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A B S T R A C T

Ventilated facades are an effective passive measure to improve the energy performance of buildings in warm
and temperate climates such as the Mediterranean. However, although in the Mediterranean sociocultural
context the use of windows is widespread, there is a lack of energy analysis of ventilated facades in combination
with windows. This is due to the lack of accurate simulation tools to evaluate the energy performance of this
combination because of its complex thermodynamics, which, among other issues, requires three-dimensional
computational fluid dynamic tools. In this work, a parametric energy analysis of the design parameters of
a ventilated façade with window openings has been performed using a three-dimensional numerical model
developed by the authors that combines turbulent Navier–Stokes thermodynamic equations for air with a set
of differential equations for the envelope temperatures. The results of the analysis showed the potential of
the opaque ventilated façade (OVF) with windows when applied to the rehabilitation of energetically obsolete
facades, achieving a remarkable reduction in heat flux with respect to these facades, a reduction that reaches
32% for the yearly heat flux when using the optimal configuration found.
1. Introduction

In Europe, the building sector is responsible for about half of energy
consumption, mainly due to the need for indoor comfort, while, at
the same time, this need for indoor comfort is leading to a sharp and
progressive increase in energy consumption worldwide [1]. This is the
reason why regulations have been established for reducing the amount
of energy consumed in buildings according to the H2030 guidelines set
by the EU [2].

In relation to this issue, it is noteworthy that the energy efficiency
of a large part of the European building stock is low, [3,4], mainly in
older buildings that were built prior to the promulgation of the first
energy regulations [5]. Because of this fact, European institutions have
promoted the energy retrofitting of buildings since 2002, when the first
European directive concerning the energy efficiency in buildings was
released [6].

In this framework, in regions with warm climates, such as Mediter-
ranean regions, characterized by high levels of solar irradiation and
temperatures, especially in the hot season, one of the most widely
used constructive solutions for retrofitting buildings is the opaque
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ventilated façade, which has shown its potential to reduce heat flux
between outdoor and indoor spaces in the hot season and, in this
way, to decrease the energy demand for cooling in the aforementioned
geographical area [7–12].

On the other hand, in the geographical Mediterranean area, win-
dows are appreciated as elements that provide aesthetic value, nat-
ural lighting, and ventilation; therefore, on many occasions in the
retrofitting of façades, it may be desirable to preserve the existing
windows, which is applicable to the case of retrofitting using ventilated
facades.

As stated in [13], the thermal performance of the OVF is influenced
by environmental parameters (mainly weather conditions), and by the
OVF design parameters (geometry, materials, etc.). However, while the
outer parameters cannot normally be changed, design parameters can
be chosen in order to optimize the thermal performance of the OVF and
specifically of the OVF used in combination with windows.

Most studies on the impact of environmental and design parameters
on the energy performance of OVFs, both those carried out through
numerical analyses and through monitoring campaigns, focus on the
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OVFs without window openings, as evidenced in the literature compi-
lations published in [13–15]. The studies cited in these last papers deal,
among other issues, with the analysis of the impact on the thermody-
namic and energy performance of the OVF of some design parameters.
Next, we provide a briefly description of these studies ordered by the
design parameters investigated:

• Ventilation grills aperture: some works investigate the impact of
considering the grill aperture opened or closed as [8], where a
comparative analysis is made between a ventilated façade with
open air duct and one with closed air duct or [10,11,16,17]
where the OVF with ventilation opened aperture are compared
to sealed cavity, concluding in all these works that in summer
the opened case results in a better energy performance of the
OVF to reduce thermal transfer than the closed opening aperture
case, although in winter the sealed cavity performs better than
the open grill [11]; however, the only work that offers results for
the whole year [17] concludes an energy saving for the whole
year of 9% for a South orientation and negative saving of −4%
for an North orientation for the city of Madrid (Spain). Likewise,
based on experimental data, in [18] the role of the grills aperture
was investigated and it was concluded that the fully open grills
yields greater daily thermal energy reductions than grills partially
opened by comparison with the ventilation completely closed
and, in [15], three grills opening ratio of 61%, 33% and 100%
were investigated and, using the same metrics than in [18], it
was drawn up a direct correlation between the energy yield in
the warm season and the grills opening ratio, concluding that the
higher the aperture ratio, the greater the potential for thermal
energy decrease.

• Air channel thickness: the air channel thickness is a characteristic
of the OVF that affects its energy performance being possible
to find a large number of works focused in the study of this
parameter [13,19]. The most common conclusion in the literature
is that narrower cavities have worse energy performance [8,10,
18] in order to reduce cooling loads in the hot season. Thus,
in [8] is demonstrated that the energy savings increase as the air
duct thickness 𝑑 increases and that this energy saving increase
is particularly marked by air duct thickness values lower than
0.15 m, tending for values greater than 0.15 m to a much less
marked growth and some authors point out that ventilation rates
decrease for thicknesses greater than 0.30 m [7,8]. Similar results
are obtained in [20] for a double-skin facade; in this work it
is concluded that a channel dimension that is too narrow can
severely impede ventilation, while oversizing it produces only
a moderately worse result than the optimal value proposed for
channel width.
However, the increase in 𝑑 is related to an increase in heating
loads in winter due to the rise of the air flux rate inside the
ventilated cavity with a consequent increase in heat loss when
the ambient temperature is cold, as is the case in winter [7,11].
Thus, changes in air channel thickness produce in summer and
winter an opposite effect on the heat flux through the OVF that
justifies the need for an annual calculation of the effect on such
flux of any change in air channel thickness.

• Surface solar absorptivity: the surface temperature of the cladding
is highly influenced by solar irradiance [21], which has impli-
cations on the temperature of the air inside the channel, on its
velocity, and on the temperature of the surface of the interior
wall, all of which affect the energy performance of the OVF,
being necessary to analyze the effect of the changes on the solar
absorptivity of the outer surface in the yearly heat flux through
the OVF.
Previous research, as developed in [18], based on experimenta-
tion in the summer season, has shown that dark colors of the outer
2

surface of the outer layer of the OVF increase the temperature of
the external skin, which produces an increased air flow rate inside
the ventilated channel, as well as an increase in the radiative
thermal exchange between the inner surfaces of the cavity that
results in an increase in the heat flux through the OVF; the authors
conclude that exterior surfaces with a lower solar absorption
coefficient are more effective in reducing the heat flux through
the OVF.
Likewise, other research on the effect of the solar absorptivity
of the external surface on the energy performance of ventilated
façades, as developed in [8,9,15], also found that the darker the
color of the exterior surface, the lower the ability of the facade to
reduce heat transfer through the OVF in the hot season.
However, according to the effect of colors on absorption of solar
radiation, a positive effect can be expected in winter in order
to reduce the heating loads for dark colors or, equivalently, for
surfaces with a high value of solar absorptivity.

• Thermal diffusivity of the outer sheet: the thermal diffusivity
of the outer sheet determines the transmission of heat through
this sheet and therefore plays a determining role in the ther-
modynamics of the ventilated façade and, consequently, in the
heat transfer through it. Previous research has shown that the
energy performance of ventilated façades is most efficient for
low values of the thermal diffusivity of the outer sheet as it
was concluded by using simulations and mathematical solvers
in [8,9] or experimental results in [18,22] under summer weather
conditions.

• Insulation thickness: thermal insulation is a simple and cost-
effective measure to reduce the heat flux through the envelope
of buildings. Although a priori, the thicker the insulation layer,
the lower the heat flux through the façade, some studies, as those
performed in [23], stated that increasing the insulation thickness
is only cost-effective up to a certain limit, which is in accordance
with the notion of critical insulation thickness [24]. However, in
the previous literature, to the best of our knowledge, there are
no studies focused on the impact of changes in this parameter on
the energy performance of the OVF, only in [8] is investigated
how to optimize the layout of the insulating material inside the
ventilated chamber, finding that energy savings are maximum for
a fraction between 0.15 and 0.30 of the insulating material placed
on the surface of the outer skin facing the air duct, and the authors
of that work stated that the usual placement of the insulation
material on the inner wall of the OVF is more effective than on
the outer layer.

