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Abstract

Contrarily to what happens in northern European countries, buildings in the Mediterranean region

are prone to overheating. Consequently, it is important to better understand the role of ther-

mal transmittance of the building envelope elements in the air-conditioning consumptions. This

paper analyzes the effect of different U -values on the building design in the Mediterranean area.

192 000 residential buildings were randomly generated and the energy consumption assessed for

sixteen distinct locations. It was found that, in northern Mediterranean locations, as U -values

decrease, the energy consumption also decreases. However, in warmer climates, low thermal trans-

mittances tend to significantly increase the energy consumption. Hence, the lower the latitude,

the higher the most adequate U -values, due to the increase of the cooling demands. Additionally,

geometry-based indexes were correlated with the buildings energy performance. For high U -values

it was found that bigger buildings worsen the energy performance and larger windows tend to

improve it. For low U -values, bigger North-faced windows are beneficial. There is an adequate

interval of values for which the geometry has a lower impact, which is wider and higher for lower

latitudes, thus meaning that not only the building performance improves but architects are also

freer to explore alternative designs.

Keywords: generative design method, dynamic simulation, residential buildings, building

geometry, thermal transmittance, Mediterranean climates
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S Exterior surface area

U Thermal transmittance

V Building volume

WFR Window-to-floor ratio

WSR Window-to-exterior surface ratio

WWR Window-to-wall ratio

EPSAP Evolutionary Program for the Space Allocation Problem

HVAC Heating, Ventilation and Air-Conditioning

1. Introduction

Energy consumption in the building sector continues to increase worldwide. More specifically,

buildings account for one-third of today’s final energy consumption, with households accounting

for about three-quarters [1]. This adds to the fossil fuels depletion and to the climate change,

thus making the reduction of energy consumption in the building sector of crucial importance.

However, this sector is also considered one of the most cost-effective areas to reduce energy use [2].

In this context, some authors have already pointed out that the traditional thermal transmittance of

building envelope elements may not be the most appropriate [2–6]. Inadequate U -values for opaque

and transparent elements may lead to higher heating and/or cooling demands, thus worsening the

buildings’ performance.

In the particular case of the Mediterranean region, buildings are more prone to overheating

than in northern European countries, thus leading to higher cooling demands; which is a rare issue

in those countries. There are several studies regarding the optimal energy performance values for

the envelope elements of buildings in the Mediterranean region: for example, Tsikaloudaki et al. [7]

assessed the window’s contribution to the energy performance of buildings in the warmer regions of

Europe. The authors carried out a parametric study by varying the window’s glazing area, U -value,

and g-value in a reference room with residential and office use profiles. The authors concluded that

for the cooling mode the energy performance of windows is influenced significantly by their thermo-

physical properties, and that fenestration elements with low thermal transmittance seem to have

a detrimental impact in the energy performance, since it prohibits the dissipation of heat toward

the ambient environment and results in higher cooling demands. Marino et al. [8] performed a

parametric study on the effect of the window-to-wall ratio (WWR) on the energy consumption of

the Italian building stock. The authors concluded that albeit energy consumption demonstrated
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to be strongly influenced by climate conditions, insulation features of the structures, facade config-

urations, presence of shading devices, the optimal WWR does not seem to vary remarkably if the

effect of each factor is assessed individually. On the other hand, regardless the climate conditions,

the optimal WWR may be doubled for the simultaneous effect of an improvement of the envelope

features and of an enhancement of the installed lighting electric power. Amaral et al. [9] performed

a parametric study of a reference room where the window size, orientation, and shadowing are an-

alyzed for three types of glazing in Coimbra, Portugal. The authors concluded that lower U -values

of the windows contributes to have smaller windows facing south, west, and east orientations and

larger windows facing north; being the south orientation the one which contributes higher to the

space thermal performance. As these studies point out, it is of interest to determine the proper

relation between the elements’ U -values and the buildings’ energy consumption, as well as the

correlation of geometry-based indexes (e.g., shape coefficient, window ratios) with the U -values.

These indexes, when correlated with the energy consumptions, can be useful to draw guidelines

that point out the way for better building performances [9–15], thus helping designers to explore

alternative forms and designs. In the specific case of Mediterranean climates, it is interesting to

understand which are the most adequate thermal transmittance values of the buildings’ elements

that decrease the heating demands without excessively raising the cooling needs.

Parametric studies, as the ones presented above, are useful when the decision variables are in

a small number. However, if these increase, optimization methods are more adequate, especially

when dealing with non-linear problems and more than one objective. For instance, Baglivo et al.

[16] carried out a multi-objective optimization analysis for high energetic efficiency external walls

of zero energy building in the Mediterranean climate, through the combination of various materi-

als with different thermophysical properties. The results showed that the superficial mass of the

external wall is important to obtain the best performance in the warm climate, and that is possible

to reach high performance in the summertime also by lighter and thinner walls. Echenagucia et al.

[17] proposed an integrative approach for the early stages of building design to obtain detailed

information on energy efficient envelope configurations, consisting of a multi-objective search with

the aim of minimizing the energy need for heating, cooling and lighting. The investigation was

carried out for an open space office building in four European locations. The results highlighted

a small overall WWR of the building in all locations, especially in east, west and north exposed

facades. The area of the south facing windows was higher compared to the other orientations and

characterized by a higher variability. Ascione et al. [18] presented an integrated design procedure

focusing on the problem of a large number of available building envelope variants concerning the

multi-objective optimization of residential nearly-zero energy buildings (nZEB) in four Mediter-

ranean locations. The results showed that for minimizing heating and cooling demands, highly

3



insulated walls and roofs are required. Also, for lower latitudes in the Mediterranean Sea region,

the optimal wall U -values for Winter and Summer tend to be smaller. However, there is no defined

tendency when the aim is to reduce the overall energy demand. On the other hand, the optimal

U -value for the roof element was found to be constant when minimizing the overall energy demand.

