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Abstract: The Passive House (PH) concept is considered an efficient strategy to reduce energy
consumption in the building sector, where most of the energy is used for heating and cooling
applications. For this reason, energy efficiency measures are increasingly implemented in the
residential sector, which is the main responsible for such a consumption. The need for professionals
dealing with energy issues, and particularly for architects during the early stages of their architectural
design, is crucial when considering energy efficient buildings. Therefore, architects involved in
the design and construction stages have key roles in the process of enhancing energy efficiency in
buildings. This research work explores the energy efficiency and optimized architectural design
for residential buildings located in different climate zones in Spain, with an emphasis on Building
Performance Simulation (BPS) as the key tool for architects and other professionals. According to a
parametric analysis performed using Design Builder, the following optimal configurations are found
for typical residential building projects: North-to-South orientation in all the five climate zones, a
maximum shape factor of 0.48, external walls complying with the maximum U-value prescribed by
Spanish Building Technical Code (0.35 Wm−2K−1) and a Window-to-Wall Ratio of no more than 20%.
In terms of solar reflectance, it is found that the use of light colors is better in hotter climate zones A4,
B4, and C4, whereas the best option is using darker colors in the colder climate zones D3 and E1.
These measures help reaching the energy demand thresholds set by the Passivhaus Standard in all
climate zones except for those located in climates C4, D3 and E1, for which further passive design
measures are needed.

Keywords: energy efficiency; dynamic building simulation; passive house; building energy
performance; passive strategies

1. Introduction

Nowadays, a wide consensus has been achieved upon the importance of good architectural
design and its relationship with energy consumption [1]. As a matter of fact, energy efficiency in
the residential sector is one of the priority objectives of the European Union, which in the Directive
2010/31/EU requires 20% reduction in emissions of global warming gases, 20% reduction in energy
consumption, and 20% increment in the use of renewable energies with respect to 1990 levels [2].

It is estimated that energy savings up to 27% will be achieved in residential buildings by 2020 as
per Directive 2012/27/EU and Directive 2018/844/UE [3,4]. The impact of buildings is significant, and
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amounts to approximately 40% of global energy consumption and one third of global greenhouse gas
(GHG) emissions [5].

When it comes to the construction of dwellings in the Spanish Mediterranean area, what is found
is a general and widespread lower energy efficiency than other countries within the European Union
facing the Mediterranean basin [6].

In typical Spanish dwellings, energy consumption due to heating and cooling represents
approximately 48% of the total energy used [7]. To help architects and designers reduce the operational
energy consumption of buildings, the Spanish Technical Building Code (CTE) recommends the
application of a tool called LIDER-CALENER GT (HULC) [8,9]. Such a tool is used to verify the
compliance of the project with the prescriptions set by CTE’s basic document DB-HE, as well as for
evaluating the energy demand with respect to the DB-HE1’s requirements (item 2.2.1) regarding the
limitation of the energy demand in residential buildings.

In the light of the above, the Passive House standard is rapidly spreading all over the world with
approximately 25,000 passive houses in use worldwide [10]. Several authors [11–13] claim that they
can save up to 50% of the total primary energy consumption. A comparison between certified passive
houses and generic low-energy houses revealed that passive house CO2 emissions were approximately
25–40% lower, with only a 5% of increase in initial construction costs [14].

Various studies indicate that passive design measures and orientation have a considerable influence
on energy efficiency, comfort and safety. There are several researches work whose objective is to discuss
the implementation of passive strategies in order to reduce the energy demand in buildings [15–17].

An adequate practice of passive design involves several aspects of building design [18,19] such as
the orientation of the main façades and windows, the choice of appropriate walls’ materials, thermal
insulation and Window-to-Wall Ratio (WWR), along with the design of shading devices and the
implementation of natural ventilation techniques [20–24].

The PH concept furthers the traditional passive building approach by improving thermal comfort
conditions at minimum energy costs [25]. The distinctive features of the PH standard, as prescribed in
the updated official website [26,27], are:

• Space heating demand: not to exceed 15 kWhm−2 annually or not to exceed 10 Wm−2 of
peak demand;

• Space cooling demand: matches the heat demand requirements with an additional,
climate—dependent allowance for dehumidification;

• Primary energy demand: not to exceed 120 kWhm−2 annually for all domestic applications
(heating, cooling, hot water and domestic electricity);

• Air tightness: air leakages should be kept below 0.6 air changes per hour at 50 Pa pressure
difference (to assess on—site through a blower—door test).

• Thermal comfort for summer operation: a maximum of 10% of hours in a year exceeding 25 ◦C
can be accepted (overheating criterion);

• High thermal insulation values in all components of the building envelope (typical U values
between 0.6 and 0.15 Wm−2K−1).

The vast majority of passive structures have been built in northern and central European countries,
but there is a significant interest for research and development targeted to the adaptation of passive
houses under different climatic conditions, especially for the Mediterranean climate. In this sense,
the standard allows for exceeding the overheating temperature threshold of 25 ◦C for no more than
10% of the cooling period in warmer climates [28]. The main problem when adapting buildings on
the Mediterranean coast to the PH standard is that cooling needs must be taken into great account in
summer in addition to heating demands in winter [29]. This research aims to highlight the effectiveness
of the application of passive house principles on new buildings in the early design stage of residential
buildings projects in the Mediterranean zone. Applying the principles of passive design to new
buildings costs little or nothing while also responding to local climate and site conditions to maximize
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building users’ comfort and health while minimizing energy use. Architects, designers, builders and
stakeholders have to be aware of the opportunity raising from incorporating the principles of passive
houses in the early stages of a project. Moreover, the large number of opportunities in the market
today makes necessary for architects and designers to have a tool to assist them in identifying the best
combinations for any specific situation [30] in order to determine which design strategy should be
pursued more actively to achieve better energy performance. In this context, energy simulation is a
powerful tool to improve building design [31]. The use of Building Performance Simulation Tools
(BPSTs) offers the architects and designers In general a thorough understanding of the impact of several
design variables [32]. This sort of simulations cannot be carried out using semi steady state tool like
the Passive House Planning Package (PHPP, [33]) when it comes to consider a building’s summer
behavior and thus inertial effects. With this in mind, parametric energy dynamic simulations were
performed to evaluate the effectiveness of passive house measures on new building design located in
Spain with different climate conditions.

Despite the importance of using BPSTs, most architects and designers committed to design passive
and low-energy buildings still do not use such tools, but rather rely on basic rules and environmental
design guidelines [34–36]. Due to this reason, communication with software developers is often
deficient [37]. Technical and non-technical barriers have been detected that prevent adopting BPSTs
in the context of design, and producing a usage gap that will only begin to be solved when users
will be prepared to properly interpret the results of simulations [38]. Since the late 1990s, software
developers and researchers have tried to provide efficient visualization systems in which designers can
easily compare and evaluate alternatives along with their proposals [39,40]. In order to understand the
results of a simulation and make design decisions based on them, there is a need to research these
aspects of architectural design [41,42]. There are examples of data visualizations which relate the
decision-making process of design with objectives [43]. A powerful and meaningful way to explore
several design solutions, and their impact on the resulting operational energy demand, is given by
a parametric analysis of selected key variables [44]. The parametric sensitivity analysis is used to
understand how the input parameters propagate through the model [45]; it is usually accomplished by
assigning ranges of values in order to “evaluate the influence or relative importance of each input and
output” [46]. In order to facilitate the interpretation of data, users must be provided with the ability to
compare and relate information [47]. In the following research work, two main objectives are taken into
account. The first objective is to provide building designers with suggestions for the achievement of
low-energy building design within the five climate zones in Spain through the use of passive strategies.
The second one is to help designers understand the complexity of the simulation outcomes through
graphic representations that relates the results of the simulations with architectural design decisions.