• Ventilated channel height: the height of the ventilated façade
and therefore the height of the ventilated chamber of the OVF
is another characteristic that can impact the energy performance
of the façade. The most common assertion about the influence of
the ventilated channel height on the thermal behavior of the OVF
is that the higher the height, the higher the air velocity inside
the channel, which in turn influences the heat flux through the
OVF. In [9,11], based on simulation models, an increase of the
air temperature inside the air chamber was found as the height
increased, a result that was observed also in [25,26] based on
experimental and simulation data. Similarly, different heights of
OVFs have been experimentally studied in [15,22,27]; in [27], the
energy performance of two 6 and 12 m high OVFs was studied
in summer; it was found that during the hours of sunlight, the
temperature is always higher for the 12 m façade and during
the night the temperature is always lower; in [22] the energy
performance of three OVFs of 4, 8 and 12 m height was studied in
summer; from experimental data it was concluded that the energy
performance of the lower facades is more affected by the radiation
reflected from the ground than higher façades that can result in a
lower efficiency in cooling for the lower façades for high values
of ground solar reflectivity; in [15], three OVFs of 2.20, 3.35
and 4.40 m height were studied and the results of daily thermal
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energy reductions obtained from the experimentation yield values
equal to 44.1%, 45.3%, and 46.5%, and therefore support the
assertion that the higher the façade, the higher the daily thermal
energy reductions. Finally, in the same regard, it can be noted
that in [28] an increase in air temperatures was found in the
middle and upper zones of the ventilated channel, depending on
where the maximum value of these temperatures is reached from
the vertical shear plane inside the channel.

In light of this review, two facts can be highlighted that show a gap
n the literature on ventilated facades: firstly, the absence of studies on
he impact of changes in design parameters on the energy performance
f an OVF equipped with window openings and, secondly, the scarce
umber of works that evaluate the effect of design parameter changes in
he energy behavior of the OVF for all seasons of the year, which even
or some of the design parameters is non-existent, making it difficult
o ensure the suitability of these changes to produce year-round energy
avings due to the opposite effect that changes in design parameters
an have on the energy performance of the OVF in different seasons of
he year.

The lack of studies on OVF with window openings is of special
elevance because the windows represent a physical interruption of the
ir chamber and, therefore, an obstacle to the movement of air along
t; this implies a genuine three-dimensional behavior of the air flux as
hown in [26] and that cannot be simulated by 2D numerical models
s was demonstrated in this last paper. Thus, in terms of OVFs with
indows opening, its parametric optimization must be performed using

hree-dimensional numerical models capable of adequately simulating
uch facade systems and that, as stated in [29], have been validated by
xtensive monitoring campaigns.

In the very large literature on OVFs, to the best of our knowledge,
he authors do not have found any reference analyzing the energy
ptimization of OVFs with window openings and then it is possible
o state the existence of a gap in the literature caused by the lack of
nergy optimization analysis for OVFs with window openings, which is
he objective of this research.

On the other hand, energy analysis needs to be extended to all
easons of the year since changes in the design parameters that can lead
o savings in summer can nevertheless increase loads in winter, so it is
ecessary to calculate the energy whole yearly balance produced by the
hanges in the parameters to be able to really establish the existence
r not of energy savings considering all the seasons of the year.

This paper reports a parametric analysis of the impact of changes
n its design parameters on the yearly heat flux through an OVF with
indow openings. The analysis of this impact for changes in the façade
esign parameters was performed through the use of a well-validated
D numerical model introduced in [26] where an extensive monitoring
ampaign was carried out and used to validate the numerical model,
ampaign that spanned the following time intervals: from 29 December
020 to 5 January 2021, from 11 January to 18 January 2021, from
0 March to 13 April 2021, from 20 to 28 June 2021, and from 5 to
8 July 2021.

The energy analysis carried out allowed to find out the values of the
açade design features that produce the best energy performance of the
nalyzed OVF, evaluated in terms of the annual heat flux through the
acade and its reduction compared to an existing obsolete energy facade
ommonly used in housing construction in Spain in the 1960s and
970s, before the enactment of the first legislation for energy demand
f buildings in Spain, the NBE-CT-79 [30].

The results reported in this paper allow:
– to select the best option of the geometric and thermophysical

arameters of the OVF in order to optimize its energy performance,
roviding guidelines for the design of OVFs with windows opening;

– to quantify the heat flux decrease for each studied OVF design
ompared to a reference case given by an obsolete energy façade
llowing to retrofit this last façade by using an OVF under the criterium
3

f best contribution in reducing the heat flux through the façade. s
The paper is organized as follows: in Section 2 the methods used
for the computation of the heat flux through the OVF are described; in
Section 3 the methodology used in the energy optimization analysis
is presented; in Section 4, the results from the optimization para-
metric analysis are presented and discussed; finally, in Section 5 the
conclusions and future work are shown.

2. Methods

2.1. Façade description

The OVF subject of this study is the result of adding an opaque
ventilated facade system to a façade with windows that reproduces the
most usual constructive configuration of the façades of social housing
built in the middle of the last century in large areas of southern Europe
with a Mediterranean climate. These dwellings are characterized by
their lack of energy insulation measures in such a way that they can
be considered as very poorly adapted to the goal of energy savings
consumption to achieve indoor thermal comfort.

Two full-scale outdoor test cells with configurable south-facing
facades were used to carry out the present investigation. These test cells
are placed at the center of Seville city (Spain) in an open-air space of
the University of Seville.

The facility to which the test cells belong is configured in two
separated modules. Each module consists of two test cells, one facing
north and the other south, connected by a service space, Figs. 1(a) and
1(b). The inner dimensions of the cells are 3.20m deep, 2.70m high and
.40m wide.

The use of test cells to analyze the energy and thermodynamic
erformance of ventilated facades has been widely reported in previous
cientific literature, being very common the use of full-scale test cells
f the so-called PASLINK type [31,32], in which the test cells used in
his paper can be framed. For example, to cite a few works, in [33]
he thermal performance of a ventilated wall, both for heating and
ooling, was investigated; the experimental data were obtained using a
ASLINK test tell with a 2.75 × 2.75 m2 removable south wall. In [34],
he thermal performance of a new type of ventilated facade including
phase change material (PCM) in its outer layer was experimentally

nalyzed using a full-scale PASLINK test cell installation equipped
ith a 2.7 × 2.7 m2 prototype facade. In [35], a ventilated façade

s analyzed using the Paslink cell-based test methodology to perform
he experimental test. In [36] three Passlink-inspired test cells were
sed to explore three constructive systems, including an OVF, for the
etrofitting of energy-obsolete facades. In [37] a full-size test cell is used
o compare the thermophysical behavior of three opaque ventilated
acades, characterized by different positions of the mass (hollow bricks)
nside the air space, and in [26] a test cell, like the one used in the
resent work, is used to experimentally study the energy performance
f an OVF installed on a façade equipped with a window.

In short, a fairly large number of works, of which only a brief sample
as been referred to, use test cells of similar or comparable dimensions
o those used in this work in order to analyze the energy performance
f ventilated facades.

The test cell named as Cell 3 in Fig. 1(a) reproduces in its southern
ustomizable wall a facade with poor thermal insulation commonly
uilt in social housing in southern Spain in the middle decades of the
wentieth century. The transmittance of this wall is equal to 1.43
W/m2 K] and its constructive layout is shown in the Table 4 of
ppendix A. Likewise, this façade is equipped with a window of di-
ensions 1.16 × 1.08 m. In the present study, this façade is considered

s the reference façade and its energy performance is compared to that
f the OVF under analysis to reach conclusions about the potential
nergy savings that OVF provides.

The OVF is placed on the south-facing façade of the Cell 1, Fig. 1(a),
nd is the result of adding a ventilated facade system with opaque

kin to a façade with the same constructive characteristics as the
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Fig. 1. (a) Floor plan of the test cells. (b) Test cells.
energetically obsolete south-facing façade of Cell 3. and keeping the
window in its previous position. The layout of the OVF is shown in
Table 5 of Appendix A, being now the transmittance of the inner wall
equal to 0.56 [W/m2 K].

The air duct is laterally closed with the same materials as the outer
skin and connects to the outside by means of a horizontal inlet opening
placed at the bottom of the duct, the thickness of which is 0.1 m,
i.e. the thickness of the ventilated chamber. This opening has a system
of grills that can be opened and closed, so that the resulting opening
surface, when the grills are open, is 50% of the total surface of the
base of the ventilated chamber. Another 0.1 m wide vertical opening
is located at the top of the OVF on the same axis as the outer skin, and
it is equipped with a protection about 20 cm over the exterior side,
providing protection against rain.