Goia [12] used a sequential simulation procedure to determine the optimal WWR in office build-

ings for different European climates (including Rome and Athens in the Mediterranean region)

and its implication in the total energy saving. The author concluded that most of the ideal WWR

values are found in the range of 0.30 to 0.45. Moreover, it was concluded that the total energy

demand may increase by 5 %–25 % when the worst WWR is adopted. The same author and his

research group have also applied the same methodology in the search for the optimal transparent

percentage in a facade module for low energy office buildings in a temperate oceanic climate [19].

The results showed that, regardless of the orientations and of the facade area of the building, the

optimal configuration is achieved when the transparent percentage is between 35 % and 45 % of the

total facade module area. The highest difference between the optimal configuration and the worst

one occurs in the north-exposed facade, while the south-exposed facade is the one that shows the

smallest difference between the optimal and the worst configuration. Cascone et al. [20] presented

multi-objective optimization analyses for the energy retrofitting of office buildings in Mediterranean

climates with PCM-enhanced opaque building envelope components. The search variables included

the thickness and thermophysical properties of the PCM layers, the window type, the insulation

and internal lining materials, the wall configuration and U -value. The authors concluded that the

PCM layer in the wall should be placed at the closest position to the internal environment, and

that the optimal thermo-physical properties of PCMs were found to be affected in particular by the

operation of the HVAC system. In addition, a low U -value was found to be particularly important

for the case of a retrofitting intervention on the internal side in order to minimize both the primary

energy consumption and the global costs. Besides, the authors concluded that the use of aerogel

insulation, in the case of retrofitting on the external side, was found to reduce the primary energy

consumption as a result of a reduced shading in winter, but higher investment costs would be

induced by such a choice. A further general literature review on optimization analyses regarding

the energy performance enhancement of buildings can be found in refs. [21–25].

As it can be perceived in the above-referenced research works, the available studies perform

parametric studies or optimization procedures to determine some optimal value of some variables

related to windows or exterior walls, which were tested in a reference room or a single building

geometry. Therefore, the generalization of the conclusions should be careful, as these are specific

to the showcase in analysis. In the approach presented in this paper, it is carried out a statistical

analysis of a large dataset of randomly generated building geometries with randomly assigned
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U -values to opaque and transparent envelope elements. This approach prevents geometry-biased

results from using a single building. Therefore, the results are general U -values for each location for

the studied type of buildings; hence, these can be used as initial values in optimization procedures

for a specific building geometry, thus narrowing the search space and speeding the search process

by being nearer to the optimal solution. The dataset is also partitioned into subgroups according

to each U -value and correlated to several geometry-based indexes, thus allowing to delineate design

guidelines for more energy efficient buildings, as they can capture the relation of some geometric

variables with the performance of the building [14], while serving as support and guide to building

designers when opting for certain construction system with specific level of insulation. In addition,

in the particular case of the Mediterranean region, the available research works usually address only

the European side of the Mediterranean, thus not providing a complete assessment of the entire

region. This work tries to fill that gap, by presenting an overall assessment in several locations

throughout the Mediterranean – including South Europe, North Africa and the Middle East.

The main goal of this paper is thus to assess the effect of different U -values of the building

envelope elements from an energy performance and a building geometry perspective, in distinct

Mediterranean locations. The analysis covers a large dataset of randomly generated building geome-

tries for each location, assessing the most suitable thermal transmittance values of the buildings’

elements that decrease their energy consumption, while also resulting in some design guidelines

based on the correlation of geometry-based indexes.

2. Methodology

To determine the most favorable U -values of building envelope elements, two-story residential

buildings will be randomly generated using a hybrid evolution strategy [26–28] and their energy

consumption evaluated using dynamic simulation [29, 30]. The construction system will have ran-

dom U -values for the exterior opaque and transparent elements, ranging from 0.05 to 1.25 and

0.2 to 5.0 W ·m−2 ·K−1, respectively. The thermal inertia is kept the same in all buildings. The

generated data will be divided by pairs of transparent/opaque U -values and the energy perfor-

mance range will be determined. For each group, the performance will then be correlated with six

geometry-based indexes (three related with building shape and the remaining with windows areas).

Finally, the results will be analyzed and building design guidelines will be drawn and discussed.

2.1. Generative design method

The generative design method used to produce the alternative geometries, from the same user

requirements and preferences, was the Evolutionary Program for the Space Allocation Problem

(EPSAP) [26–28], which has been developed under the research project Ren4EEnIEQ [31]. The
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method works in a population-based two-stage procedure, where an Evolution Strategy (ES) has the

mutation operator substituted by a Stochastic Hill Climbing (SHC) technique. The latter performs

a set of random transformations, such as to move, rotate, stretch, reflect, and others to a single

or a group of objects. These objects can be of different types, such as openings, spaces, stories, or

clusters of spaces. The spaces can be rooms, stairs, or elevators that may serve one or more building

stories. At the end of each generation, a selection mechanism picks the fittest individuals and the

remaining population is randomly created for the next generation. When the process is complete,

the energy performance is evaluated according to the selected energy consumption criteria [29, 30]

using dynamic simulation (EnergyPlus version 8.8).

