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Abstract. Adopting technologies to a region requires careful consideration of its
functional performance under the given climate. This study investigated how the
performance of the double-skin facade (DSF) concept is affected by the materials
used to construct the outer skin, i.e. transparent glass and opaque concrete and
phase change material (PCM) impregnated concrete, and the amount of perfora-
tions or openings in the outer skin in a typical high-rise building under the hot
arid climate of the UAE. Findings show that all DSF variants reduce solar gain
reaching indoor conditioned spaces and provide an envelope of air in contact
with conditioned spaces that is at a lower temperature than outdoor ambient.
The combination of these effects provides savings in whole building annual cool-
ing demands. These energy benefits are found to increase as the thermal mass
of a DSFs outer skin increases. Whilst savings will be building specific, they can
be expected to be in the region of 8% to 20% for a glass DSF, 15% to 45% for a
concrete DSF, and 30% to 50% for a PCM impregnated DSF. Results show that
increasing the amount of perforations up to 45.6% of external skin area has little
impact on the extent of reduction in DSF cavity temperature for glazed and con-
crete DSF but it does have a significant impact on that of PCM external skins.
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Introduction

The hot arid climate of the UAE results in the
need for mechanical cooling in buildings for most
of the year and this is expected to increase under
projections of future climate change. With cur-
rent typical outdoor ambient temperature above
25°C for 75% of annual working hours, relative
humidity above 60% for more than 20% of
hours, and solar radiation above 893W/m2 for
more than 15% of hours, the main heat gain
sources driving the need for mechanical cooling
include high conductive heat gain from high am-
bient air temperature surrounding the external
surfaces of buildings and high levels of solar ra-
diation being transmitted into conditioned in-
door spaces (Shanks, 2016). With many high-rise
buildings in the UAE exhibiting an ongoing trend
of high glazing to wall ratios (Aboulnaga, 2006),

upward of 60%, the concept of the double-skin
facade (DSF) could offer a way to passively re-
duce cooling demand in many high-rise building
projects. DSFs offer the potential of reducing the
temperature of air surrounding the external sur-
faces of conditioned indoor spaces below that of
the ambient air, partly by flushing unwanted
heat away from conditioned inner skins through
natural ventilation means, and partly by reduc-
ing solar heat gain, both of which otherwise add
to the heating up of the inner skins of indoor con-
ditioned spaces. Considering that improving the
thermal performance of DSF outer skins would
reduce cavity temperature and thereby reduce
conductive heat gain, whilst also providing a de-
gree of shading from solar heat gain, the cooling
impacts of a number of DSF constructions and
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configurations have been investigated to deter-
mine the principal design considerations to be
addressed in the application of DSF in the hot
arid climate of the UAE.

Double-Skin Facades (DSFs)

There are many different types and configura-
tions of DSFs. Key characteristics have been
identified in classifications by BBRI (2015) and
those reported by Arons (2000). These provide
distinctions between DSFs on type and mode of
ventilation, i.e. origin and destination of cavity
air, cavity geometry, e.g. vertical and horizontal
cavities, operability, e.g. openable elements and
blinds, and materials of inner and outer skins.

DSF in Hot, Arid Climates

DSF technology is most commonly utilized in the
temperate climates of Europe as a solution to re-
duce heating loads during cold winters and mild
summers. However, some applications in
warmer climates have been studied (Hashemi et
al,, 2010; Yagoub, et al,, 2010) and found gener-
ally unfavorable performance but identified de-
sign and operation characteristics that would
improve overall performance benefits of DSF.

According to Yagoub et al. (2010), the intensity
of solar radiation and air temperature of the hot
and arid climatic zone, results in cavity tempera-
ture to rise up to 70°C causing an increase in the
cooling load of the building and also necessitat-
ing mechanical ventilation to cool the air gap to
maintain the air gap temperature close to ambi-
ent conditions. The building analysis reported,
which was the proposed design for National
Holding Headquarters in Abu Dhabi, UAE, had no
opening on the external skin to allow for natural
ventilation. This would have played a significant
role in the high air cavity temperatures reported
and thereby poor potential cooling savings.