The 50% reduction of the inlet opening area may raise the ques-
tion of whether the ventilation of the ventilated chamber is guaran-
teed or not. In this regard, in the previously mentioned paper from
Fantucci et al. [15], the thermal performance of different ventilated
façade configurations was evaluated through an extensive experimen-
tal campaign under summer conditions. Among these configurations,
three ventilation grills opening ratios with respect to the total opening
were considered: 33%, 61% and 100%; measurements showed that
the impact of the grills opening ratios was moderate on the energy
performance of the facades, concluding that the decrease in the daily
heat gain reduction capacity of the OVF is about 5% going from 100%
to 33% of the grills opening ratio, and is less than 2% going from
100% to 61% of the grills opening ratio. Regarding the air velocity
in the ventilated channel, and the associated ventilation capacity, a
direct correlation was observed between the grills opening ratio and
the air velocity: for the opening ratio of 100% velocity ranged between
0.60 and 0.70 m/s, while for the opening ratio of 61% velocity ranged
between 0.50 and 0.60 m/s, and for the opening ratio of 33% velocity
ranged between 0.35 and 0.45 m/s. These results can be interpreted as
the considered variations of the grill opening ratios affect the velocity
inside the ventilated channel, but allow good ventilation, as can be seen
from the small variation in the daily heat gain reduction capacity of the
OVF observed for the different grill opening ratios.

Likewise, in [18] the thermal behavior of rainscreen ventilated
façades under typical Mediterranean summer weather conditions was
investigated experimentally by using a large-scale test building. In
this work, inlet and outlet grills opening partially closed are studied,
although the value of the opening ratio is not provided. It was found
4

that in the case of partially opening grills ratios the air velocity in
the ventilated cavity decreases compared to fully open inlet and outlet
grills, resulting in an increase in heat flux through the inner wall.
However, the reported values of air velocity in the case of partially
open grills ranged from a minimum of 0.38 m/s to a maximum of
1.23 m/s, implying that the air flow rate is guaranteed inside the
ventilated chamber.

Finally, to refer to one last work, in [26] an OVF with a configura-
tion of grills as used in the present paper was exhaustively analyzed,
both experimentally and numerically; from the obtained monitored and
numerical data it was observed that the air velocity in the inlet region
of the ventilated channel is able to reach values above 0.3 m/s, which
allows to guarantee the air flow rate for the ventilation of the chamber.

Thus, in light of previous research, it can be asserted that the 50%
grill opening ratio considered in the experimental configuration used
in the present paper is enough to allow ventilation of the ventilated
cavity.

Regarding the other elements of the envelope of the Cells, the floor
slab, the roof and the east and west walls are composed of highly insu-
lated white panels with a global thermal transmittance value equal to
0.05 W/m2 K. On each cell roof is installed a sloping plate of galvanized
corrugated sheet metal panels that form a ventilated space. The north
interior walls of Cell 1 and Cell 3, adjacent to the service area, are
made of a 100 mm thick sandwich panel, whose thermophysical values
are the same as those of the sandwich panels used in the east and
west walls. The layout and characteristics of these elements of the cells
envelope are described in Table 6 in Appendix A.

2.2. Façade modeling

The analysis performed here is based on the calculation of the
energy flux through the OVF when different values of the dimensions
and physical variables of the elements that make up the OVF are
considered.

To compute the energy flux through each configuration of the
OVF, the three-dimensional model introduced in [26] is used to com-
pute the velocity and temperature of the air within the ventilated
channel and the heat conduction through the solid elements of the
OVF. In the ventilated channel, the equations governing air flow and
transport temperature are the Navier–Stokes thermodynamic equations
with a Boussinesq approximation for buoyancy. These equations are
completed with a modeling of the turbulence using the RNG 𝜅 − 𝜀
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Fig. 2. Scale-free view of the 3D computational domain.

odel following [38] where it is asserted that this turbulence model
erformed better than other turbulence models for calculating heat
ransfer in the case of an air flow with low velocity zones.

The use of the Boussinesq approximation for buoyancy has been
idely used in the context of ventilated façades. Some works that use

his approximation are cited below. In [39] the Boussinesq approxi-
ation is used in combination with 𝜅 − 𝜀 and 𝜅 − 𝜔 models for the

turbulence; for the OVF configurations analyzed, the differences found
between the simulated surface temperatures and the experimental data
are lower than 5% for both turbulent models whilst for the velocity of
air in the ventilated chamber it was found that it ranges 6–15% higher
than the experimental values; according to the obtained results, the
simulation model implemented in the CFD environment was considered
validated. In [11] the Boussinesq approximation was used to model
buoyancy effects in the study of the thermal and fluid dynamic be-
havior of open-joint ventilated façades; experimental validation showed
goof fittings in temperature and velocity profiles among simulated an
measured data.

On the other hand, Li et al. [40], presented a study in which a
model was calculated by theoretical analysis and by CFD simulation
using the Boussinesq approximation; authors concluded that the results
obtained showed less accurate predictions that those obtained from
the Incompressible-Ideal-Gas model. This implies that the use of the
widely used Boussinesq approximation to deal with natural convec-
tion should be used with caution and whenever possible be validated
experimentally.

Taking these issues into account, an extensive validation process
was carried out in [26] to ensure the good accuracy of the numerical
model used in the prediction of the energy performance of the venti-
lated façade under study. The experimental measurements allowed to
conclude the validation of the numerical model used, which included
the use of the Boussinesq approximation to model buoyancy effects,
although, as in the work by Buratti et al. [39], the simulated values for
temperatures show higher accuracy than for velocities.

The heat transfer through the inner wall and the outer slab of the
OVF are modeled by the heat conduction equations.

The boundary conditions for the air flow are non-slip condition on
all the solid surfaces whilst the air velocity incoming to the compu-
tational domain are computed by using the air velocity from weather
data. To calculate the air velocity at the inlet of the air duct, a part
of the external environment around the cells is incorporated into the
calculation domain, as shown in Fig. 2. In the upper part of the
computational domain, the slip condition is imposed and, finally, free
outflow on the remaining boundary surfaces. For temperature, the
boundary conditions on solid surfaces are given by the equations of
energy balance on each surface.

The numerical resolution of the OVF model was performed by using
a 3D Finite Element discretization of the thermodynamic equations for
the air flow and of the equations of heat conduction through the solid
elements of the OVF. The computational code was built by using the
free software FreeFem++ [41] that is a partial difference solver based
5

on the Finite Element Method (FEM) developed by the French Institute
National de Recherche en Sciences et Technologies du Numérique.
More details of the used simulation model and its numerical resolution
can be found in [26].

2.3. Model validation

The OVF model was validated through an exhaustive validation
process that included the use of monitoring measurements from an
extensive experimental field campaign carried out during the afore-
mentioned spring, summer and winter time intervals. The monitoring
equipment used in the validation process is detailed in Appendix D.

In the validation process, the calculated values of the temperatures
of the OVF surfaces, the temperature and velocity of the air flow into
the air duct, as well as the heat transferred through the OVF to the
indoor space were compared with the monitoring values.

The validation analysis was performed following the broadly recog-
nized guidelines for evaluating the precision of building energy models
(BES) as set forth by ASHRAE Guideline 14-2014 [42], the International
Performance Measurement and Verification Protocol (IPMVP) [43], and
the Federal Energy Management Program (FEMP) [44].

This validation process allowed to assert the accuracy of the numer-
ical method used to simulate the energy performance of the OVF.

A summary of the results of the validation process can be found in
Appendix B, while a detailed description of this process can be found
in [26].

3. Optimization analysis methodology

3.1. Façade configurations for the parametric optimization analysis

The parametric analysis of the energy performance of the OVF
has been carried out considering the variations of the different façade
design parameters listed below:

• the ventilation grille opening protocol considering two cases:
closed and opened.

• the air channel thickness (from 0.02 m to 0.3 m).
• the outer surface solar absorptivity (from 0.1 to 0.9).
• the OVF outer sheet diffusivity (from −30% to 30% of the initial

value).
• the insulation thickness (from 0.02 m to 0.2 m).
• the air channel height (one and two floors).

To investigate the impact of variations of each parameter on the
thermal performance of the OVF, the heat transferred through the OVF
to the interior space was calculated by varying the parameter under
study, and keeping the rest of the parameters unchanged in the initial
configuration of the OVF described in Section 2.1. Finally, once the
best value for each parameter was determined, the yearly heat flux and
associated savings were calculated for the configuration resulting from
the application of these optimal parameter values.

3.2. Heat flux computation and performance metrics

This section describes the procedure followed to compute the yearly
heat flux (YHF) through the OVF and the metrics and variables used in
the OVF parametric energy optimization process.

The variable to be optimized is the yearly total heat flux through
the OVF, so the lower this flux, the more energy efficient the OVF is
considered to be and the value of the design parameter that provides
the minimum amount for YHF is considered the optimal value for this
parameter.