2.2. Building specifications

The building specifications correspond to the geometry restraints and requirements, construc-

tion system, internal gains and HVAC specifications, and climate locations, which are detailed in

the following sections. The geometry specifications refer to the inputs used to generate alternative

buildings for the same design program (list of rooms, minimum dimensions and areas, orientations,

adjacencies, heights, number of openings and their dimensions, etc.). The construction system de-

fines the building’s constructive elements, their physical properties and the range of U -values that

are randomly applied to each building geometry. The internal gains and HVAC specifications define

the occupancy, equipment, lighting, and HVAC usage profiles that are specified for each thermal

zone (i.e., inhabited spaces in the building), and are equal for all the generated buildings. The

selected climate locations are characterized according to their geographic position; in this case,

dispersed around the Mediterranean Sea, covering the coastal areas of the southern European,

northern African, and middle east Asian countries.

Identical design program and usage profiles were considered for all generated buildings, in order

to compare different locations using the same exact base building; as different specifications would

not allow for a rigorous comparison. The influence of the culture, constructive, and dwelling context

of each specific location on the building performance should also be studied in future works.

2.2.1. Geometry constraints and requirements

The building considered in this work is a two-story dwelling without boundaries or adjacent

buildings, and with no specific orientation (i.e., the building orientation is randomly determined

varying between −45° to 45° North). The first floor (L1) includes a hall (S1), a living room (S2),

a kitchen (S3), and a bathroom (S4). A staircase (S5) connects the first to the second floor (L2),

which comprises a corridor (S6), a double bedroom (S7), a main bedroom (S8), a single bedroom

(S9), and a bathroom (S10). The aimed height for each story is 2.70 m. Table 1 summarizes the

geometry and the topological requirements for each space.
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Table 1. Spaces geometry and topological specifications.

Space Csn Csf Cri Csl Csu Css (m) Csa (m2) Cssr Cslr

S1 Hall Circulation Min L1 L1 2.70 10.0 {2.0, 3.0} {3.0, 1.5}
S2 Living room Living Max L1 L1 3.20 – 1.7 2.0
S3 Kitchen Service Mid L1 L1 1.80 – 1.7 2.0
S4 Bathroom Service Min L1 L1 2.20 – 1.7 2.0
S5 Stair Circulation – L1 L2 – – – –
S6 Corridor Circulation None L2 L2 1.40 6.0 {2.0, 3.0} {3.0, 1.5}
S7 Double bedroom Living High L2 L2 2.70 – 1.7 2.0
S8 Main bedroom Living High L2 L2 2.70 – 1.7 2.0
S9 Single bedroom Living Mid L2 L2 2.70 – 1.7 2.0
S10 Bathroom Service Min L2 L2 2.20 – 1.7 2.0

Csn – name, Csf – function, Cri – relative importance, Csl and Csu – served lower and upper stories,
Css – minimum side dimension, Csa – minimum floor area, Cssr and Cslr – space smaller and larger side ratios

Each space may have exterior openings (windows and/or doors), depending on the generated

building design. For example, the living room (S2) has an opening (Oe2) of type window (Coet),

with 2.80 m width (Coew), 2.0 m height (Coeh), and elevated 1.0 m from the floor (Coev). Table 2

lists all exterior openings in the design program per space (Cos).

Table 2. Exterior openings geometry specifications.

Cos Opening Coet Coew (m) Coeh (m) Coev (m)

S1 Oe1 Door 1.00 2.00 0
S2 Oe2 Window 2.80 2.00 0
S3 Oe3 Window 1.20 1.00 1.00
S4 Oe4 Window 0.60 0.60 1.40
S5 Oe5 Window 0.80 1.40 0.80
S6 – – – – –
S7 Oe6 Window 1.80 1.00 1.00
S8 Oe7 Window 1.80 1.00 1.00
S9 Oe8 Window 1.20 1.00 1.00
S10 – – – – –

Cos – space, Coet – opening type, Coew – minimum width,
Coeh – minimum height, Coev – vertical position

The spaces may also have adjacent or connectivity requirements – Table 3. For instance, the

interior opening (Oi2) of type door (Coit), with 0.9 m width (Coiw), 2.0 m height (Coih), and 0 m of

elevation from the floor (Coiv), connects space S1 (Coia) to space S3 (Coib). Otherwise, when there

is only adjacency between spaces but no opening, a 0 m wide opening is considered (e.g., Oi5).

Table 3. Interior openings geometry and topologic specifications.

Opening Coit Coia Coib Coiw (m) Coih (m) Coiv (m)

Oi1 Door S1 S2 1.40 2.00 0
Oi2 Door S1 S3 0.90 2.00 0
Oi3 Door S1 S4 0.90 2.00 0
Oi4 Door S5 S1 0.90 2.00 0
Oi5 Adjacency S2 S3 0 – –
Oi6 Door S5 S6 0.90 2.00 0
Oi7 Door S6 S7 0.90 2.00 0
Oi8 Door S6 S8 0.90 2.00 0
Oi9 Door S6 S9 0.90 2.00 0
Oi10 Door S6 S10 0.90 2.00 0

Coit – type, Coia – opening’s space, Coib – destination space,
Coiw – minimum width, Coih – minimum height, Coiv – vertical position

7



2.2.2. Construction system

The building has strong inertia with current material properties. Its construction elements and

respective properties are presented in Table 4. The thermal mass of all exterior opaque elements

apart from doors (exterior walls, roofs, and suspended slabs) is considered to be equivalent to that

of an interior slab (see Table 4), while the U -value is randomly changed throughout the dynamic

simulations – 0.05 W ·m−2 ·K−1 to 1.25 W ·m−2 ·K−1, in steps of 0.05 W ·m−2 ·K−1. The same

U -values are also applied to the exterior doors. Regarding the exterior transparent elements,

a constant solar heat gain coefficient (SHGC) of 0.6 is considered and the variable U -values are

proportionally paired with those of the opaque elements – 0.2 W ·m−2 ·K−1 to 5.0 W ·m−2 ·K−1,

in steps of 0.2 W ·m−2 ·K−1.