2. Methodology

The research aims to highlight the effectiveness of the application of passive house principles
on new buildings. To this purpose, parametric energy dynamic simulations were performed to
evaluate the effectiveness of passive house measures on new buildings located in Spain under different
climate conditions.

In this section, the different types of buildings representative of typical house dwellings in Spain
are first introduced and discussed. Then, the design parameters taken into account for running a
parametric analysis of different design options are presented. Finally, the different climate conditions
pertaining to several climate zones where the buildings are simulated are explained.

2.1. Building Types and Simulation Parameters

In order to consider the building types that are most representative of the residential building stock
in Spain, the classification resulting from the analysis of statistical data obtained from the Rehenergía
project [48] and from the Spanish National Statistics Institute (INE data base [49]) has been used, with
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a focus on multi-dwelling units (MDUs). This is why the resulting simulation space does not take into
account further variations possible through a brute-force parametric approach.

Table 1 shows the building types analyzed in this research. They are the AT1b with a prominent
linear shape, and the AT2 and AT3 types that are both cubic and hollow but show different shape
factors (i.e., different ratios of the heat transfer surface to the enclosed volume).

Table 1. Building types analyzed.

Building Types Dimensions (m) Volume (m3) Aext (m2) Shape Factor (—)

Building A
Linear without hollow volumes, four

storey, with an average dwelling area of
80 m2 and height of 2.8 m

AT1b
(60 × 15 × 11.20 m)
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As mentioned in the introduction, the study is based on dynamic simulations carried out using
the Energy Plus software through the Design Builder graphical interface [50]. A total number of 300
simulations are accomplished. A first set of simulations-for a total number of 240 models-considers
the parametric variations of climate zones (5), building types (3), building orientation (4), U-values of
external walls (2) and their external solar reflectance values (2). For such group of simulations, the
parameter held constant is the Window-to-Wall Ratio (WWR), for which a constant value of 20% has
been used for all facades. On the other hand, the second set of simulations includes 60 models and
considers the parametric variations of climate zones (5), building types (3) and building orientation (4).
The parameters considered constant in this case are the WWR (40% for all the facades), the U-value for
the external walls (U = 1.58 Wm−2K−1) and walls solar reflectance (equal to 0.64). All these variations
are summarized in Figure 1.

Table 2 summarizes all the simulation parameters, mostly referring to the Spanish regulations in
force [6]. Simulations are carried out using the set back and set point temperature schedules presented
in Table 3, i.e., heating and cooling ideal loads air systems are supposed to be in use whenever needed
for keeping indoor air temperature within the temperature ranges set (17 to 20 ◦C in winter and 25 to
27 ◦C in summer respectively).

Table 2. Parameters variation assessed in the simulations.

Design Parameters Abbreviations

Building type A, B, C
Building rotation with respect to the North (◦) 0◦, 60◦, 90◦,120◦

U—values of the external walls (Wm−2K−1) E1 = 1.58 , E2 = 0.35
Solar reflectance (Albedo, adimensional) â1 = 0.64, â2 = 0.2

Window—to—wall ratio (WWR, %) W1 = 20%, W2 = 40%
Climate zone A4, B4, C4, D3, E1
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Table 3. Simulations schedules.

Hours 1–7 8 9–15 16–18 19 20–23 24

Cooling temperature (◦C)
June to September 27 — — 25 25 25 27

Heating temperature (◦C)
January to May 17 20 20 20 20 20 17

October to December 17 20 20 20 20 20 17
Sensible heat from occupants (W/m2)

Weekdays 2.15 0.54 0.54 1.08 1.08 1.08 2.15
Weekends 2.15 2.15 2.15 2.15 2.15 2.15 2.15

Latent heat from occupants (W/m2)
Weekdays 1.36 0.34 0.34 0.68 0.68 0.68 1.36
Weekends 1.36 1.36 1.36 1.36 1.36 1.36 1.36

Lighting (W/m2)
Everyday 0.44 1.32 1.32 1.32 2.2 4.4 2.2

Equipments (W/m2)
Everyday 0.44 1.32 1.32 1.32 2.2 4.4 2.2

The first parameter considered is the orientation. The different orientations selected for the models
are taken from the Spanish Building Technical Code (SBTC). In order to define the type of orientation
of the different models, the 0◦ value corresponds to the East-West orientation whereas the 60◦ value
corresponds to the Northeast-Southwest orientation. In addition, the value equal to 90◦ corresponds to
the North-South orientation and the 120◦ value is related to the Northwest-Southeast orientation.
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The second parameter considered is the overall heat transfer coefficient (U-value, Wm−2K−1),
which determines the heat loss through the unit area of the envelope elements. It is common that
regulations impose a maximum U-value to control the heat loss of buildings and thus ensure reduced
energy consumption for heating and cooling. Since 68% of the current building stock in Spain was
constructed before 1979 [51], two different thermal transmittance values are considered for the external
walls, while keeping the U-values pertaining to the roof and to the windows as constant. The value
of 1.58 Wm−2K−1 corresponds to those buildings constructed before the above mentioned regulation
came into force, and the value of 0.35 Wm−2K−1 that corresponds to those built later. Table 4 describes
all the transmittance values of walls, roof, and windows in order. Roof with a slope wasn’t analyzed
because its parametric modeling can cause numerical problems during the simulations [52–54].

Table 4. Constructive characteristics of the building envelope with their parametric variations.

Envelope Component Layers U-value (Wm−2K−1)

External walls E1

1) External Brickwork 105 mm
Emissivity (ε): 0.9
Solar reflectance (â):
â1 = 0.64 â2 = 0.2
Visible absorptance: 0.7
2) Standard Insulation 5.7 mm
3) Internal Brickwork 105 mm
4) Internal Plaster 13 mm

1.58
(not meeting the SBTC
prescriptions)

External walls E2

1) Lightweight metal cladding e = 6 mm
Emissivity: 0.52
Solar reflectance (â):
â1 = 0.64 â1 = 0.2
2) XPS Extruded Polystyrene 90 mm
3) Gypsum Plasterboard 13 mm

0.35
(meeting the SBTC prescriptions)

Windows
(Constant Value)

1) Clear glazing 3 mm
2) Air gap 13 mm
3) Clear glazing 3 mm

1.96
(Table 2.3, meeting the SBTC
prescriptions)

Roof
(Constant Value)

1) Ceramic tile 20 mm
2) Mortar 20 mm
3) Waterproof coating 5 mm
4) Light—aggregate concrete 100 mm
5) Prefab hollow slab floor 200 mm
6) Gypsum plaster 15 mm
7) Air gap 100 mm
8) Rock wool 80 mm
9) Laminated gypsum board 15 mm

0.34
(meeting the SBTC prescriptions)

As far as solar reflectance is concerned, two different values have been considered: â1 = 0.64 that
corresponds to a light beige color, and the value â2 = 0.2 that corresponds to a generic darker color.

The last parameter varied during the simulations is the Window-to-Wall Ratio (WWR). The WWR
in the façade is a determining factor in terms of heat gains and losses through glazed surfaces. In order
to define this variable, SBTC 2006 is taken as a reference. The percentages selected range from 21 to 30%
and from 31 to 40%. It is considered that these values cover the usual spectrum of WWR in Spain [9].