To compute YHF the climatic data of a representative day of each
season have been used. The climatic data for this representative day
of each season were calculated by computing for each weather vari-
able its mean value over the entire season. This typical day can be
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Fig. 3. Climatic variables for seasonal representative days: (a) Autumn; (b) Winter; (c) Spring; (d) Summer.
onsidered as a valid and fair representation of the season for energy
omputations [17].

To calculate YHF for every seasonal representative day, the tran-
ient nature of the heat transfer through the wall was taken into
onsideration and then, based in [45], the expression used was:

= 1
𝐴(𝑊 ) ∫

𝑡𝑒𝑛𝑑

𝑡𝑖𝑛𝑖

(

∫𝑊
ℎ(𝑐,𝑟)|𝑇𝑊 − 𝑇𝑖𝑛𝑑 |

)

, (1)

where 𝑊 represents the inner surface of the wall where the OVF is in-
stalled, 𝐴(𝑊 ) is the area of 𝑊 , 𝑇𝑊 the surface temperature on 𝑊 , 𝑇𝑖𝑛𝑑
the indoor air temperature, ℎ(𝑐,𝑟) the mixed convective-radiative heat
transfer coefficient between 𝑊 and the indoor ambient and [𝑡𝑖𝑛𝑖, 𝑡𝑒𝑛𝑑 ] is
the time interval for which the total heat flux 𝑞 is calculated, in our case
a typical day for each season. Here, the value of ℎ(𝑐,𝑟) is taken equal to
8.29 W/(m2 K) in accordance with ANSI/ASHRAE Standard 140 [46].

To compute 𝑞 for each seasonal representative day, a four-day
warming interval was used in all energy calculations in order to con-
sider inertial thermal effects. More warming days do not provide sub-
stantial changes in energy calculations, with less than 0.3% difference
in energy results for a heating interval of one-week

Finally 𝑌𝐻𝐹 is calculated by using the values of 𝑞 obtained from
Eq. (1) extended to all days of each season and adding the values
obtained for the four seasons [17].

The calculation of the heat flux through the OVF is used in combina-
tion with the yearly energy saving percentage (YESP). This parameter
is defined as

YESP =
YHF − YHF𝑅𝑒𝑓

YHF𝑅𝑒𝑓
⋅ 100 , [%]. (2)

where YHF𝑅𝑒𝑓 represents the yearly heat flux for the original energy
obsolete façade named as the reference one. Using the criterium of
energy savings, the greater the YESP, the more energy efficient is the
OVF configuration and the one that provides the maximum value of
YESP is considered the optimum configuration.

To finalize the optimization analysis, once the optimal value that
provides the lowest YHF for each design parameter has been obtained,
6

the values of YHF and YESP are calculated for the constructive OVF
configuration resulting from the combined use of the optimal values
for each parameter.

3.3. Indoor conditions

The goal of this work is to draw conclusions about the OVF con-
figurations that minimizes the heat transfer through the OVF and the
associated savings when compared to an energy obsolete reference
façade considering that indoor temperatures are into the comfort range.
For this, following the approach introduced in [47,48] and [49], the
interior zone of the tests cells is modeled as a test zone assuming that
the envelope of the test cells is adiabatic except for the customizable
South wall. For this purpose, a continuous mode of the conditioning
system is assumed with an indoor set-point temperature set at 21 ◦C
in winter, at 25 ◦C in summer and, finally, set at 23 ◦C in spring and
autumn. These values have been proposed taking into account the
comfort temperature ranges established in the Spanish regulations for
conditioning equipment in buildings (RITE) [50].

3.4. Climatic data

In Figs. 3(a), (b), (c), (d), the exterior temperature, the southern
solar radiation, the sky downward long-wave radiation, and the wind
velocity are shown for the representative days of each season in Seville
used in the computations. These values were obtained based on data
from the Spanish State Meteorological Agency [51] and the Energy Plus
Weather (EPW) file for the city of Seville. The values of the different
weather variables can be considered as typical of the Mediterranean
climate. As can be seen in these figures, this climate is characterized by
high values of the solar radiation for the whole year, and temperatures
can be considered as mild during winter, as moderate during spring
and autumn, and as hot in summer. In view of these characteristics, the
climate of the region is classified as Mediterranean Csa in accordance
to the Köppen–Geiger climate classification.
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Fig. 4. Grills opening protocols: (a) seasonal heat flux; (b) seasonal heat flux savings.
4. Results and discussion

In this section, the results of the YHF and YESP computations for
each OVF configuration described in Section 3.1 are shown. As already
mentioned, the goal of this research is to find conclusions about the
OVF configuration that minimizes the heat flux through the OVF for
the whole period of a typical climatic year and thus, maximizes the
energy savings for the entire year. The YHF and YESP values obtained
for each OVF configuration are presented in the following sections.

4.1. Ventilation grills opening

In this section, the impact of the ventilation grills opening protocols
on the heat flux through the OVF and associated savings are analyzed.
Two cases are considered: grill opened and grill closed.

Since the open grill allows for free circulation of air throughout
the ventilated chamber, in this case a higher convective exchange is
expected between the surfaces facing the duct and the air flowing along
this channel. This can result in a cooling of these surfaces if the air
entering the channel has lower temperatures, and therefore in a reduc-
tion of the cooling load; but if the air entering the channel has a very
high temperature, this reduction may be very low or non-existent [25].
However, in winter, the entry of cold air into the ventilated chamber
can cause an increase in the heating load, in addition to the increase
in this load due to the solar radiation blocking effect produced by the
outer layer of the OVF.

In contrast, when the grill is closed, in winter there is no cold air
intrusion and the ventilated chamber can perform as an extra layer of
thermal insulation and then reduce the heating load, while in summer
the absence of ventilation can increase the cooling load compared to
the open grill case.

Thus, taking into account the opposite thermal performance pro-
duced by both protocols throughout the year, it is necessary to evaluate
the heat flux through the OVF for every season in order to draw conclu-
sions about the best protocol for each season, so that the combination
of the best protocol in each season yields the optimum protocol for the
whole year.

In Fig. 4(a) the seasonal total heat flux is shown for the OVF with the
two studied protocols of open and closed ventilation grille and for the
reference façade. It can be observed that in summer, the OVF with open
grill is able to strongly reduce the heat flux compared to the reference
case. This reduction, as it is shown in Fig. 4(b), is equal to 33.3%,
value that is in accordance with results supported by literature where
for hot areas and the summer season in [8] energy savings between
22% and 38% are reported for fixed typical climatic summer conditions
for some suitable OVF configurations with a channel thickness similar
to the one used in the present work in the initial configuration. On
the other hand, in [7] heat flux reductions for a day of summer
range between 7% and 27.5% in function of the air channel width,
7

and in other works the heat reduction typically is close to 40% for
OVFs without window openings [9,10,12,13]. It must be outlined that
most of the referenced works are focused in OVF without window
openings, and the heat reduction is assessed for specific summer days
or static weather conditions, while here the heat reduction is computed
for a whole representative day of the season and for an OVF with
windows openings, so, the results presented here should not be directly
compared with previous results in the literature, except to determine a
qualitative behavior that can be stated to be similar in terms of heat
flux reduction values.

For its part, the OVF with closed grill is also able of reducing the
heat flux through the OVF, although now, this reduction is equal to
9.7% and therefore much lower than the reduction for the open grill
case. This poor reduction can be related with the no possibility of
transporting the heat energy of air to the outside of the ventilated
chamber and, in this way, to lower the temperature of the walls
facing this chamber; nevertheless, the ventilated chamber itself acting
as a thermal insulation layer, the outer shield that protects the inner
wall against solar radiation, and the extra insulation layer with which
the OVF is equipped, are able to produce the reduction in heat flux
mentioned earlier.

In contrast, in winter, the best performance in terms of heat flux
reduction is found for the OVF with the closed ventilation grill, which
yields a percentage saving equal to 20.5%, whilst the reduction reached
by the OVF with open ventilation grill is equal to 3.4%. The reason
for these results is based precisely on the thermodynamic behavior of
both cases described above. Thus, in the cold season, mainly due to the
intrusion of cold air inside the ventilated chamber have the opposite
results in the heat transfer through the OVF described above, whereas
in the cold season, mainly because of the entrance of cold air inside
the ventilated chamber, have the opposite results on the heat transfer
through the OVF.