Hashemi et al. (2010) studied the thermal per-
formance of DSF in Tehran, Iran, and found that
cavity temperature in summer is almost always
1-10°C higher than the ambient temperature. It
was also concluded that due to high ambient
temperature and lack of ventilation, heat accu-
mulated in the cavity during night-time leading
to an increase in the cooling load. Suggestions
given to optimize the performance of DSFs were

to allow for night-time ventilation and install
shading devices to prevent overheating in the
cavity during mornings. The airflow regime
within the DSF cavity adopted in this study
would have had a direct impact on the cavity air
temperature and resultant impact on cooling.
Over the course of a year, the Tehran climate dif-
fers from that of the UAE in that it has a cold
semi-arid climate with average summer temper-
ature being below 30°C.

These studies, amongst others, indicate that air-
flow in DSF cavities have a major impact on per-
formance in hot and arid climates.

DSF Performance

Yellamraju (2003) evaluated the performance of
DSFs on an office building in a hot climatic region
of India. It was concluded that, although trans-
parent layers decrease the overall U value of the
facade system, the associated radiative and con-
vective heat transfer increases the cavity tem-
perature. Among the strategies studied, the ones
involving transparent layers had reduced cool-
ing load by only 4-10% below basecase, making
it less viable. However, when the configuration
involves an opaque external skin and transpar-
ent glazed inner skin, the cooling load was 13-
28% lower than basecase. Fallahi et al. (2010)
studied the performance of DSF with integrated
thermal mass under the humid sub-tropical cli-
mate of Torino, Italy. It was found that a DSF sys-
tem with outer skin of concrete and inner skin of
glass reduced cooling load by 40% in summer
over the basecase and performed better when
compared to conventional DSFs with aluminum
blind, conventional DSFs with two panes of con-
crete thermal mass material located within the
cavity, and DSFs with inner skin of concrete and
outer skin of glass.

These examples, reporting the significant energy
benefits of DSFs with a concrete outer skin, indi-
cate that combining an opaque outer skin with a
glazed or transparent inner skin is the most ef-
fective DSF approach in hot climates. However, it
is important to remember that with this combi-
nation the wider architectural benefits of a
glazed inner skin, such as view and daylighting,
are directly negated by an opaque outer skin.
This negative implication can be ameliorated by
having perforations in an opaque outer skin
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which would enable some degree of daylighting
and views from indoor spaces. In this context,
our study investigated how the type of external
skin materials and proportion of perforations af-
fect DSF cavity temperatures and whole building
cooling demand.

Methodology

As the performance of DSF is a function of the air-
flow and heat transfer occurring in the facade
cavity, an ideal model of a naturally ventilated
DSF for the region will be one that has significant
air movement within the cavity at a temperature
below the outdoor ambient. Two main factors
dictate the scale of these parameters, namely, ge-
ometry and thermal properties of the external
skin. Where computational fluid dynamics (CFD)
account for drivers of air movement at a fixed
point in time dynamic thermal simulation is also
needed to account for the time varying transfer
of heat. Therefore, calculated outputs from dy-
namic thermal simulations, conducted in inter-
nationally validated thermal model software
IES-VE Apache, were checked against CFD mod-
eling results of the worst-case hour in a year to
determine the suitability of results. To produce
the hourly annual dynamic results of cooling de-
mand, heat gains, and temperatures, air move-
ment up through the DSF cavity were modeled as
bulk airflow driven calculated hourly dynamics
of temperature difference, wind speed and wind
direction. These temperature and air velocity re-
sults were compared to results generated from
CFD modeling to check suitability of the dynamic
modeling. Cooling and ventilation energy model-
ing of conditioned indoor spaces were based on
an idealized HVAC system with open-top cooling
where there is no limit to the capacity of cooling
in each space such that the space design temper-
ature was always reached, this was considered to
represent the maximum cooling load for com-
mon occupant density and ventilation standards.

The CFD based IES-VE Microflo was used to cal-
culate cavity air velocity (airflow); inner and
outer skin surface temperature as well as cavity
air temperature distributions for a peak cooling
hour for three of the model variants. The bound-
ary conditions for the Microflo modeling were
generated and imported from the ApacheSim

simulations. The standard k-& turbulence model
was adopted across the modeled variants as the
flow within the DSF cavity was predicted as fea-
turing transitional and more turbulent flows,
with medium to high Reynolds numbers. The ge-
ometry meshing for the CFD models was
achieved in Microflo, which uses structured non-
uniform rectilinear Cartesian grid. The available
grid quality control is the aspect ratio and the
highest acceptable aspect ratio by the solver is
50:1. The highest aspect ratio of the study mod-
els was 18:1, which is well within the acceptable
range of the software. The CFD results were used
only as a check of the dynamic thermal simula-
tion results.