2.2. Selection of Different Climate Zones

Research indicates that improving the insulation of buildings or saving the energy obtained from
conventional sources must not be abandoned [11–13] Therefore, buildings with solar and cooling
adaptation systems must be built since they are more effective in a climate like that of Spain. During
the coldest winter month, i.e., January, 50% of Spanish cities could be heated with active and passive
solar energy throughout the day. The remaining would need conventional heating only during the
night. In an average winter month, such as November or March, 90% of the Spanish cities could be
heated with solar contributions from passive and active systems. 80% of them would be worth heating
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only with passive solutions during the central hours of the day. In the hottest months, such as July
in the interior zone or August on the coast areas, comfort conditions can be obtained in buildings by
means of ventilation in the wettest areas, i.e., 26% of the cities. 56% of the other cities could be heated if
buildings were capable of maintaining nighttime temperatures during the day. This is possible because
the oscillation of temperatures ranges from 16 ◦C to 23 ◦C. Therefore, very few cities in Spain would
need to consume energy in air conditioning under good conditions of mass and thermal inertia in
buildings [16].

The climate zones established in the Basic Document of Energy Saving pertaining to the Technical
Building Code (DB-H) [9] have been identified according to expected energy demand of buildings and
gave rise to a total of 17 zones. Twelve of these zones are peninsular zones (established since 2006),
namely those tagged as A3, A4, B3, B4, C1, C2, C3, C4, D1, D2, D3, and E1. In 2013, five specific climate
zones were introduced corresponding to the Canary Islands (Alpha 1, 2, and 3, A2, and B2).

The nomenclature used defines the zones with a combination of its Winter Climate Severity (letter,
α, A, B, C, D, E from the mildest to the coldest winter), and its Summer Climate Severity (number, 1–4,
from the mildest to the hottest summer). The concept of climate severity is defined as the ratio of the
energy demand of a building to that of the same building in a reference location.

In this work, five climate zones out of the 17 zones are selected. The maximum numerical value
(numbers 1 to 4) is selected within each climate zone. It corresponds to the highest temperatures during
the summer. Therefore, the selection of zones A4, B4, C4, D3, and E1 is considered. The representative
cities for each zone are Almeria (latitude 36.85, longitude –2.38) within zone A4 and Seville (latitude
37.42, longitude –5.9) within zone B4. Caceres (latitude 39.47, longitude —6.33), Madrid (latitude 40.45,
longitude –3.55), and Burgos (latitude 42.35, longitude –3.67) are considered within climate zones C4,
D3, and E1 respectively (see Figure 2).
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Table 5 lists the main features of the selected climate zones. Their Heating Degree Days (HDD)
and Cooling Degree Days (CDD) are first calculated on the basis of 20 and 25 ◦C respectively, while
dry bulb temperature, relative humidity and global horizontal radiation values are presented for both
the summer (from June to September) and the winter (January to March and October to December)
periods as average seasonal values.
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Table 5. Main characteristics of the different climates.

SBTC Koppen-Geiger
Classif. a HDD.20 b CDD.25 b

Dry Bulb
Temperature

(◦C)

Relative
Humidity (%)

Global
Horizontal
Radiation

(Wh m−2 h−1)

Wind Speed
(ms−1) c

Winter
A4 Cfa 1236 – 15.49 57.06 195.47 2.45
B4 Csa 1527 – 14.12 55.81 180.41 3.35
C4 Bsk 2088 – 11.56 56.38 142.36 3.10
D3 Cfa 2695 – 8.97 55.56 148.96 1.92
E1 Cfb 3234 – 6.69 56.44 143.37 4.65

Summer
A4 Cfa – 255 24.48 38.13 281.01 2.78
B4 Csa – 219 24.46 35.50 280.89 3.56
C4 Bsk – 256 22.82 38.00 264.01 2.52
D3 Cfa – 172 22.82 35.38 263.48 1.72
E1 Cfb – 32 17.99 37.88 223.46 4.54

a Koopen Classification according to Iberian Climate Atlas, by AEMET. b These data are extracted from Energy
+ Weather Data, with which the simulations have been accomplished as per SBTC Spanish Standard.c AEMET
https://datosclima.es/Aemethistorico/Vientostad.php year 2018.

3. Results and Discussion

This section presents the results of the 300 simulations carried out for the different climate zones.
The best and worst thermal models for each climate conditions are shown and commented, as well
as the characteristics that mostly influence their energy demand. Finally, a comparison of the results
according to the different climates and with respect to the PH standard compliance is reported.

3.1. Models Calibration and Graphical Presentation of the Results

As a measure of quality control of the simulations outcomes, the results of this research have been
preliminary checked against the values established by the Spanish Institute of Energy Diversification
and Saving (IDAE), which has determined the energy consumption and costs of the Spanish households
thanks to in situ measurements of about 600 households in different climate zone of Spain. Such
values can be considered as reference for both the heating and cooling demands in multi—dwelling
units [55,56]. The Design Builder (DB) values presented in Figure 3 correspond to the average of the
300 models simulated. As it can be seen, the average values obtained with DB simulations are very
close to those obtained from IDAE. The biggest difference is found when estimating the space heating
demand in climate zone A4 (18% difference).
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Figure 3. Comparison of total energy demand Q [kWh/m2] with validated IDAE models.
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Given the high number of simulations and the amount of resulting data, great attention has
been paid also to the presentation of the results in a concise manner. As the purpose of this study is
to examine the energy demand linked to the architectural design, the results are presented mainly
through histograms and relying on the nomenclature and symbols defined in Section 2.1 that help to
link the design strategy with the numerical results. The value equal to 15 kWhm−2, and relevant to
the PH standard energy demand threshold, has also been reported in the graphs in order to easily
appreciate the fulfillment of the requirement.

Finally, the criterion chosen for defining the best design solution is that of the lowest energy
demand for cooling (Q-cool), heating (Q-heat) and total (heating and cooling, Q). The opposite applies
for identifying the worst design solutions.

3.2. Climate Zone A4

Figure 4 shows that the lowest heating energy demand is associated to model A
(Q-heat = 0.84 kWhm−2) when rotated 90◦ using envelope E2 (U = 0.35 Wm−2K−1), as well as a
WWR equal to W1 (20%), dark colors â2 (0.2), and a lower shape factor (0.26). On the other hand, the
lowest cooling energy demand (Q-cool = 8.06 kWhm−2) is associated to model B when rotated 0◦ and
90◦ using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W1 (20%), light colors â1 (0.8),
and a lower shape factor (0.26). Therefore, the optimal design parameters when considering both the
heating and the cooling energy demands happen to occur when lower shape factors (0.26) and a lower
WWR (20%) are taken into account.
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The worst model when considering the heating energy demand (Q-heat = 23.80 kWhm−2)
corresponds to model C when rotated 120◦ from the North using envelope E1 (U = 1.58 Wm−2K−1), as
well as a WWR equal to W1 (20%), light colors â1 (0.8), and a greater shape factor (0.48). As for the
cooling energy demand, the highest value (Q-cool = 28.02 kWhm−2) is associated to model C when
rotated 60◦ and 120◦ from the North using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal
to W2 (40%), light colors â1 (0.8), and a greater shape factor (0.48). Due to this fact, the higher the
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WWR (0.48), the greater the amount of solar radiation penetrating the interior of the building and
therefore the more cooling energy demand needed [55].