Table 4. Building’s construction elements.

Element Layer Thickness (m) k (W ·m−1 ·K−1) ρ (kg ·m−3) cp (J · kg−1 ·K−1) U (W ·m−2 ·K−1) SHGC

Interior wall
Finishing layer 0.02 0.22 950 840

4.499
–

Structural layer 0.07 1.73 2243 836.8
Finishing layer 0.02 0.22 950 840

Interior slab

Finishing layer 0.02 0.22 950 840

2.841

–
Structural layer 0.2 1.73 2245.6 836.8
Regulation layer 0.01 0.22 950 840
Finishing layer 0.02 0.2 825 2385

Ground floor

Structural layer 0.2 1.73 2245.6 836.8

0.437

–
Insulation layer 0.08 0.04 32.1 836.8
Filling layer 0.02 0.8 1600 840
Regulation layer 0.01 0.22 950 840
Finishing layer 0.02 0.2 825 2385

Interior door
Finishing layer 0.005 0.2 825 2385

2.009
–

Structural layer 0.03 0.067 430 1260
Finishing layer 0.005 0.2 825 2385

Exterior window – – – – – RAND{0.2, · · · , 5.0} 0.6

Envelope elements Internal mass equivalent to Interior slab RAND{0.05, · · · , 1.25} –

k– thermal conductivity, ρ – density, cp – specific heat, U – thermal transmittance, SHGC – solar heat gain coefficient

2.2.3. Occupancy, equipment, lighting, and HVAC specifications

The occupancy patterns and the operation schedules of equipment and lighting are based on

the building typology. The building is considered as a single-family house occupied by five people.

The occupancy patterns in the different spaces throughout the day is depicted in Fig. 1. The

internal heat gains due to occupancy are also related to the maximum number of people per zone

and the respective activity level, which are presented in Table 5.

The internal gains due to electric lights are defined by the maximum design lighting level for

each zone type, presented in Table 6, and the correspondent usage schedules, depicted in Fig. 2.

The schedules are based on the building zone typology, occupancy, and window shading. The

shadings are assumed to be PVC roller shutters that cover all the windows during night-time. In

addition, daylighting controls, which determine how much the electric lighting can be dimmed, are

considered for all zones with exterior windows – a 300 lx daylight illuminance setpoint is considered
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Fig. 1. General occupancy pattern in the building zones.

Table 5. Maximum number of people per zone and correspondent activity levels.

Zone type Max number of peoplea Activity level (W · person−1)

Living room 5 110
Bathrooms 1 207
Circulation areas 1 190
Kitchen 2 190
Double/Main bedroom 2 72
Single bedroom 1 72
a – Regarding the building inhabitants accessing each zone, and not necessarily the number
of occupants simultaneously in the zone. The occupant’s distribution is defined together
with the proper occupancy schedules.

for the lights switching off. This dimming control should be seen here not as much as artificial

lighting, but as a “simulation procedure” that allows to adjust the lighting values according to

available daylight in each latitude, since the electric lighting profiles are identical in all locations.

Table 6. Maximum design lighting levels for each zone type.

Zone type Design lighting level (W ·m−2)

Living room/Bedrooms 7.5
Bathrooms 7.5
Circulation areas 3.2
Kitchen 5

Fig. 2. Electric light schedule in each zone.

The internal heat gains due to electric equipment depend on the maximum design wattage

levels of the equipment in each zone (Table 7), which are based on the building zone typology and

the appliances typically found in each zone, and the corresponding usage schedules (Fig. 3). These

schedules are based on the building zone typology and occupancy.

Regarding ventilation and infiltration specifications, a 0.6 air changes per hour (ACH) exhaust

rate is considered for the kitchen and the bathrooms, with a flow rate profile equivalent to the
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Table 7. Total heat gains from electric equipment in each zone.

Zone type Design level (W)

Living room 350
Bathrooms 100
Circulation areas 20
Kitchen 1440
Bedrooms 250

Fig. 3. Electric equipment schedules in each zone.

occupation schedules defined for these two zones (Fig. 1), while 0.2 ACH and 0.1 ACH are considered

for the outdoor air infiltration into zones with and without exterior openings, respectively.

The living room and the bedrooms are the only spaces in the building where heating and cooling

are considered. For this purpose, the ideal loads air system model of EnergyPlus is used, which

allows to assess the performance of the building without modeling a full HVAC system, meeting all

the load requirements [32]. The air temperature thermostat setpoints assumed for cooling and heat-

ing are 25.0 ◦C and 20.0 ◦C, respectively, for all the case studies. A 50% dehumidification setpoint

and a 0.7 cooling sensible heat ratio were also considered. The corresponding heating/cooling avail-

ability schedules for each zone are equivalent to the occupation schedules defined for the respective

zones (Fig. 1).