In the intermediate seasons, spring and autumn, the heat fluxes
are much lower for all the cases. However, the OVF is again able to
reduce the heat transfer in both seasons, this reduction being up to
20%, which is a significant reduction, although, it should be noted that
these percentage reductions apply to relatively low values of heat flux
for these seasons as can be seen in Fig. 4(a).

From the analysis of the results presented in Fig. 4, it can be
concluded that the OVF with open ventilation grill has significantly
better performance compared to the closed ventilation grill only in
the summer season, although the difference in this case is very high
in favor of the open case. In light of these results, in order to select
the most efficient grill opening protocol, it is necessary to evaluate the
heat fluxes and its reduction for the whole year for both grill protocols,
results that are presented in Fig. 5 and Table 1.

In Fig. 5(a), the yearly heat fluxes are shown for the two grille
protocols, closed and open, and for the reference case. As can be seen,
the open protocol for the grille inlet gives the lowest value of YHF,
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Fig. 5. Grills opening protocols: (a) yearly heat flux; (b) yearly heat flux savings.
Table 1
Yearly heat flux for the OVF and associated savings for the different grills opening protocols.

Grill closed Grill open Grill combined Reference case

Yearly heat flux [kWh/m2] 44.96 41.89 39.17 53.01
Yearly load savings [%] 15.17 20.96 26.09 –
Fig. 6. Different thickness values of the air channel; impact on: (a) yearly heat flux; (b) yearly heat flux savings.
m
h
r

w
t

lthough the case with closed grille yields too a lower value of YHF
han the reference case according to the discussed seasonal results for
he heat flux. The yearly percentage savings for the open grill is equal
o 20.96% and for the case with the closed grill is equal to 15.17%,

that confirms the relevance of this kind of retrofitting measure and the
best performance of the OVF with the open grill when compared to the
closed case as can be seen in Table 1.

It is noteworthy to observe that once the heat flux is computed
for each season and each protocol, taking into account that the lower
values of the total heat flux are given in winter and autumn for the grill
closed protocol and in spring and summer for the grill open protocol, a
new protocol could be defined, named the combined one, choosing for
each season the grill protocol that produces the minimum values for
the heat flux through the OVF. The savings for this protocol are shown
in Table 1 where as can be expected this combined protocol is the
most efficient to decrease heat transferred across the OVF. However,
the effective implementation of this optimum protocol requires some
kind of mechanic control of the grille aperture that can increase the
costs of installation of the OVF and can make this option economically
unprofitable. Therefore, a careful cost-effectiveness analysis is neces-
sary in order to establish its suitability before choosing this option as
the best.

In the following sections, to study the impact of varying the different
characteristics of the OVF analyzed in the optimization analysis, only
the results for the open grill protocol are shown for the sake of brevity.
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4.2. Air channel thickness

In this section, the yearly heat flux and the yearly heat flux savings
for different air channel thicknesses are computed, and the values
obtained are shown in Fig. 6. The configuration of the OVF is the
original one and only the thickness of the ventilated chamber is varied
from 0.02 m to 0.3 m (around the original value of 0.1 m).

As can be seen in Fig. 6(a) in summer the heat flux through the OVF
decreases as the air chamber thickness 𝑑 increases, being the decrease
of YHF specially marked for values of 𝑑 lower than 0.10m tending to a
stabilization of the YHF for values of 𝑑 greater than 0.2m. Therefore,
the decrease of the YHF for 0.1m< 𝑑 < 0.15m is close to 21% whereas
for 0.2m< 𝑑 < 0.3m is about 4%. This implies a heat flux saving that
increases as 𝑑 increases, with a high increase until 𝑑 reaches values
between 0.1 and 0.2m, tending for values greater than this interval to a

uch slower growth as can be observed in Fig. 6(b). These facts for the
eat flux and associated savings3/4 are in accordance with the findings
eported in [8].

On the other hand, regarding the behavior of the heat flux in the
inter season in can be observed in Fig. 6(a) that the heat flux through

he OVF responds in an opposite way that in summer to changes in 𝑑.
Thus, it can be observed how the increase of 𝑑 produces an increase
in the heat flux due to the increase of the cold air flux rate inside the
channel in such a way that for values of 𝑑 lower than 0.1 m the OVF
is able to reduce the heat flux through the OVF but, once this value
of 𝑑 is exceeded, savings become increasingly negative until for values
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Fig. 7. Velocity fields in the areas of the inlet and outlet openings for the vertical section in the center of the lateral region of the ventilated chamber next to the window (line
of sensors TA2, TA3 and TA4 in Fig. 18), for different values of chamber thickness. Velocity magnitude (Vec Value) are shown.
of 𝑑 = 0.3m savings reach a value close to −40%, Fig. 6(b), showing a
pattern of behavior like that reported in [7,11].

For the intermediate seasons, as can be seen in Fig. 6(a), the values
of the heat flux are lower than in summer and winter. In spring,
as shown in Fig. 6(b), for all the values of 𝑑 positive savings are
obtained that increase with increasing d, this increase being stronger
until 𝑑 reaches values between 0.1 and 0.15 m, being the increase
more smoothly for values of 𝑑 greater than 0.15m. In autumn, savings
behavior follows a pattern opposite to that of spring. This could be
an indication that in these seasons, the ambient temperature does not
greatly affect the energy transfer through the OVF, which is highly
protected against thermal losses by the insulating layer that is able, in a
framework of warm ambient temperatures, to reduce the heat transfer
through the OVF for all the considered values of 𝑑.

Regarding the yearly total heat flux, in Fig. 6(a) shows how the
behavior of this flux over the seasons is affected by different values of
𝑑. Thus, for 𝑑 < 0.1m, the YHF follows a decreasing pattern associated
with increasing energy savings, Fig. 6(b); once this value is reached,
little change is observed in the YHF with a slight increase for 𝑑 < 0.115
and, correspondingly, in the associated savings, until for values of 𝑑
above 0.15m, the YHF tends to increase again and the savings tend to
decrease both smoothly, indicating that for these values of 𝑑 the winter
heat losses predominate over the summer cooling effect.

In conclusion, on the basis of the preceding discussion, the values
of 𝑑 equal to 0.1 m produce the lowest YHF and, consequently, the
9

greatest heat transfer reduction through the OVF with window openings
in the considered climatic framework.

On the other hand, it should be noted that an increase in the thick-
ness of the air channel entails an increase in construction complexity,
which will translate into a notable increase in execution costs [13]; this
may advise limiting the thickness to values where the rate of decrease
of the heat flux becomes already small.

The yearly heat flux through the OVF and the associated yearly heat
flux saving compared to the reference case are shown for the different
air channel thicknesses considered in Fig. 6.

In Figs. 7 and 8, velocity fields are shown for different thicknesses
of the ventilated air space at noon on a typical summer day. For the
thickness values shown, 5, 10 and 20 cm, a slight increase in velocities
is observed as the thickness increases, which is in agreement with
what has been observed in the literature for this range of thickness
values [8]. For the temperature field, it is observed that as the thickness
of the ventilated chamber decreases, an increase in the temperature of
the air circulating through the chamber is observed, which translates
into a loss of its cooling capacity, as also referred to in the previous
reference and is illustrated in Fig. 6.

4.3. Solar absorptivity

To assess the impact of changes of the solar absorptivity on the
energy performance of the analyzed OVF, this value is introduced
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Fig. 8. Temperature fields in the areas of the inlet and outlet openings for the vertical section in the center of the lateral region of the ventilated chamber next to the window
(line of sensors TA2, TA3 and TA4 in Fig. 18), for different values of chamber thickness. Temperature isovalues (IsoValue) are shown.
directly as a parameter in the numerical model used. In the present
research, the values considered for the solar absorptivity of the external
surface of the OVF outer layer range from 0.1 to 0.9 with steps equal
to 0.1.

In Fig. 9(a), the YHF for different values of the outer surface
solar absorptivity is displayed as well as for the reference case. For
practically all the values of solar absorptivity considered, the heat flux
through the OVF is lower than through the reference façade. Only for
values of solar absorptivity equal to 0.1 and 0.9, a slightly higher value
of the YHF for the OVF is observed when compared to the reference
case.

As can be seen in Fig. 9(a), the annual heat flux has a convex behav-
ior reaching its minimum for a value of solar absorptivity equal to 0.4,
and consequently a maximum of savings for this value. This fact can
be explained as follows: for the lowest value of solar absorptivity, low
values of absorbed solar energy predominate, resulting in an increase
of the heat flux in the cold season towards the outside and an overall
increase of the annual heat flux; then, as solar absorptivity increases,
the penalty effect in winter is progressively reduced until YHF reaches
its minimum for solar absorptivity equal to 0.4, and then the growth
of this parameter implies an increase of the heat flux over the summer
that produces the increase of YHF for all values of solar absorptivity
higher than 0.4, so that for the solar absorptivity range between 0.4
and 0.9, the higher the value, the higher the YHF.