On the other hand, when it comes to the appraisal of the total energy demand, the best model
coincides with the best one pertaining to the lowest heating energy demand, except for the solar
reflectance (â). In this particular case, the best model includes using light façade colors (â1 = 0.8)
with a value of the overall consumption equal to Q = 14.17 kWhm−2. However, the worst model
corresponds to model C (Q = 39.80 kWhm−2) when rotated 60◦ and 120◦ from the North using envelope
E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W2 (40%), light colors â1 (0.8), and a greater shape
factor (0.48). Therefore, the worst model with regard to the total energy demand coincides with the
lowest cooling energy demand.

3.3. Climate Zone B4

Figure 5 shows the analysis of the results pertaining to climate zone B4. The best model within
zone B4 regarding the lowest heating energy demand is associated to model A when rotated 90◦ using
envelope E2 (U = 0.35 Wm−2K−1), as well as a WWR equal to W1 (20%), dark colors â2 (0.2), and a lower
shape factor (0.26). It corresponds to the same model and characteristics relevant to that of climate zone
A4. In this particular case, the value of the heating energy demand equals 2.81 kWhm−2. Such value
doubles that of climate zone A4. As for the best model pertaining to the lowest cooling energy demand,
it is associated to model B when rotated 0◦ and 90◦ using envelope E1 (U = 1.58 Wm−2K−1), as well
as a WWR equal to W1(20%), light colors â1 (0.8), and a lower shape factor (0.26). It also coincides
with the best model relating to climate zone A4 (Q-cool = 7.69 kWhm−2), being slightly lower than the
cooling energy demand relevant to climate zone A4.
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The worst model considering the highest heating energy demand (Q-heat = 38.44 kWhm−2)
corresponds to model C when rotated 60◦ using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR
equal to W1 (20%), light colors â1 (0.64), and a greater shape factor (0.48). In this particular case, the
worst model is rotated 60◦ whereas the worst one is rotated 120◦ when considering climate zone A4.
All the remaining parameters are equal to those pertaining to climate zone A4. The highest cooling
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energy demand (Q-cool = 26.97 kWhm−2) is associated to model C when rotated 60◦ and 120◦ using
envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W2 (40%), light colors â1 (0.64), and a
greater shape factor (0.48).

As for the total energy demand (Q = 16.05 kWhm−2), the best model does not coincide with
the value obtained in the case of the heating energy demand, since the envelope is different. Due to
this reason, light colors are recommended. In addition, the worst model in terms of the total energy
demand within this climate zone (Q = 50.26 kWhm−2) corresponds to model C when rotated 60◦ and
120◦ using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W2 (40%), light colors â1

(0.64), and a greater shape factor (0.48).

3.4. Climate Zone C4

Figure 6 shows the analysis of the results pertaining to climate zone C4. The best model within
zone C4 is the same as those obtained within climate zones A4 and B4. The lowest heating energy
demand (Q-heat = 11.16 kWhm−2) is associated to model A when rotated 90◦ and using envelope E2
(U = 0.35 Wm−2K−1), as well as a WWR equal to W1 (20%), dark colors â2 (0.2), and a lower shape
factor (0.26). The lowest cooling energy demand (Q-cool = 4.3 kWhm−2) is associated to model B when
rotated 0◦ and 90◦ and using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W1 (20%),
light colors â1 (0.64), and a lower shape factor (0.26).
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Considering the heating energy demand, the worst model coincides with that of climate zone B4
(Q-heat = 70.11 kWhm−2). It corresponds to the highest heating energy demand associated to model C
when rotated 60◦ and using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W1 (20%),
light colors â1 (0.64), and a greater shape factor (0.48) (i.e., C-60◦-E1w1â1). As for the cooling energy
demand, it coincides with the worst model pertaining to climate zones A4 and B4. The highest cooling
energy demand (Q-cool = 18.43 kWhm−2) is associated to model C when rotated 60◦ and 120◦ and
using envelope E1 (U = 1.58 Wm−2K–1), as well as a WWR equal to W2 (40%), light colors â1 (0.64),
and a greater shape factor (0.48) (i.e., C-60◦ and 120◦-E1w2â1).



Sustainability 2019, 11, 4816 12 of 22

As for the total energy demand (Q), the optimal model coincides with those of climate zones A4
and B4. This configuration is given by model A (Q = 20.33 kWhm−2) when rotated 90◦ and using
envelope E2 (U = 0.35 Wm–2K–1), as well as a WWR equal to W1 (20%), light colors â1 (0.64), and a
lower shape factor (0.26) (i.e., A-90◦-E2w1â1). However, the worst model in terms of the total energy
demand within this climate zone C4 does not coincide with those of the remaining climate zones. The
highest value of the total energy demand corresponds to model C (75.23 kWhm−2) when rotated 60◦

and using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W1 (20%), light colors â1 (0.64),
and a greater shape factor (0.48). (i.e., C-60◦-E1w1â1). Therefore, the worst model with regard to the
total energy demand does not correspond to the worst one relevant to the cooling energy demand.
This difference lies in the WWR. In fact, the worst model corresponds to a lower WWR (20%) whereas
the worst model when considering climate zones A4 and B4 corresponds to a greater WWR (0.48).

3.5. Climate Zone D3

Figure 7 shows the analysis of the results pertaining to climate zone D3. The lowest heating
energy demand within zone E1 is the same as those obtained within climate zones A4, B4, and C4. It
corresponds to model A when rotated 90◦ and using envelope E2 (U = 0.35 Wm−2K−1), as well as a
WWR equal to W1 (20%), dark colors â1 (0.64), and a lower shape factor (0.26). This corresponds to the
model A-90◦-E2w1â2 with a value of the heating energy demand equal to 20.29 kWhm−2. However,
the lowest cooling energy demand within zone D3 corresponds to model B (Q-cool=4.29 kWhm−2)
when rotated 0◦ and 90◦ and using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W1
(20%), light colors â1 (0.64), and a lower shape factor (0.26), i.e., B-0º and 90º-E1w1â1.
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Figure 7. Heating and cooling energy demand in climate zone D3.

The highest heating energy demand within zone D3 is the same as that of climate zone A4.
This model corresponds to a greater value of the heating energy demand associated to model C
(Q-heat=98.51 kWhm−2) when rotated 120º and using envelope E1 (U = 1.58 Wm−2K−1), as well as a
WWR equal to W1 (20%), light colors â1 (0.64), and a greater shape factor (0.48) (i.e., C-120◦-E1w1â1).
The highest cooling energy demand (Q-cool = 18.44 kWhm−2) coincides with those of climate zones
A4, B4, and C4. In this case it corresponds to a greater value of the cooling energy demand associated
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to model C when rotated 60◦ and 120◦ and using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR
equal to W2 (40%), light colors â1 (0.64), and a greater shape factor (0.48) (i.e., C-60◦ and 120◦-E1w2â1).

With regard to the total energy demand (Q), the best model is different from those of the climate
zones previously considered. In this particular case, such best model corresponds to model A
(Q = 29.41 kWhm−2) when rotated 90◦ and using envelope E2 (U = 0.35 Wm−2K−1), as well as a WWR
equal to W1 (20%), dark colors â2 (0.2), and a lower shape factor (0.26). For the first time the use of
dark colors results in a reduction of the overall consumption. On the other hand, the worst model
does not coincide with the one defined for zone C4. In this particular case, it corresponds to model
C (Q=103.63 kWhm−2) when rotated 120◦ and using envelope E1 (U = 1.58 Wm−2K−1), as well as a
WWR equal to W1 (20%), light colors â1 (0.64), and a greater shape factor (0.48) (C-120◦-E1w1â1). The
orientation in this case is 120◦ whereas that of zone C4 is 60◦.