2.2.4. Mediterranean locations

For this study, sixteen locations were selected in the Mediterranean region – Venice (Italy, ITA),

Marseille (France, FRA), Podgorica (Montenegro, MNE), Istanbul (Turkey, TUR), Naples (ITA),

Valencia (Spain, ESP), Izmir (TUR), Athens (Greece, GRC), Tunis (Tunisia, TUN), Algiers (Alge-

ria, DZA), Malaga (ESP), Larnaca (Cyprus, CYP), Casablanca (Morocco, MAR), Tripoli (Libya,

LBY), Tel Aviv (Israel, ISR), and Alexandria (Egypt, EGY). The weather data from these loca-

tions were downloaded from the EnergyPlus website [33]. Fig. 4 depicts the map with the locations

of the selected cities and Table 8 summarizes the corresponding climates (type and description),

according to the Köppen-Geiger World Map climate classification [34], and the geographic refer-

ences (country, latitude, longitude, and altitude). In Appendix A, the annual evolution of dry bulb

temperature, solar radiation and relative humidity are presented for the sixteen locations.
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Fig. 4. Map of the studied locations in the Mediterranean.

Table 8. Climate classification of each location.

Location Climate
City Country Latitude Longitude Altitude (m) Type Climate description

Venice Italy (ITA) 45.50 N 12.33 E 6 Cfa Humid subtropical (mild with no dry season, hot summer)
Marseille France (FRA) 43.45 N 5.23 E 36 Cfa Humid subtropical (mild with no dry season, hot summer)

Podgorica Montenegro (MNE) 42.37 N 19.25 E 33 Cfa Humid subtropical (mild with no dry season, hot summer)
Istanbul Turkey (TUR) 40.97 N 28.82 E 37 Cfa Humid subtropical (mild with no dry season, hot summer)

Naples Italy (ITA) 40.85 N 14.30 E 72 Cfa Humid subtropical (mild with no dry season, hot summer)
Valencia Spain (ESP) 39.50 N 0.47 W 62 Cfa Humid subtropical (mild with no dry season, hot summer)

Izmir Turkey (TUR) 38.50 N 27.02 E 5 Cfa Humid subtropical (mild with no dry season, hot summer)
Athens Greece (GRC) 37.90 N 23.73 E 15 Cfa Humid subtropical (mild with no dry season, hot summer)

Tunis Tunisia (TUN) 36.83 N 10.23 E 4 Cfa Humid subtropical (mild with no dry season, hot summer)
Algiers Algeria (DZA) 36.72 N 3.25 E 25 Cfa Humid subtropical (mild with no dry season, hot summer)
Malaga Spain (ESP) 36.67 N 4.49 W 7 Csa Mediterranean climate (dry hot summer, mild winter)

Larnaca Cyprus (CYP) 34.88 N 33.63 E 2 Cfa Humid subtropical (mild with no dry season, hot summer)
Casablanca Morocco (MAR) 33.37 N 7.58 W 206 Cfa Humid subtropical (mild with no dry season, hot summer)

Tripoli Libya (LBY) 32.67 N 13.15 E 81 BSh Hot subtropical steppe
Tel Aviv Israel (ISR) 32.00 N 34.82 E 35 Cfa Humid subtropical (mild with no dry season, hot summer)

Alexandria Egypt (EGY) 31.20 N 29.95 E 7 Cfa Humid subtropical (mild with no dry season, hot summer)

2.3. Synthetic dataset

The synthetic dataset was created by running the EPSAP algorithm 500 times for each location,

with 24 buildings per run produced, totalizing 192 000 dwellings. These were generated randomly

within the defined specifications and with random exterior construction elements thermal transmit-

tance (roof, suspended floors, exterior wall, and windows), as presented in previous subsection 2.2.

For each run, the geometry data (number of stories, spaces, openings, elements surface areas,

volumes, and other geometric information), construction data (transparent and opaque elements
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physical properties), and performance data (electric energy consumption, water consumption, ther-

mal discomfort, and thermal energy production) were stored. The dataset is divided according to

each location and it is publicly available online (see ref. [35]). Fig. 5 depicts some building ge-

ometry examples generated by the EPSAP algorithm for the specifications described in section 2.

Regarding the simulation procedure, EnergyPlus performs a dynamic annual simulation for each

building in the dataset, thus managing both of the day/night and seasonal dynamic behaviors,

considering the specific weather data for each case.

Fig. 5. Twelve examples of two-story buildings generated by EPSAP algorithm.

2.4. Statistical analysis

To perform the statistical analysis, the 192 000 buildings were split into groups by location and

by their opaque and transparent elements U -values, and each group was divided in quartiles ac-

cording to the total energy demand for air-conditioning, cooling and heating energy consumption
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in the form of whisker diagrams (boxplots). Additionally, for each group, the energy consumption

was correlated with six geometry-based indexes – building volume, two building compactness in-

dexes, and three window-based indexes – to study the impact of variable thermal transmittance

of the building envelope elements. The variation of the building volume (V ) allows to understand

in which way the building’s size influences its energy performance, as all generated buildings will

have the same design program and usage profiles (same internal gains and HVAC specifications).

The shape coefficient (Cf = S/V [m−1]) [36] represents the relation between the envelope surface

area (S) and the building volume (V ). However, it depends on the building size, thus different

results can be obtained for the same building shape. On the other hand, the relative compact-

ness index (RC = 6V 2/3/S) provides a comparison to a reference building of the same volume,

thus overcoming the shape coefficient limitation. The window-related indexes are based on the

window areas (Swin) and their relation with the building floor areas (WFR = Swin/Sfloor), exte-

rior wall areas (WWR = Swin/Swall), and the surface areas in contact with the outdoor ambient

(WSR = Swin/S). Although WFR and WWR are the most commonly used window-based in-

dexes, WSR captures better the impact of the exterior opaque elements and their relation with the

window areas [14]. Therefore, the WSR for each cardinal orientation was also analyzed – WSR-N ,

WSR-E, WSR-S, and WSR-W for North, East, South, and West orientations, respectively.