In Fig. 9(b) the savings for the YHF are shown. These savings range
from a minimum negative value close to −3% for a solar absorptivity
equal to 0.1 to a maximum value close to 21% for a solar absorptivity
equal to 0.4. When this absorptivity value is exceeded, the saving
10
gradually decreases to a value of about −6% for the highest absorptivity
value equal to 0.9.

Thus, taking into considerations the results of this section, it can be
stated that the optimum value for the solar absorptivity for the present
case study is equal to 0.4.

4.4. Thermal diffusivity of the outer sheet

Taking into consideration that changes in the value of the thermal
diffusivity 𝛼 of the outer sheet can influence the heat exchange through
the OVF, in this section the impact of varying 𝛼 on the YHF is analyzed.
For this, 𝛼 is modified from a minimum of −30% to a maximum of 30%
of its original value given by the physical properties of the outer sheet
shown in Table 5.

Fig. 10(a) shows the YHF for different values of the outer sheet
thermal diffusivity 𝛼. It is possible to observe that the lower value has
𝛼 the lower value has YHF, in such a way that a −30% decrease of 𝛼
gives a YHF value equal to 39.57 kWh/m2 versus a YHF equal to 41.89
kWh/m2 for the original OVF, i.e, a reduction in heat transfer of about
25.33%, while a 30% increase of 𝛼 yields a YHF value equal to 58.07
kWh/m2, equivalent to an increase of heat transfer equal to 9.55%.

As conclusion of this analysis for 𝛼, it is possible to state that
materials used in the coating layer with a lower the thermal diffusivity
provide best results in terms of heat flux through the OVF, which is
in accordance with the results from [9], although newly, the results
of this last work have been carried out for stationary assumptions that
reproduce the conditions of one hour of daylight on a summer day,
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Fig. 9. Different solar absorptivities of the external surface; impact on: (a) yearly heat flux; (b) yearly heat flux savings.
Fig. 10. Different thermal diffusivities of the external sheet; impact on: (a) yearly heat flux; (b) yearly heat flux savings.
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hile in the present work the analysis has been carried out for non-
tationary conditions extending over representative days of each season
f the year.

.5. Insulation thickness

In this section, the impact of varying the thickness of the insulation
ayer on the heat flux through the OVF is assessed. The insulation
ayer thickness values range from 0.02 to 0.2m and the corresponding
alues of the resulting YHFs are shown in Fig. 11(a). As expected,
aking into account the role of the insulation layer in blocking the heat
lux, the thicker it is, the lower the heat flux through the OVF. As can
e observed in the figure, the decrease of the YHF is more marked
or insulation thickness values between 0.02 m and 0.12 m, ranging
he YHF from a value of 57.54 kWh/m2 to a value of 36.41 kWh/m2

han means a percentage decrease of 28.31%, while the decrease for
hickness values between 0.12 m and 0.20 m goes from 36.41 kWh/m2

o 32.58 kWh/m2 that is a percentage decrease of only 7.24%.
The yearly heat flux savings for the different values of insulation

ayer thickness analyzed are shown in Fig. 11(b). According to the
ehavior of the YHF displayed in Fig. 11(a), a very marked growth in
avings can be observed for thickness values up to 0.12 and a much
lower growth of savings for thickness values above 0.12m. In Fig. 12
an be observed as the rate of yearly heat flux decrement is very high
or values of insulation thickness lower that 0.06 m, a decrement rate
omething lower for values of the thickness between 0.08 and 0.12m
nd then, for values greater than or equal to 0.15m, the decrement
ate tends to stabilize taking values lower than 0.5 kWh/m2 per cm
f increase of the insulation thickness.

From this results is obvious that increasing the thermal insulation
ayer of the OVF produces a lower heat exchange between the interior
nd the exterior of the building, but observing the decrement rates of
11
HF that are obtained for values of the insulation thickness it could be
aken a value for the insulation layer thickness between 0.6 and 0.1 m
s the one than provides the more reasonable balance between cost of
aterials and energy cost savings, although this should be analyzed

hrough a cost-effectiveness analysis that is out of the scope of this
esearch.

.6. Ventilated façade height

Two phenomena are observed when the ventilated façade height is
ncreased: in the presence of solar radiation, both the velocity and the
emperature of the air flowing inside the channel tend to increase as
he air rises up the channel, as observed in [15]. Thus, according to
revious research, increasing the height of the façade also increases the
ir flow rate in the cavity, resulting in an improvement of the energy
erformance of the ventilated façade [11,27].

In the present research, to study the effect of the height on the
eat flux through the OVF, the original OVF is modified by adding
nd modeling a second floor with the same characteristics as the initial
VF. Likewise, an intermediate separation space is added to model the

lab of separation between both floors of the building. A sketch of the
onsidered OVF with the modified façade height is shown in Fig. 13(a).
he OVF is divided in zones to describe the results: zones 1,2,6,7 and
belongs to the first floor, zones 3 and 9 correspond to the slab of

eparation between the first and the second floor, and finally, zones
,5,10,11 and 12 belongs to the second floor. It should be noted that
he presence of the two windows causes a lateral displacement of the
ir flow around both windows opening inside the ventilated chamber
o that the thermodynamic behavior of the air flux is symmetrical in
he lateral zones as can be seen in Fig. 14(a) and (b) and it was shown
n [26]. This is the reason why the lateral zones have the same names.
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Fig. 11. Different thickness of the insulation layer; impact on: (a) yearly heat flux; (b) yearly heat flux savings.
Fig. 12. Rate of yearly heat flux decrement.

In Fig. 13(b) the 3D mesh of the ventilated chamber used in the
computations is displayed.

In Figs. 14(a) and 14(b), the velocity and temperature fields of
the air in the middle section of the ventilated chamber are displayed
at noon of the typical winter day. On the other hand, in Figs. 15(a)
and 15(b), the air cavity velocity and temperature are displayed as
a function of the channel height for a winter and a summer typical
day. Based on these figures a similar pattern can be observed for both
seasons: on one hand, velocity in zones 7 and 11 reaches the highest
values according with the observed in [26] at the same time that a
slight increase of velocities is found for each zone of the second floor
when compared with the equivalent zone at the first floor height, that
is according with the findings from [15] where an increase in the air
velocity is reported when the height of the channel is increased; on the
other hand, the temperature of the air increases as the channel height
increases for both seasons being this increase most marked between
the zones 6 and 7 due to in zone 6 the air is still most affected by
the incoming air temperature while from zone 7 the temperature has a
slower increase of almost linear character.

Regarding the heat flux through the OVF, two values of the YHF
are computed: one for the first floor of the OVF that coincides with
the façade analyzed in the previous sections and a second value of the
YHF for the added second floor. This is made by using Eq. (1) but using
now the values of 𝑇𝑊 as the surface temperature on the inner surface
𝑊 of each floor and 𝑇𝑖𝑛𝑡 as the indoor air temperature of each floor. In
order to draw conclusions about the heat transfer at the second floor
that allows for comparison with the values of YHF obtained for the
first floor, 𝑇𝑖𝑛𝑡 is taken equal in both floors according to the comfort
temperature values specified in Section 3.3.

In Fig. 16)(a) and Fig. 16)(b), the total heat flux and associated
savings for each season are displayed for the first and second floors
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of the OVF and for the reference case façade. It can be observed that
in summer, the ventilated façade at the first floor height performs
better than the one at the second floor, and, as it is shown in Table 2,
this difference is a 2.76% lower for the OVF at the first floor. On the
contrary, in winter, the performance of the OVFs is just the opposite:
the OVF at the second floor has a lower heat flux than the one at the
first floor, being the difference now between the two floors of about 3%
as is shown in Table 2. On the other hand, in spring and autumn, the
differences between the heat flux for the OVF on the first and second
floors are a 3.35% lower in spring and a 1.26% higher in autumn.
These results can be interpreted as the fact previously reported in the
literature of an increase in air temperature in the ventilated channel
with increasing height, which is beneficial in reducing the total heat
flux in the cold weather period but results in an increase in heat flux
in the hot weather season.