3.6. Climate Zone E1

Figure 8 shows the analysis of the results pertaining to climate zone E1. The lowest heating
energy demand within zone E1 is the same as those obtained within all the climate zones previously
considered. It corresponds to model A-90◦-E2w1â2 with a value of heating energy demand equal to
30.14 kWhm−2. However, the lowest cooling energy demand within zone E1 corresponds to model C
(Q-cool = 0.14 kWhm−2) when rotated 90◦ and using envelope E1 (U = 1.58 Wm−2K−1), as well as a
WWR equal to W1 (20%), light colors â1 (0.64), and a greater shape factor (0.48).
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The highest heating energy demand within zone E1 is the same as that of climate zone
D3. This worst model corresponds to the highest heating energy demand associated to model
C (Q-heat=126.04 kWhm−2) when rotated 120◦ using envelope E1 (U = 1.58 Wm−2K−1), as well as a
WWR equal to W1 (20%), light colors â1 (0.64), and a greater shape factor (0.48). The worst model in
terms of the cooling energy demand (Q-cool = 4.01 kWhm−2) is different from the rest of the zones
analyzed previously. In this case it corresponds to the highest cooling energy demand associated to
model C when rotated 120◦ and using envelope E2 (U = 0.35 Wm−2K−1), as well as a WWR equal
to W1(20%), dark colors â2 (0.8), and a greater shape factor (0.48). The parameter varied is the
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transmittance of the wall E2 (U = 0.35 Wm−2K−1). In the previous climate zones, it corresponds to the
value E1 (U = 1.58 Wm−2K−1).

The lowest total energy demand within zone E1 is the same as that of zone D3. The best
model corresponds to model A (Q = 31.67 kWhm−2) when rotated 90◦ and using envelope E2
(U = 0.35 Wm−2K−1), as well as a WWR equal to W1 (20%), dark colors â2 (0.2), and a lower shape
factor (0.26). On the other hand, the highest total energy demand is that of zone D3. In this particular
case it corresponds to the highest total energy demand associated to model C (Q = 126.19 kWhm−2)
when rotated 120◦ using envelope E1 (U = 1.58 Wm−2K−1), as well as a WWR equal to W1 (20%), light
colors â1 (0.64), and a greater shape factor (0.46). Both models are similar to that of climate zone D3.

3.7. Climates Cross-Comparison

Table 6 shows the comparison between the optimal models and the worst ones with respect to the
different climate zones. The results show how building A, which corresponds to a linear block, is the
optimal shape with regard to the heating energy demand and the total energy demand. They also
indicate that model C, which is the one with the greatest shape factor (0.48), presents the highest energy
demand values. Heating in Spain is the main responsible for energy consumption. In colder climates
such as E1, the amount of heat loss through the envelope is greater than the amount of heat that can be
gained when increasing the external surface receiving solar radiation. Therefore, a proportionality is
established between the increment of the shape factor (i.e., with a lower index of compactness) and
the increment of the energy needed for heating [57]. Accordingly, this research work shows that the
optimal model is that with the lowest shape factor.

Table 6. Summary of the best and worst configurations for each climate.

Best Models Worst Models

Climate zone Q_heat Q_cool Q Q_heat Q_cool Q

A4 A-90◦-
E2w1â2

B-0/90◦-
E1w1â1

A-90◦-
E2w1â1

C-120◦-
E1w1â1

C-60◦/120◦-
E1w2â1

C-60◦ and
120◦-E1w2â1

B4 A-90◦-
E2w1â2

B-0/90◦-
E1w1â1

A-90◦-
E2w1â1

C-60◦-
E1w1â1

C-60◦/120◦-
E1w2â1

C-60◦ and
120◦-E1w2â1

C4 A-90◦-
E2w1â2

B-0/90◦-
E1w1â1

A-90◦-
E2w1â1

C-60◦-
E1w1â1

C-60◦/120◦-
E1w2â1

C-60◦-
E1w1â1

D3 A-90◦-
E2w1â2

B-0/90◦-
E1w1â1

A-90◦-
E2w1â2

C-120◦-
E1w1â1

C-60◦/120◦-
E1w2â1

C-120◦-
E1w1â1

E1 A-90◦-
E2w1â2

C-0/90◦-
E1w1â1

A-90◦-
E2w1â2

C-120◦-
E1w1â1

C-120◦-
E2w2â1

C-120◦-
E1w1â1

As for the orientation, the North-South orientation (0◦ and 90◦) of the main façades is the best
one. The design of buildings oriented to the North-South axis is recommended, with the largest façade
oriented to the south. Orientation is one of the parameters that has the most impact on the design
of buildings. Most books, guides or manuals on passive solar techniques recommend a southerly
orientation, although consensus is based on the fact that the best option is an orientation of 20–30◦ to
the south [58]. This has to do with the fact that the southern side of a building receives the maximum
amount of solar radiation whereas the northern side receives the minimum amount of solar radiation
(i.e., just its diffuse component).

Accordingly, in the current research, the optimal orientation found in the five climate zones for
models A, B and C is 90◦ (North-South), the best model being A while the worst being C.

As for the thermal transmittance of the external walls, the best configuration is that complying
with the SBTC (0.35 Wm−2K−1) and showing the lowest WWR (20%). In terms of solar reflectance, it is
found that in climate zones A4, B4, and C4 the use of light colors is better, whereas in climate zones D3
and E1 the best option is using darker colors.

On the other hand, the worst configuration is found for the C-60◦ and 120◦ from the North model,
with walls U-value not complying with the SBTC prescriptions (1.58 Wm−2K−1). Regarding the WWR,
in zones A4 and B4 the use of larger WWR’s is unfavorable, while the use of lower WWR is unfavorable
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when considering zones C4, D3, and E1. With respect to solar reflectance, it is pointed out that the
worst case is given by the use of light colors in all climates.

3.8. Sensitivity Analysis of the Most Important Parameters

This section comments the results of a sensitivity analysis carried out on the parameters architects
and design professionals should particularly take care of as they mostly affect the energy needs of the
buildings: WWR, solar reflectance and U-values of the external walls.

Figure 9 analyzes the variations of these parameters according to all the climate zones, with
positive values expressing an increase and negative values indicating reductions.

The graphic is divided into three parts; each of them corresponds to a specific variation in the
architectural design. The first variation corresponds to the reduction of the WWR from 40% to 20%,
and is depicted in the top row.

The second one is the variation from light to darker color when the thermal transmittance of the
envelope meets SBTC prescriptions. The base model has a value of â1 equal to 0.64, while the final
model has a value â2 equal to 0.2. The third variation is that from a light color to a darker one when
the thermal transmittance does not comply with SBTC.

Figure 9 shows that, when the WWR is reduced (top row), the heating energy demand gets
increased. The increments obtained in the different climates are of 6.91 kWhm−2 for climate zone
A4, 8.29 kWhm−2 for climate zone B4, 7.73 kWhm−2 for zone C4, 8.35 kWhm−2 for zone D3 and
8.02 kWhm−2 for climate zone E1.

The second variation (i.e., middle row) corresponds to the shift from light to dark colors when
the thermal transmittance of the envelope does not meet the SBTC requirements. It is found that in
such particular case the cooling energy demand increases as following: in climate A4 of 0.78 kWhm−2,
in climate B4 of 0.73 kWhm−2, in climate C4 the increase is of 0.47 kWhm−2, while for climates D3
and E1 they amount to 0.46 kWhm−2 and 0.14 kWhm−2 respectively. On the other hand, it can be
noted that the heating energy demand gets reduced in a range of 1.3 kWhm−2 for climate zone A4 to
1.88 kWhm−2 for climate zone E1.