3. Results

Figs. 6 and 7 present the total, cooling, and heating energy consumption for air-conditioning

boxplots (in kW · h) for each U -value group per location. They also depict the distribution of

buildings per group. The locations are sorted descending by latitude from top to bottom rows

and the horizontal axis corresponds to each U -value group, ranging from 0.2 W ·m−2 ·K−1 to

5.0 W ·m−2 ·K−1, in steps of 0.2 W ·m−2 ·K−1, for transparent elements, and from 0.05 W ·m−2 ·K−1

to 1.25 W ·m−2 ·K−1, in steps of 0.05 W ·m−2 ·K−1, for opaque elements. In northern locations

– e.g., Venice (ITA), Podgorica (MNE), Istanbul (TUR) – there is a tendency in the amplitude

of energy consumption (i.e., the difference between the maximum and minimum energy consump-

tion) to decrease as the U -values reduce. This happens due to the smaller contribution from the

heating demands and a relatively slow growth of the cooling demands, as the U -values decrease.

On the other hand, in intermediate latitudes – e.g., Valencia (ESP), Izmir (TUR), Athens (GRC)

– the cooling demands start to have a bigger contribution to the total energy, for smaller U -values.

Therefore, there is also a tendency in the amplitude of energy consumption to decrease as the

U -values reduce, which is, however, inverted for small U -values. Finally, in locations where the

climate is even warmer, for smaller U -values the cooling energy demand increases greatly, becoming

by far the major energy consumption factor. As this happens, the energy performance worsens and
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the amplitude of energy consumption increases. For the remaining U -values on the right side of the

scale, the amplitude of energy consumption remains practically constant. This is especially notice-

able in lower latitudes – e.g., Casablanca (MAR), Tel Aviv (ISR), Alexandria (EGY) –, where the

heating energy demands are much smaller. In general, the most adequate U -values (the minimum

amplitude of energy consumption and the lowest energy consumption) tend to move further into

the right side of the scale for lower latitudes, as represented by the blue vertical line in Figs. 6

and 7.

Figs. 8 to 11 show, in the left graphic, the coefficient of determination for the correlation

between the geometry-based indexes (V – building volume, RC – relative compactness, Cf –

shape coefficient, WFR – window-to-floor ratio, WWR – window-to-wall ratio, WSR – window-

to-exterior surface ratio, and WSR for orientation North, East, South, and West) and the U -value

group for each climate region. In this context, for a group of buildings with the same U -value, this

coefficient represents the relation between the buildings’ energy performance and the geometric

variable. In the right graphic, it is depicted for each sample pair index-group the calculated

probability that did not reject the null hypothesis (H0) for a threshold of p-value ≤ 0.01. The

green cells represent negative correlation (i.e., the increase of such index decreases the energy

consumption) and red cells depict positive correlation – the increase of both the index and energy

consumption. The correlation scale (coefficient of determination, R2) was considered having the

intervals [0, 0.2[ for very weak, [0.2, 0.4[ for weak, [0.4, 0.6[ for moderate, [0.6, 0.8[ for strong, and

[0.8, 1] for very strong.

As depicted in Figs. 8 to 11, the building volume (V ) has moderate positive correlation with

energy consumption for higher U -values. In other words, bigger buildings require more energy to

maintain the indoor environment within the thermal comfort limits. As the U -values decrease,

the correlation weakens, reaching none for all locations. And with exception of the most southern

locations, the building volume even becomes negatively week correlated for very low U -values, thus

the bigger the building the less energy it consumes.

Relatively to shape indexes, shape coefficient (Cf ) does not present any kind of correlation for

any of the U -values, in any of the locations. This may be justified with the volume variation of

the generated buildings. When considering the relative compactness (RC), the correlation goes

from weak negative to none or very weak for smaller U -values, thus meaning that the building

compactness has some influence in the energy consumption – compact buildings decrease energy

consumption for higher U -values. However, in southern countries, for low U -values, the tendency

for the RC is to invert its correlation, presenting very weak positive correlation; meaning that

compact buildings increase energy consumption.
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Fig. 6. Total, cooling, and heating energy consumption boxplots and histograms per U -value group per climate location (part
1/2). Blue boxplots represent cooling energy and red boxplots the heating energy. The blue vertical line represents the most
adequate U -value (lowest average of total energy consumption). The light blue background indicates the locations in Europe,
light yellow in Asia, and light red in Africa continent.
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Fig. 7. Total, cooling, and heating energy consumption boxplots and histograms per U -value group per climate location (part
2/2). Blue boxplots represent cooling energy and red boxplots the heating energy. The blue vertical line represents the most
adequate U -value (lowest average of total energy consumption). The light blue background indicates the locations in Europe,
light yellow in Asia, and light red in Africa continent.
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Fig. 8. Correlation of geometry indexes per U -value group per climate location (part 1/4). In the left graphic, green cells show negative correlation and red cells represent positive correlation.
The blue rectangle indicates the U -value range for WSR with R2 ≤ 0.02. On the right graphic, red cells indicate subgroups having p-value above or equal to the threshold of 0.01.
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Fig. 9. Correlation of geometry indexes per U -value group per climate location (part 2/4). In the left graphic, green cells show negative correlation and red cells represent positive correlation.
The blue rectangle indicates the U -value range for WSR with R2 ≤ 0.02. On the right graphic, red cells indicate subgroups having p-value above or equal to the threshold of 0.01.
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Fig. 10. Correlation of geometry indexes per U -value group per climate location (part 3/4). In the left graphic, green cells show negative correlation and red cells represent positive
correlation. The blue rectangle indicates the U -value range for WSR with R2 ≤ 0.02. On the right graphic, red cells indicate subgroups having p-value above or equal to the threshold of
0.01.
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Fig. 11. Correlation of geometry indexes per U -value group per climate location (part 4/4). In the left graphic, green cells show negative correlation and red cells represent positive
correlation. The blue rectangle indicates the U -value range for WSR with R2 ≤ 0.02. On the right graphic, red cells indicate subgroups having p-value above or equal to the threshold of
0.01.
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Relatively to window indexes (WFR, WWR, and WSR), all locations present moderate to