Regarding the total heat flux for the whole year, the value of this
flux for the OVF at the first floor height is very close to the flux for
the OVF at the second floor height, specifically, this difference is only
of 0.43 kWh/m2 that represents a 0.81% of difference between both
fluxes, which is an indicator of the balancing effect on the annual heat
flux that produces the opposite behavior of the heat exchange through
the OVF in the cold and warm seasons produced by the OVF height.

On the other hand, the YHF obtained for the OVF at the height
of the first floor height is equal to 41.43 kWh/m2 which represents
a reduction of 0.46 kWh/m2 with respect to the YHF value obtained
for the original OVF. This reduction in YHF, although small, is in
agreement with previous results in the literature indicating that an
increase in the height of the OVF improves its energy performance.

Finally, it can be concluded that, as can be seen in Fig. 17 and
Table 2, for the two floors analyzed, the OVF is able to reduce the heat
flux along the entire façade when compared to the reference case and,
thus, to provide energy savings for the entire year.

4.7. OVF optimum design

Finally, after obtaining for each design parameter the value that
provides the lowest YHF, the yearly heat flux that results for the
OVF configuration resulting from choosing the aforementioned optimal
design values is calculated.

This configuration is presented in Table 3, as well as the results of
the resulting yearly heat flux for such configuration.

As can be seen in Table 3, the configuration for the OVF obtained
using the optimum values of the design parameters achieves a reduction
in the yearly heat flux greater than 32%.

However, in view of the discussion of the previous results, it can
be expected that the use of an outer lamina material that provides a
reduction in outer lamina diffusivity in excess of 30%, an increase in
the insulation layer above 0.1m, or an increase in the height of the
OVF, are factors that can improve the result provided by the OVF with
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Fig. 13. Ventilated façade with two floors: (a) sketch; (b) 3D mesh of the ventilated chamber.
Table 2
Heat flux for the different OVF heights.

Winter Spring Summer Autumn Whole year

First floor OVF: heat flux [kWh/m2] 12.99 5.94 15.01 7.53 41.43
Second floor OVF: heat flux [kWh/m2] 12.64 6.15 15.67 7.40 41.86
Reference case: heat flux [kWh/m2] 13.39 7.45 23.86 8.29 53.01
Heat flux difference: first minus second floor [%]: 2.69 −4.23 −4.39 1.72 −1.03
Table 3
OVF configuration with optimum design values and resulting yearly heat flux.

Grill Ventilated channel Solar Thermal Insulation Yearly thermal Heat flux
thickness Absorptivity diffusivity thickness flux [kWh/m2] saving [%]

Open 0.15 m 0.4 −30% 0.1 m 35.67 32.71
the configuration presented in Table 3, although as stated above, it is
possible that such changes would entail an increase in costs that may
not be offset by savings in energy costs, a matter that would need to
be elucidated by an appropriate economic analysis.

Finally, it should be noted that the annual heat flux through the OVF
was calculated for OVF configurations with small changes, around 10%,
from the values shown in Table 3 without finding a decrease of the YHF
values, except for the case of the increase of the insulation thickness in
which a small reduction, around 2%, of the YHF was found, although
for the reasons stated in the previous paragraph and in Section 4.5, the
13
implementation of insulation thickness values higher than 0.1m seems
inadvisable in the geographical and climatic framework of Southern
Europe.

5. Conclusions

A well-validated three-dimensional CFD model has been used to
analyze the influence of changes in the physical and geometric design
parameters of an opaque ventilated façade with window openings in
order to optimize its thermal behavior during a typical climatic year in
the Mediterranean area.



Renewable Energy 227 (2024) 120398C.-A. Domínguez-Torres et al.
Fig. 14. Air in the ventilated chamber at noon, typical winter day: (a) velocity field; (b) temperatures. Velocity magnitude (Vec Value) and temperature isovalues (IsoValue) are
shown in (a) and (b), respectively.
Fig. 15. Velocity and temperature of air in the middle section of the ventilated chamber as a function of the channel height computed at: (a) noon on a typical winter day; (b)
noon on a typical summer day; (c) 18 h on a typical winter day; (d) 20 h on a typical summer day.
Variations in the yearly heat flux through the ventilated façade
due to changes in the parameters studied have been computed. From
14
the analysis performed, it has been possible to observe significant
differences in the heat flux as a result of these changes.
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Fig. 16. Height of the ventilated façade: (a) seasonal thermal fluxes; (b) seasonal flux savings.
Fig. 17. Height of the ventilated façade: (a) yearly heat flux ; (b) yearly heat flux savings.
The yearly heat flux through for each facade configuration analyzed
as compared to an unventilated reference façade typically used in

ocial housing built in the middle of the last century in southern
urope, exhibiting good results in terms of reduction of heat flux in
lmost all cases. From the analysis carried out, it has been concluded
hat all the parameters analyzed have an influence on the energy
erformance of the OVF although this influence is sometimes more
vident from a seasonal point of view than when considering the whole
ear because of the compensating effects that some parameters have on
he heat flux in the different seasons.

The analysis of the results obtained from the research carried out
llows us to reach the following conclusions, conclusions which, in
urn, constitute guidelines for the efficient use of ventilated facades
ith windows for building retrofitting:

• The yearly heat flux through the OVF is lower when the opening
grills are open than when they are closed. For open grills, the
decrease in annual heat flux is 20.96% compared to the energy
obsolete reference façade, while for closed grills reduction of
YHF is by 15.17%. In the case where it is possible to establish a
protocol of grill open in spring and summer and closed in winter
and autumn, the reduction reaches the 26.09%.

• The increase in the thickness of the ventilated channel of the OVF
for values below 0.1m causes a significant decrease in the annual
heat flux through the OVF. For values between 0.1 and 0.15m the
annual heat flux tends to increase slightly following a horizontal
pattern. Once this value of 0.15m is exceeded, the annual flux
tends to increase almost linearly. Thus, it can be concluded that
the minimum value of YHF and the maximum value of heat flux
savings are found for a thickness of the ventilated chamber equal
to 0.1m.

• The heat flux through the OVF is strongly influenced by the solar
absorptivity of the exterior surface of the outer layer; this heat
15

flux has a convex behavior reaching its minimum for a value
of the solar absorptivity equal to 0.4, and a maximum of the
heat flux saving equal to a 21.42% for this value of the solar
absorptivity.

• The thermal diffusivity of the OVF outer sheet has a relevant role
in the heat flux performance. From the results obtained, it can
be concluded that the lower the diffusivity of the outer layer, the
lower the heat flux. So, the material that makes up this outer layer
should be chosen with a diffusivity as low as possible.

• The assessment of the annual heat flux through the ventilated
façade by varying the insulation thickness shows that the increase
of this last produces a continuous decrease of the YHF that is
very marked for values of thickness less than 0.06m and tends to
stabilize with a very lower decrease of the YHF for values between
0.12 and 0.2m. Thus, from the results obtained it is suggested that
a value for the insulation layer thickness between 0.6 and 0.1m is
the one that provides the more reasonable balance between cost
of materials and energy cost savings.

• The height of the ventilated façade affects the yearly heat flux.
Thus, increasing the height of the ventilated façade to two stories
produces a slight decrease in the heat flux on the first floor com-
pared to the single-story case, a decrease that, although somewhat
smaller, is also observed on the second floor.

• The configuration for the OVP obtained using the optimum values
of the design parameters achieves a reduction in the yearly heat
flux greater than 32%.

The results summarized in this paper are novel as long as the para-
metric energy optimization performed here is focused on an opaque
ventilated façade with windows opening, not previously discussed in
the literature. Additionally, the study covers all seasons of the year,
whereas most studies on ventilated facades focus on showing warm
season results The findings presented here could be used in the prelimi-
nary stages of design and decision making for the energy retrofitting of
buildings with energy obsolete façades, as well as for new construction.
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Table 4
Customizable south wall thermophysical properties (Cell C3).

Layer Description Thickness Density Specific heat Conductivity
(m) (kg/m3) (J/kg K) (W/m K)

1 (Out.) Cement rendering 0.015 1300 1000 0.670
2 Perforated brick 0.115 780 1000 0.350
3 Cement rendering 0.010 1300 1000 0.670
4 Air chamber 0.050 1.184 1007 0.025
5 Hollow brick 0.040 770 1000 0.320
6 (Int.) Gypsum plaster 0.015 1000 1000 0.570
Table 5
OVF thermophysical properties (Cell C1).