Finally, the third variation corresponds to a shift from light to dark colors when the thermal
transmittance does not comply with the SBTC requirements. It is found that the heating demand gets
reduced of the following amount: 0.59 kWhm−2 in climate zone A4, 0.58 kWhm−2 in climate zone B4,
0.53 kWhm−2 in climate zone C4, 0.52 kWhm−2 in climate zone D3 and 0.31 kWhm−2 in climate zone
E1. On the other hand, the cooling energy demand increases in a range of 0.12 kWhm−2 for climate
zone A4 to 0.45kWhm−2 for climate zone E1.
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4. Compliance with the PH Standard

This section deals with the compliance of the simulated models with the PH threshold of
15kWhm−2 for heating and cooling purposes. Red values shown in Figure 10 correspond to the heating
values that are lower than the PH standard, while the blue values correspond to the cooling values
meeting the PH standard.Sustainability 2019, 11, x FOR PEER REVIEW 19 of 24 
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A-E2w1â2 2.39 22.90 6.19 22.46 19.31 16.06 32.21 15.99 46.14 3.65
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A-E2w1â1 2.75 22.78 6.79 22.32 20.17 15.95 33.28 15.88 47.35 3.57

A-E2w1â2 2.54 23.80 6.45 23.31 19.59 16.80 32.52 16.73 46.47 4.00

Rotation 90 A-E1w2â1 11.34 26.61 22.70 25.56 54.10 17.28 80.89 17.31 108.66 3.04

A-E1w1â1 23.47 9.63 38.10 8.99 69.77 4.81 98.20 4.78 125.71 0.12

A-E1w1â2 21.27 11.16 35.43 10.42 66.93 5.71 94.93 5.70 122.24 0.20

A-E2w1â1 2.59 21.93 6.53 21.48 19.89 15.23 32.98 15.17 47.04 3.26

A-E2w1â2 2.39 22.90 6.19 22.46 19.31 16.06 32.21 15.99 46.14 3.65

Rotation 120 A-E1w2â1 11.78 28.02 23.29 26.97 54.68 18.43 81.46 18.44 109.28 3.49

A-E1w1â1 23.80 10.21 38.42 9.52 70.06 5.14 98.51 5.12 126.04 0.15

A-E1w1â2 21.61 11.80 35.77 11.04 67.24 6.11 95.27 6.11 122.61 0.25

A-E2w1â1 2.76 22.82 6.79 22.33 20.15 15.98 33.33 15.92 47.41 3.59

A-E2w1â2 2.55 23.83 6.45 23.35 19.57 16.85 32.56 16.77 46.53 4.02
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Figure 10. Cont.
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The first conclusion that can be drawn is that buildings located in climate zones C4, D3, and E1
deserve more detailed studies since their design according to basic passive design measures does not
allow meet the PH standard requirements. Looking closer, models A and B that present a shape factor
of 0.26 generally meet the PH criterion when considering climate zones A4 and B4. On the contrary,
model C does not meet the standards in such climates.

When the heating energy demand column is analyzed, it can be noted that in climate zones A4
and B4 most of the demand is below 15 kWhm−2. On the other hand, as long as climate zones become
more severe during the winter (i.e., climate zones D3 and E1), the heating energy demand is never
below 15 kWhm−2. If the shape factor is considered, models A and B (i.e., those models with a shape
factor of 0.26) do meet the PH standard, whereas the heating demand pertaining to model C is seldom
below 15 kWhm−2.

As for the cooling energy demand column, the opposite results are obtained. It is observed that in
climate zones E1 and D3 most of the cooling demand is below 15 kWhm−2. On the other hand, as long
as climate zones become more severe during the summer (i.e., climate zones A4 and B4), only few
models present demand values below 15 kWhm−2. As far as the shape factor is concerned, the same
behavior described above is found. Models A and B do meet the PH standard, whereas if considering
model C the cooling demand is seldom below 15 kWhm−2. According to Figure 10, in climate zones
such as those of Spain, heating must be the main focus with regard to the design of buildings in order
to comply with the PH standard.

5. Conclusions

This research work is intended to support building designers and professionals during the early
design stages of residential buildings located in Spain by providing an energy analysis of different
architectural strategies typically implemented in passive design.

Three building types representative of the multi-dwelling units (MDUs) stock are simulated
through a parametric analysis in Design Builder. For each typology, parameters such as orientation,
Window-to-Wall Ratio (WWR), shape factor, outer walls construction, color of the envelope, and
climate zones are evaluated, resulting in 300 simulations. Such parameters have been graphed and
related with the building design, so that the energy demand for space heating and cooling can be
directly related with the specific design parameters, and the communication gap between simulation
outputs and architects’ understanding of them closed.

Regarding the heating demand, the best model turns out to be A-90◦-E2w1â2 for all climates. It is
defined by using the thermal transmittance that meets the SCTB (U = 0.35 Wm−2K−1), as well as a low
WWR (20%) along with dark colors (â2 = 0.2). Regarding the worst model, it is found to be the C-60◦

and 120◦ from the North when using a thermal transmittance that does not comply with the SCTB
(U = 1.58 Wm−2K−1), as well as the lowest percentage of WWR (20%) and light colors (â1 = 0.64).

Regarding the cooling demand, the best model is not the same in all climate zones. In zones A4,
B4, C4, and D3, it is B-0◦ oriented 90◦ from the North when using a thermal transmittance that does
not comply with the SCTB as well as the lowest percentage of WWR (20%) and light colors (E1w1â1).
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As for the E1 climate zone, the best configuration is found when using external walls whose thermal
transmittance does not comply with the SCTB (U = 1.58 Wm−2K−1), having a low value of the WWR
parameter (20%) and light colors for finishing (â1 = 0.64). Regarding the worst model, it always turns
out to be the same one in all climate zones, i.e. C—60◦ and 120◦ from the North-E1w2â1. In such
cases the thermal transmittance does not comply with the SCTB (U = 1.58 Wm−2K−1), the greatest
percentage of WWR (40%) is used and the colors considered are light (â1 = 0.64).

Regarding the total energy demand, the best model in climate zones A4, B4, and C4 is A-90◦-E2w1â1.
It is defined using the thermal transmittance that meets the SCTB (U= 0.35 Wm−2K−1), as well as the
lowest percentage of WWR (W1 = 20%) when using light colors (â1 = 0.64). On the contrary, the best
model in climate zones D3 and E1 is A-90◦-E2w1â2. It is defined using the thermal transmittance that
meets the SCTB (U = 0.35 Wm−2K−1), as well as the lowest percentage of WWR (W1 = 20%) when
using dark colors (â2 = 0.2). Regarding the worst model in climate zones A4 and B4, it happens to
be the C-60◦ and 120◦ ones when using the thermal transmittance of the wall that does not comply
with the SCTB (U = 1.58 Wm−2K−1), as well as the lowest percentage of WWR (20%) when using light
colors (â1 = 0.64). Regarding climate zones C4, the worst model is C-60◦-E1w1â1. It is defined using
the thermal transmittance that does not comply with the SCTB (U = 1.58 Wm−2K−1), as well as the
lowest percentage of WWR (W1 = 20%) when using light colors (â1 = 0.64). As for climate zones D3
and E1, the worst model is C-120◦-E1w1â1. It is defined using the thermal transmittance that does
not comply with the SCTB (U = 1.58 Wm−2K−1), as well as the lowest percentage of WWR (W1=20%)
when using light colors (â1 = 0.64).