strong negative correlation for higher U -values, that tend to decrease for smaller U -values. Hence,

for high U -values, the glazing areas improve the buildings performance by reducing the energy

consumption. For very low U -values, the windows begin to have weak positive correlation, thus

increasing the energy consumption of the buildings. However, this effect is mitigated for southern

latitudes.

The influence of windows orientation is also important. For low U -values, the WSR-N present

very weak and weak negative correlation, in all locations, thus reducing the energy consumption.

For southern locations, this effect is extendable to high U -values. For very low U -values, WSR-S

has weak positive correlation, for all locations. However, for southern locations, very weak positive

correlation tends to occur also for low U -values. Regarding the WSR-W index, it presents very

weak positive correlation for very low U -values, in northern locations; extending for low U -values for

southern locations. However, for Malaga (ESP), Casablanca (MAR) and Tel Aviv (ISR), WSR-W

presents weak positive correlation even for middle range U -values.

Also noticeable is the fact that the U -values range of none or very weak correlation in Figs. 8

to 11, especially for the window-based indexes (marked as blue rectangles), nearly overlaps the

position of lower energy consumption for all locations in Figs. 6 and 7 (marked as blue vertical

line). Table 9 summarizes the most adequate U -values for energy consumption (lowest buildings

energy consumption average; marked in Figs. 6 and 7 as vertical blue lines) and building geometry

(WSR with R2 ≤ 0.02; marked in Fig 8 to 11 as blue rectangles).

Table 9. Most adequate U -values (transparent and opaque elements) per location.

Energy most adequate U-values Geometry most adequate U-values
(W ·m−2 ·K−1) (W ·m−2 ·K−1)

City Country Transparent Opaque Transparent Opaque

Venice Italy (ITA) 0.40 0.10 0.40 0.10
Marseille France (FRA) 0.80 0.20 0.80 0.20
Podgorica Montenegro (MNE) 0.80 0.20 0.60 0.15
Istanbul Turkey (TUR) 0.60 0.15 0.60 0.15
Naples Italy (ITA) 1.00 0.25 0.80 0.20
Valencia Spain (ESP) 1.40 0.35 1.00 – 1.20 0.25 – 0.30
Izmir Turkey (TUR) 1.00 0.25 0.80 0.20
Athens Greece (GRC) 1.00 0.25 0.80 0.20
Tunis Tunisia (TUN) 1.40 0.35 1.00 – 1.20 0.25 – 0.30
Algiers Algeria (DZA) 1.60 0.40 1.20 0.30
Malaga Spain (ESP) 2.20 0.55 1.40 – 1.60 0.35 – 0.40
Larnaca Cyprus (CYP) 1.80 0.45 0.80 – 1.20 0.20 – 0.30
Casablanca Morocco (MAR) 2.20 0.55 1.80 – 2.00 0.45 – 0.50
Tripoli Libya (LBY) 1.40 0.35 1.00 – 1.20 0.25 – 0.30
Tel Aviv Israel (ISR) 2.00 0.50 1.20 – 1.60 0.30 – 0.40
Alexandria Egypt (EGY) 2.60 0.65 1.40 – 2.20 0.35 – 0.55
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4. Discussion

The results of this study show some relation between the construction elements thermal trans-

mittance and the buildings energy consumption and geometry. Higher U -values lead to a decrease

of the cooling energy consumption and to an increase of heating energy consumption, thus being

more favorable for cooling. And the opposite is true for lower U -values (more favorable for heat-

ing). However, the variations of the cooling and heating energy consumption depend on the specific

climate. In northern Mediterranean locations, smaller U -values lead to lower energy consumptions,

except for very low U -values which contribute to a slight overheating. On the other hand, there

is little advantage on using higher U -values, since the cooling demands only decrease slightly and

the heating demands tend to greatly increase. For lower latitudes, the cooling demands (and the

overall energy consumption) increase greatly for smaller U -values, as they hinder the heat release

from the building. Contrariwise, the amplitude of energy consumption remains practically constant

for high and mid-range U -values. Therefore, the most suitable U -values tend to be higher for lower

latitudes, where the heat release and preventing excessive heat accumulation become important

(see Figs. 6 and 7). Moreover, lower U -values always reduce the building heating demands, for all

locations; especially in northern latitudes, where the heating needs are bigger.

Concerning building size and geometry, larger buildings have worse energy performance for

high and intermediate U -values. This effect is mitigated for low U -values, especially in northern

latitudes, where it is even reversed for very low U -values. For this range, the heating energy is

always null for all locations (Figs. 6 and 7), so it can be concluded that bigger buildings with very

high insulation tend to require less cooling energy; especially in northern locations, where this

phenomenon is more noticeable. As for the building relative compactness, its tendency is to be

the opposite of the building size effect, however with a much weaker correlation with the energy

performance.