Layer Description Thickness Density Specific heat Conductivity
(m) (kg/m3) (J/kg K) (W/m K)

1 (Out.) Cement rendering 0.0050 1300 1000 0.670
2 Reinforced cement board 0.0125 1150 1000 0.350
3 Waterproof coat 0.0050 260 1000 0.050
4 Air gap 0.1000 1.205 1007 0.025
5 Wool rock panel 0.0500 100 840 0.046
6–11 (Int.) Same as layers 1 to 6 of cell C3 south wall (Table 4).
Table 6
Thermophysical properties of east and west walls, floor and roof.

Layer Description Thickness Density Specific Heat Conductivity
(m) (kg /m3) (J/kg K) (W/m K)

1 (Out.) Sandwich panel 0.200 40 1884.15 0.017
2 Wool rock panel 0.160 100 840 0.046
3 (Int.) Sandwich panel 0.100 40 1884.15 0.017
t
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ppendix A. Test cells envelope characterization

The values shown in the tables in this section are those estab-
ished in the Spanish Technical Building Code [52] and manufacturers’
nformation.
16
Table 7
ASHRAE Guideline-14, FEMP and IPMVP Criteria for Validation of Models.

Model Validation Criteria for Hourly Data

Index AHSRAE FEMP IPMVP

𝑁𝑀𝐵𝐸(%) ∈ [−10, 10] ∈ [−10, 10] ∈ [−5, 5]
𝐶𝑉 (𝑅𝑀𝑆𝐸)(%) <30 <30 <20

Model recommended value

Index AHSRAE FEMP IPMVP

𝑟2 >0.75 >0.75 –

Appendix B. Validation index summary

The aforementioned agencies, ASHRAE, FEMP and IPMVP, state
that a model be considered validated when the results provided by the
model meet the criteria shown in Table 7.

For the different time intervals and grill opening protocols involved
in the validation process, the results obtained can be summarized as
shown in Tables 8 and 9 where the minimum and maximum values
of the statistical variables presented in Table 7 are shown for the
computed variables. In Table 8 these values of the statistical valida-
tion variables are shown for the air temperature and velocity in the
ventilated channel and the temperature of the different surfaces of the
OVF while in Table 9 the values of the statistical indicators of Table 7
are shown for the heat transferred through the OVF.

As can be seen in these tables, the values of the statistical markers
are inside the limits shown in Table 7 to consider validated a model.
More details about the validation process can be found in [26].

Appendix C. Calculation of façades transmittance

The calculation of the transmittance 𝑈𝑟𝑒𝑓 of the reference façade is
carried out in a standard way taking into account the values displayed
in Table 4. Thus, to calculate 𝑈𝑟𝑒𝑓 , first the total thermal resistance of
he reference façade is calculated as

𝑟𝑒𝑓 =
6
∑

𝑅𝑖 (3)

𝑖=1
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Table 8
Minimum and maximum values of the statistical indicators for the velocity and temperature of air.

Index Cavity air temperature Cavity surfaces temperature Cavity air velocity

Min Max Min Max Min Max

Grill open

𝑁𝑀𝐵𝐸 (%) −1.85 −8.66 −0.01 −1.40 −3.99 9.50
𝐶𝑉 (𝑅𝑀𝑆𝐸) (%) 6.11 15.12 2.12 2.87 11.71 23.39
𝑟2 0.7901 0.9101 0.9081 0.9716 0.7409 0.8090

Grill closed

𝑁𝑀𝐵𝐸 (%) −1.39 −8.97 −0.06 −2.33 3.95 8.53
𝐶𝑉 (𝑅𝑀𝑆𝐸) (%) 5.94 13.97 1.84 3.53 11.09 21.09
𝑟2 0.9628 0.8961 0.9031 0.9634 0.7429 0.8322
Table 9
Values of the statistical markers for the heat transferred though the OVF.

Index Grill open Grill closed

Winter Spring Summer Winter Spring Summer

𝑁𝑀𝐵𝐸 (%) 3.89 2.06 5.34 2.16 3.39 4.19
𝐶𝑉 (𝑅𝑀𝑆𝐸) (%) 12.79 10.21 16.33 9.80 10.08 13.05
𝑟2 0.8890 0.9133 0.8301 0.9021 0.9221 0.8499
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where

𝑅𝑖 =
𝑒𝑖
𝜆𝑖
, 𝑖 = 1,… , 6

being 𝑒𝑖 and 𝜆𝑖 the thickness and the conductivity of the 𝑖th layer of the
reference façade for 𝑖 = 1,… , 6, except for the layer 𝑖 = 4, the closed air
gap, whose thermal resistance is directly taken from [53] that provides
a value 𝑅4 = 0.18 for unventilated vertical chambers of thickness 𝑒 = 5
cm and horizontal heat flux.

Finally, the transmittance of the reference façade is computed as

𝑈𝑟𝑒𝑓 = 1
𝑅𝑟𝑒𝑓

(4)

Taking into consideration the values of Table 4, the value obtained for
the reference façade transmittance is:

𝑈𝑟𝑒𝑓 = 1.43 [W∕m2 K].

For the OVF only the transmittance 𝑈𝐼𝑊 of the inner wall is
alculated. The inner wall of the OVF is the result of adding a 5 cm
hick insulation layer to the outer face of the reference façade as is
escribed in the OVF layout shown in Table 5

The procedure is the same as for the reference façade; thus, the total
hermal resistance 𝑅𝐼𝑊 of the inner wall of the OVF is calculated taking
nto account the additional 5 cm insulation layer added to the reference
acade and the values of Table 5. In this way, the obtained value of the
ransmittance of the inner wall of the OVF is

𝐼𝑊 = 0.56 [W∕m2 K].

In the previous literature, it is possible to find works in which the
ransmittance was calculated considering all the layers that make up
he OVF. Thus, in [37] the transmittance of three types of ventilated
acades was calculated neglecting the thermal resistance of the air layer
nd of all other layers between the air layer and the external environ-
ent, and including an external surface resistance corresponding to still

ir. However, in the present work, as described above, in the case of the
VF only the transmittance value of the internal wall is estimated, and

his is for information purposes, since in the energy and thermodynamic
alculations performed in the research the values used are those shown
n Tables 4, 5 and 6, i.e., thermal conductivity, specific heat, density,
17

nd thickness of each layer. a
Table 10
Description of the sensors installed at the weather station on the Cell 3 roof.

Measured variable Type of sensor Accuracy Rank

External air temperature Thermometer ±0.75 ◦C −40, 80 ◦C
Wind speed Anemometer ±0.5% 0 to 50 m∕s
Wind direction Vane ±2.5% 0 to 360◦

Relative humidity Hygrometer ±3% 0 to 100%
Global irradiance Pyranometer ±1.5% 0 to 2000 W/m2

Diffuse irradiance Pyranometer ±1.5% 0 to 2000 W/m2

Appendix D. Monitoring equipment

For the experimental measurements used for calibration, the test
cells have been equipped with a wide range of instrumentation. Four
internal air temperature sensors and eight thermocouples are installed
within each cell to monitor both air and surface temperatures, respec-
tively. Indoor air temperature sensors are protected from solar radiation
and installed in different positions and heights (1.5m and 2.5m).

Concerning the OVF, velocity and temperature sensors were placed
long the centerline of the air cavity to measure air temperatures and
elocities inside the OFV in a central position between the internal
urface of the outer slab and the external surface of the internal wall
t different heights and in five different positions. The temperatures of
he outer slab and inner wall surfaces facing the ventilated chamber
ere recorded at heights identical to those of the air in the chamber.
ig. 18 shows a diagram depicting the placement of sensors in the OFV
nd the location of the sensors in the test cells is shown in Fig. 19.

The surface temperature sensors used are thermocouples of type K
ith an accuracy of ±1 ◦C and an operating range from −10 to 105 ◦C.
he air temperature sensors have an accuracy of ±0.5 ◦C for a range
rom +10 to 30 ◦C and an accuracy of ±1 ◦C for a range from −5 to
0 ◦C and from 30 to 55 ◦C. All the temperature sensors were shielded
gainst long-wave and short-wave radiation. The velocity sensors have
n accuracy of ±0.05 m∕s for a velocity range of 0.15 to 2 m∕s.

Weather variables were measured from a weather station located on
he roof of the Cell 3. A set of 5 pyranometers with north, east, south,
est and horizontal orientations was used to measure solar radiation.
ind speed and direction were measured using an anemometer and
vane. The ambient temperature was measured using two shielded

hermocouples. In Table 10 the characteristics of the weather sensors

re shown.
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Fig. 18. Position of the monitoring sensors in the OVF.
Fig. 19. Location of the sensors in: (a) Test cell 1; (b) Test cell 3. (TA air temperature sensors, TR surface temperature sensors; h indicates the height in meters).
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