Most parameters produce contradictory effects when comparing the heating and cooling demands.
As for the shape factor, if considering square building the heating energy demand reaches its minimum
value when the façades are oriented directly to the four cardinal points. In a rectangular building, the
heating demand is reduced as the façade facing east is smaller. The reduction of the WWR causes the
heating demand to decrease and the cooling demand to increase; this is beneficial for climate zone E1
but harmful for A4. In addition, the reduction in the WWR when considering A4 climates helps the
users to reduce the cooling energy demand while the same action in cooler areas worsens the heating
energy demand.

Regarding the reflectance of the materials, in climate zone A4 the use of reflective and selective
cold materials is beneficial. When considering E1 (U = 1.58 Wm−2K−1), the use of absorptive materials
is definitely recommended. In cooler zones such as E1, it is instead recommended to use darker colors
while in warmer zones such as A4 it is recommended to use lighter colors (â1 = 0.64).

Finally, those buildings located in climate zones C4, D3, and E1 require more detailed analysis
since their design does not meet the PH standard according to the basic passive design measures
discussed. It was demonstrated the importance to applying the passive house principles in early
design phases in order to reduce energy consumptions. The adoption of useful tool like dynamic
simulations software can help architects, designs, builders and stakeholders in the decision—making
process to recognize that the PH model is one of the most effective ways of reducing carbon emissions.

More efficient designs can be obtained by using appropriate passive strategies which will be
accomplished by building designers committed and aware of the current situation in order to comply
with the requirements of European energy policies. Although considering the users’ habits is still a
pending issue, using passive strategies is definitely a breakthrough in the design of efficient buildings.

Author Contributions: Conceptualization, M.-M.F.-A., R.-A.G.-L.; methodology, R.-A.G.-L.; software, M.-M.F.-A.,
V.C., F.N.; validation, M.-M.F.-A., R.-A.G.-L.; formal analysis, M.-M.F.-A., V.C., F.N.; investigation, M.-M.F.-A.;
resources, R.-A.G.-L.; data curation, J.M.d.R.; writing—original draft preparation, M.-M.F.-A., F.N.; writing—review
and editing, M.-M.F.-A., V.C., F.N.; visualization, R.-A.G.-L.; supervision, V.C., F.N., R.-A.G.-L.; project
administration, R.-A.G.-L., F.N.; funding acquisition, R.-A.G.-L., F.N.

Funding: The authors wish to thank Fundación Universitaria CEU San Pablo for the predoctoral scholarship
granted to co-author Maria-Mar Fernandez-Antolin within its FPI Program.

Acknowledgments: Thanks are due to Arie Group from the Institute of Technology within Universidad CEU San
Pablo and the laboratory within Universidad CEU San Pablo because of the Design Builder software licenses



Sustainability 2019, 11, 4816 20 of 22

provided. Finally, the authors wish to thank both CEINDO CEU and Banco Santander for the international
mobility scholarship granted to co-author Maria-Mar Fernandez-Antolin in order to develop an external research
stay at Department of Civil Engineering and Architecture at the University of Catania.

Conflicts of Interest: The author(s) declared no potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

References

1. Tettey, U.Y.A.; Dodoo, A.; Gustavsson, L. Design strategies and measures to minimise operation energy use
for passive houses under different climate scenarios. Energy Effic. 2019, 12, 299–313. [CrossRef]

2. EC Directive. 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the Energy
Performance of Buildings (Recast). 2010. Available online: http://eur---lex.europa.eu/legal---content/EN/

TXT/?uri=CELEX:32010L0031 (accessed on 7 May 2019).
3. EC Directive. 2012/27/EU of the European Parliament and of the Council of 25 October 2012 on Energy Efficiency,

Amending Directives 2009/125/EC and 2010/30/EU and Repealing Directives 2004/8/EC and 2006/32/EC Text with
EEA Relevance; EC Directive: Bruxels, Belgium, 2012.

4. EPBD recast. Directive 2018/844/UE of the European Parliament and of Council, 30 May 2018 on the energy
performance of buildings (recast). Off. J. Eur. Union 2018, 156, 75–91.

5. Nejat, P.; Jomehzadeh, F.; Taheri, M.M.; Gohari, M.; Majid, M.Z.A. A global review of energy consumption,
CO2 emissions and policy in the residential sector (with an overview of the top ten CO2 emitting countries).
Renew. Sustain. Energy Rev. 2015, 43, 843–862. [CrossRef]

6. Institute for Energy Diversification and Savings (IDAE). Spanish Energy Saving and Efficiency Plan 2014–2020;
IDAE: Madrid, Spain, 2014; p. 91.

7. Institute for Energy Diversification and Savings (IDAE). Spanish Energy Saving and Efficiency Plan 2011–2020;
IDAE: Madrid, Spain, 2010; p. 195.

8. Technical building Code. Basic Document HE. “Energy Saving”, Spanish Technical Building Construction Code;
ESTIF: Brussel, Belgium, 2013.

9. HULC Unified Leader—Calener tool. Regulation FOM/1635/2013, September 10th (BOE September 12th)
by which the Basic Document HE “Energy Saving” of the Spanish Building Construction Code is updated.
Available online: https://www.codigotecnico.org/index.php/menu---recursos/menu---aplicaciones/282---
herramientaunificada---lider---calener.html (accessed on 9 September 2017).

10. Passive House Database. Available online: https://passivehouse---database.org/index.php?lang=en (accessed
on 7 May 2019).

11. Ridley, I.; Clarke, A.; Bere, J.; Altamirano, H.; Lewis, S.; Durdev, M.; Farr, A. The monitored performance
of the first new London dwelling certified to the Passive House standard. Energy Build. 2013, 63, 67–78.
[CrossRef]

12. Rekstad, J.; Meir, M.; Murtnes, E.; Dursun, A. A comparison of the energy consumption in two passive
houses, one with a solar heating system and one with an air—Water heat pump. Energy Build. 2015, 96,
149–161. [CrossRef]

13. Valladares Rendón, L.G.; Schmid, G.; Lo, S.L. Review on energy savings by solar control techniques and
optimal building orientation for the strategic placement of façade shading systems. Energy Build. 2017, 140,
458–479. [CrossRef]

14. Mahdavi, A.; Doppelbauer, E.M. A performance comparison of passive and low—Energy buildings. Energy
Build. 2010, 42, 1314–1319. [CrossRef]

15. Bradke, H.; Weidemann, M.F.; Som, O.; Mannsbar, W.; Cremer, C.; Dreher, C.; Ruhland, S. Improving the
Efficiency of R&D and the Market Diffusion of Energy Technologies; Springer Science & Business Media: Berlin,
Germany, 2009.

16. Javier, N.G.; César, B.F. Architectural and Constructive Environmental Conditioning Techniques; Leria, M., Ed.;
Munil la- Leria: Madrid, Spain, 1997.