For very low U -values, larger windows are a worsening factor towards the energy performance,

especially for northern latitudes. For higher U -values this effect is reverted, as the windows size

become an improving factor towards the energy performance. This reversion is quicker (i.e., takes

place at lower U -values) for higher latitudes. Therefore, higher U -values allow for larger windows

to increase the heat release, and the lower the latitude, the wider the interval of small U -values

that should be avoided. The influence of shadowing elements should have impact in these window-

related results and should be studied in future works.

Regarding the main windows orientations exposed to solar radiation (South and West; the East

orientation does not present significant impact in the building performance), the lower the latitude

the wider the interval of small U -values that worsens the energy performance. Thus, while in
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northern countries South- and West-faced windows only worsen the energy performance for low

U -values, in southern countries this happens for a wide range of U -values. On the other hand, for

windows facing North, the lower the latitude, the wider the U -value range that improves the energy

performance. Hence, while in northern countries North-faced windows only improve the energy

performance for low U -values, in southern countries this happens for a wide range of U -values.

Moreover, North-faced windows start having a positive influence towards the energy performance

even before the most favorable U -value interval. In summary, low U -values for windows faced

South and West worsen the energy performance, while for windows faced North they increase the

energy performance; being that the range of low U -values where this occurs becomes wider for

lower latitudes, due to warmer climates.

As discussed before for the energy consumption, the most suitable U -values for the geometry

indexes also tend to increase for lower latitudes, where the heat release becomes more important due

to warmer climates. Moreover, the adequate U -value interval that combines the best performance

and the geometry freedom becomes wider for lower latitudes, thus allowing greater freedom to

select a U -value in the interval. These geometry indexes can thus serve as support and guide to

building designers, when opting for certain U -values.

5. Conclusion

In this study, several buildings’ geometries were randomly generated, with random U -values

for roofs, exterior walls, suspended floors, exterior doors, and windows. The energy performance

of those buildings was evaluated and the range of annual energy consumption and the correlation

with six geometry-based indexes were determined for each pair of opaque and transparent elements

U -values, for sixteen locations in the Mediterranean region. The main conclusions are the following:

� in northern latitudes, as the U -values get lower, the buildings energy consumption and the

group energy performance amplitude decrease;

� in southern countries, for very low U -values, the tendency inverts and the average energy

consumption and the performance amplitude increase, but remain practically constant for

the higher U -values;

� bigger buildings worsen the energy performance for high and intermediate U -values;

� in northern locations, for very low U -values, the bigger the building the less energy it con-

sumes;

� in northern latitudes, for very low U -values, the window indexes begin to have weak positive

correlation, particularly for WSR orientations West and South, thus tending to increase the

energy consumption of the buildings;
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� in southern latitudes, for low U -values, the windows dimensions only slightly affect the build-

ing performance;

� for low U -values, North-faced windows have a positive influence towards the energy perfor-

mance, even before the most suitable U -value interval;

� the most adequate U -value interval, which allows geometric freedom and to reduce the heating

demands without raising too much the cooling needs, tends to be higher in the U -value scale

for lower latitudes;

� the most favorable U -value interval also tends to be wider for southern latitudes, thus allowing

greater freedom to select a U -value in the interval;

� when the energy consumption is at the lowest in the U -values scale, geometry-based indexes

present none or very weak correlations, thus meaning that not only the building performance

improves but allows building designers to be freer to explore alternative forms and window

designs.
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[9] A. R. Amaral, E. Rodrigues, A. R. Gaspar, Á. Gomes, A thermal performance parametric study of window

type, orientation, size and shadowing effect, Sustainable Cities and Society 26 (2016) 456–465, doi:10.1016/j.

scs.2016.05.014.

[10] P. Ma, L.-S. Wang, N. Guo, Maximum window-to-wall ratio of a thermally autonomous building as a function

of envelope U-value and ambient temperature amplitude, Applied Energy 146 (2015) 84–91, ISSN 03062619,

doi:10.1016/j.apenergy.2015.01.103.

[11] X. Su, X. Zhang, Environmental performance optimization of window-wall ratio for different window type in

hot summer and cold winter zone in China based on life cycle assessment, Energy and Buildings 42 (2) (2010)

198–202, ISSN 03787788, doi:10.1016/j.enbuild.2009.08.015.

[12] F. Goia, Search for the optimal window-to-wall ratio in office buildings in different European climates and the

implications on total energy saving potential, Solar Energy 132 (2016) 467–492, ISSN 0038092X, doi:10.1016/j.

solener.2016.03.031.

[13] L.-S. Wang, P. Ma, E. Hu, D. Giza-Sisson, G. Mueller, N. Guo, A study of building envelope and thermal mass

requirements for achieving thermal autonomy in an office building, Energy and Buildings 78 (2014) 79–88, ISSN

03787788, doi:10.1016/j.enbuild.2014.04.015.
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Appendix A. Climate information

Fig. A.1. Dry bulb temperature, solar radiation and relative humidity per climate location (part 1/2). For solar radiation,
the dashed line represents the maximum direct normal solar radiation and the continuous line represents the average global
horizontal solar radiation.
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Fig. A.2. Dry bulb temperature, solar radiation and relative humidity per climate location (part 2/2). For solar radiation,
the dashed line represents the maximum direct normal solar radiation and the continuous line represents the average global
horizontal solar radiation.
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