 5. Characterization of environmental behaviour (indoor operative temperature and comfort level)
in the 2050 climate scenario with passive conditioning solutions. Summer, North-South orientation.

East-West Summer Period (June-September)

Type of Strategy Maximum Minimum Discomfort Average

Temperature (°C)  Temperature (°C) Hours (%) Deviation (°C)

Base model 34.0 22.8 53.3 1.61

Facade Insulation 33.8 229 52.5 1.55

Roof Insulation 32.7 23.3 46.6 1.25

Envelope Uninsulated Floor 30.6 20.9 18.2 0.48

treatment Facade thermal Mass 339 23.0 54.3 1.62

Roof thermal Mass 329 23.7 52.5 1.33

Roof Pond 32.3 23.2 39.3 1.20

Solar Protection 33.5 22.6 47.6 1.45

Solar gain Ventilated Fagades 33.1 22.3 36.4 1.30

. Ventilated Roofs 33.0 223 41.6 1.29

protection Green Roofs 334 238 57.8 1.54

Envelope absorptivity 33.0 22.4 41.6 1.29

Natural ventilation 33.5 214 40.7 1.44
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Figure 9. Percentage of discomfort hours in the 2050 climate scenario with passive conditioning
solutions. Summer (June-September).

5. Conclusions

Different passive conditioning strategies are proposed for application to a single-family reference
building in southern Spain as a way to tackle the new challenges posed by the 2050 climate change
scenarios. Energy performance has been evaluated by first simulating the energy demand in current
climatic conditions and subsequently in an A2 scenario of climate change in the year 2050.

The increase in outdoor temperatures in a climate scenario of 2050, of about 1.5 °C in winter
and 6 °C in summer, will result in a significant energy impact in the single-family home in southern
Spain. Demand will be reduced in winter but will double in summer compared to the current Spanish
regulation requirements. This implies an increase of indoor operative temperatures in summer of
about 3.5 °C compared to the current ones, with maximum daytime values of 37.5 °C and 31 °C of
minimum value in the night period, values far from thermal comfort conditions.

Given the overheating problems in summer, adequate passive strategies could be considered to
favour controlled exchanges between indoors and outdoors, as an alternative way of dealing with
the energy management of the home. Strategies for the improvement of thermal insulation through
the increase in thermal resistance are not effective in resolving issues in overheating, and even cause
a slight increase in the percentage of discomfort hours. Heat dissipation must be ensured, either
continuously by reducing the thermal resistance of the ground floor, or at night through natural
ventilation, which can lead to a significant drop in average and nightly indoor operative temperatures
by up to 3.54.5 °C, and in the percentage of discomfort hours by 14—40%.

The use of adequate passive conditioning techniques allows thermal oscillations to be reduced,
increasing comfort, mainly in the summer period. Among the solutions evaluated, the most efficient
are those related to protection against solar radiation: the facade solar protection with ventilated facade
systems; the roof solar protection with roof pond or ventilated roof solutions; and the reduction of
the solar absorptance of the envelope and windows with suitable shading devices. These solutions,
together with a night-time natural ventilation rate of 8 ACH, achieve a maximum decrease in the
average indoor temperature of 1-2.5 °C, reducing the maximum and minimum indoor temperature by
1-2 °C, and the percentage of discomfort hours by 8-17%.

This study is proposed as a first-stage assessment tool for checking the feasibility of different
passive conditioning solutions, to be completed with an analysis of combined solutions and an adequate
optimization of the whole. Future studies should evaluate the embodied energy increasement that
entails the proposed changes on the envelope. Although the use of passive measures supposes
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significant improvements in the buildings energy performance, it will be necessary to incorporate
renewable energies to achieve the 2050 requirements.
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