17. Al Obaidi, K.M.; Ismail, M.; Rahman, A.M.A. Passive cooling techniques through reflective and radiative
roofs in tropical houses in southeast asia: A literature review. Front. Archit. Res. 2014, 3, 283–297. [CrossRef]

18. Gagliano, A.; Detommaso, M.; Nocera, F.; Patania, F.; Aneli, S. The retrofit of existing buildings through the
exploitation of the green roofs—A simulation study. Energy Procedia 2014, 62, 52–61. [CrossRef]

http://dx.doi.org/10.1007/s12053-018-9719-4
http://eur---lex.europa.eu/legal---content/EN/TXT/?uri=CELEX:32010L0031
http://eur---lex.europa.eu/legal---content/EN/TXT/?uri=CELEX:32010L0031
http://dx.doi.org/10.1016/j.rser.2014.11.066
https://www.codigotecnico.org/index.php/menu---recursos/menu---aplicaciones/282---herramientaunificada---lider---calener.html
https://www.codigotecnico.org/index.php/menu---recursos/menu---aplicaciones/282---herramientaunificada---lider---calener.html
https://passivehouse---database.org/index.php?lang=en
http://dx.doi.org/10.1016/j.enbuild.2013.03.052
http://dx.doi.org/10.1016/j.enbuild.2015.02.059
http://dx.doi.org/10.1016/j.enbuild.2016.12.073
http://dx.doi.org/10.1016/j.enbuild.2010.02.025
http://dx.doi.org/10.1016/j.foar.2014.06.002
http://dx.doi.org/10.1016/j.egypro.2014.12.366


Sustainability 2019, 11, 4816 21 of 22

19. Gagliano, A.; Nocera, F.; D’Amico, A.; Spataru, C. Geographical information system as support tool for
sustainable Energy Action Plan. Energy Procedia 2015, 83, 310–319. [CrossRef]

20. Pérez, G.; Coma, J.; Martorell, I.; Cabeza, L.F. Vertical greenery systems (VGS) for energy saving in buildings:
A review. Renew. Sustain. Energy Rev. 2014, 39, 139–165. [CrossRef]

21. Ubinas, R.E.; Montero, C.; Porteros, M.; Vega, S.; Navarro, I.; Castillo Cagigal, M.; Gutiérrez, A. Passive
design strategies and performance of net energy plus houses. Energy Build. 2014, 83, 10–22. [CrossRef]

22. Aksoy, U.T.; Inalli, M. Impacts of some building passive design parameters on heating demand for a cold
region. Build. Environ. 2006, 41, 1742–1754. [CrossRef]

23. Costanzo, V.; Donn, M. Thermal and visual comfort assessment of natural ventilated office buildings in
Europe and North America. Energy Build. 2017, 140, 210–223. [CrossRef]

24. Nocera, F.; Faro, A.L.; Costanzo, V.; Raciti, C. Daylight performance of classrooms in a mediterranean school
heritage building. Sustainability 2018, 10, 3705. [CrossRef]

25. Feist, W.; Schnieders, J.; Dorer, V.; Haas, A. Re—inventing air heating: Convenient and comfortable within
the frame of the passive house concept. Energy Build. 2005, 37, 1186–1203. [CrossRef]

26. Passive House requirements. Available online: https://passivehouse.com/02_informations/02_passive---
house---requirements/02_passive---house---requirements.htm (accessed on 7 May 2019).

27. Pitts, A. Passive house and low energy buildings: Barriers and opportunities for future development within
UK practice. Sustainability 2017, 9, 272. [CrossRef]

28. Passive House Institute (PHI). 2015. Available online: http://passiv.de/en (accessed on 8 November 2015).
29. Fokaides, P.A.; Christoforou, E.; Ilic, M.; Papadopoulos, A. Performance of a Passive House under subtropical

climatic conditions. Energy Build. 2016, 133, 14–31.
30. Chen, X.; Yang, H.; Lu, L. A comprehensive review on passive design approaches in green building rating

tools. Renew. Sustain. Energy Rev. 2015, 50, 1425–1436. [CrossRef]
31. Clarke, J. A vision for building performance simulation: A position paper prepared on behalf of the IBPSA

board. J. Build. Perform. Simul. 2015, 8, 39–43. [CrossRef]
32. Anderson, K. Design Energy Simulation for Architects: Guide to 3D Graphics; Routledge: Abingdon, UK, 2014.
33. Feist, W. Passive House Planning Package 2007. Requeriments for Quality—Approved Passive Houses; Passive

House Institute: Darmstad, Germany, 2010.
34. Gratia, E.; De Herde, A. Design of low energy office buildings. Energy Build. 2003, 35, 473–491. [CrossRef]
35. Holm, D. Building thermal analyses—What the industry needs—The architects perspective. Build. Environ.

1993, 28, 405–407. [CrossRef]
36. Soebarto, V.; Hopfe, C.; Crawley, D.; Rawal, R. Capturing the Views of Architects about Building Performance

Simulation to be Used During Design Processes; Loughborough University: Loughborough, UK, 2015.
37. De Souza, C.B. A critical and theoretical analysis of current proposals for integrating building thermal

simulation tools into the building design process. J. Build. Perform. Simul. 2009, 2, 283–297. [CrossRef]
38. Alsaadani, S.; De Souza, C.B. Of collaboration or condemnation? exploring the promise and pitfalls of

architect—consultant collaborations for building performance simulation. Energy Res. Soc. Sci. 2016, 19,
21–36. [CrossRef]

39. Papamichael, K.; Chauvet, H.; LaPorta, J.; Dandridge, R. Product modeling for computer—aided
decision—making. Autom. Constr. 1999, 8, 339–350. [CrossRef]

40. Papamichael, K. Decision making through use of interoperable simulation software. In Proceedings of the
Building Simulation 97 5th International IBPSA Conference, Prague, Czech Republic, 8–10 September 1997.

41. Papamichael, K. Application of information technologies in building design decisions. Build. Res. Inf. 1999,
27, 20–34. [CrossRef]

42. Donn, M.R. Simulation of Imagined Realities: Environmental Design Decision Support Tools in Architecture.
Ph.D. Thesis, Victoria University of Wellington, Wellington, New Zealand, 2004.

43. Soebarto, V.I. Teaching an Energy Simulation Program in an Architecture School: Lessons Learned. Presented
at the IBPSA 2005—International Building Performance Simulation Association, Montréal, QC, Canada,
15–18 August 2005; pp. 1147–1154.

44. Bleil de Souza, C.; Tucker, S. Thermal simulation software outputs: A conceptual data model of information
presentation for building design decision—Making. J. Build. Perform. Simul. 2016, 9, 227–254. [CrossRef]

45. Hamby, D. A review of techniques for parameter sensitivity analysis of environmental models. Environ.
Monit. Assess. 1994, 32, 135–154. [CrossRef]

http://dx.doi.org/10.1016/j.egypro.2015.12.185
http://dx.doi.org/10.1016/j.rser.2014.07.055
http://dx.doi.org/10.1016/j.enbuild.2014.03.074
http://dx.doi.org/10.1016/j.buildenv.2005.07.011
http://dx.doi.org/10.1016/j.enbuild.2017.02.003
http://dx.doi.org/10.3390/su10103705
http://dx.doi.org/10.1016/j.enbuild.2005.06.020
https://passivehouse.com/02_informations/02_passive---house---requirements/02_passive---house---requirements.htm
https://passivehouse.com/02_informations/02_passive---house---requirements/02_passive---house---requirements.htm
http://dx.doi.org/10.3390/su9020272
http://passiv.de/en
http://dx.doi.org/10.1016/j.rser.2015.06.003
http://dx.doi.org/10.1080/19401493.2015.1007699
http://dx.doi.org/10.1016/S0378-7788(02)00160-3
http://dx.doi.org/10.1016/0360-1323(93)90017-W
http://dx.doi.org/10.1080/19401490903349601
http://dx.doi.org/10.1016/j.erss.2016.04.016
http://dx.doi.org/10.1016/S0926-5805(98)00081-8
http://dx.doi.org/10.1080/096132199369624
http://dx.doi.org/10.1080/19401493.2015.1030450
http://dx.doi.org/10.1007/BF00547132


Sustainability 2019, 11, 4816 22 of 22
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