DSF Study Models

The following three sets of DSF constructions
and configurations were modeled, each having
an inlet at ground floor level and outlet at roof
level in addition to any perforations in the outer
skin across the height of the DSF:

- Model 1 - Glazed Outer Skin (5 variants hav-
ing different proportions of perforations)

- Model 2 - Concrete Outer Skin (5 variants hav-
ing different proportions of perforations)

- Model 3 - PCM Impregnated Concrete Outer
Skin (5 variants having different proportions
of perforations)

Although the performance of a DSF would be
sensitive to the size and shape of both the inlet
and outlet, the impact of variations in these are
beyond the scope of the study reported here. The
geometry of a DSF impacts directly on the nature
of airflow and heat build-up in the cavity. The
DSF configuration that offers the greatest oppor-
tunity to reduce cooling demand, by having a
cavity temperature that is lower than outdoor
ambient, is one with compact surface shape and
area for heat absorption and unobstructed air
movement through the height of the cavity to
flush out built up heat.

Cavity depth is a primary factor that controls the
rate of ventilation, and the amount of heat re-
tained in the DSF system. According to studies
conducted by Rahmani et al. (2012) and Regaz-
zoli (2013), the optimal cavity depth at which the
cooling load of the building is placed is at least
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between 1,000-1,200 mm. Hence a cavity depth
of 1,000 mm is adopted for the high-rise multi-
story DSF for this study and this is modeled as
being completely naturally ventilated (see Fig-
ure 1).

Airflow and temperature characteristics of the
cavity are subject to constant change based on
the ambient weather conditions and estimating
the overall annual impact of these, through dy-
namic thermal simulation, is one of the central
objectives of this study. Hence, to explicitly ac-
count for these dynamics or changes, the cavity
is modeled as a “room” with no internal heat
gains. However, in dynamic thermal simulation
software, as individual rooms within the model
are assigned with a single calculation node at
which the temperature of the whole room is av-
eraged, this would produce results that do not di-
rectly account for the temperature variation oc-
curring throughout the height and width of DSF
cavities and an average constant temperature
would be assumed for the cavity, leading to inac-
curacies in calculated annual cooling demands.
To ensure that the temperature and airflow dy-
namics are accounted for, the cavity is separated
vertically and horizontally into zones at each
floor level via “holes” in order to ensure un-ob-
structive airflow. The airflow between these

zones is automatically calculated, within the dy-
namic thermal simulation as a function of chang-
ing temperature and pressure differences. CFD
analysis was conducted on three of the DSF study
models to briefly check air velocity, direction,
and temperature distributions supported the dy-
namic thermal simulation results. These were
conducted for the west facing DSF elevations un-
der the peak weather condition of 15:30 on July
23, as this was a worst-case scenario in terms of
DSF performance, i.e. highestaverage cavity tem-
perature. Each CFD model used a standard k-¢
turbulence model with hybrid discretization. Hy-
brid discretization is one of the three solver
schemes available within Microflo and is used for
the DSF study models as it evaluates the relative
ratio of convection and diffusion to apply upwind
or central differencing method as suitable to pro-
duce solutions. The standard k-g turbulence
model was adopted, for computational effi-
ciency, as airflow within the DSF cavities are con-
sidered to range from medium to high turbu-
lence due to the amount of external skin perfora-
tions. The surface heat transfer coefficients for
each surface of the model are program calculated
as per the thermal properties of the assigned
construction materials. The initial conditions for
DSF cavity temperature were set at 25°C and ve-
locity at 0 m/s were set for the CFD models to
begin the iterative solution.

Nth Floor

31 Floor

N 2™ Floor

DSF outer skin

DSF air inlet

DSF cavities (width =
1.0m) separated by ‘holes’

Conditioned indoor
spaces (setpoint = 24°C)

Figure 1: Sample cross section of common DSF model construction (not to scale)
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Model 1 - Glazed Outer Skin (no perforations in
outer skin)

A conventional DSF was built with the aim to
achieve energy efficiency without compromise
on the use of glass. Hence, the first external skin
to be examined under the climatic conditions is
glass. As mentioned, a high-rise multistory DSF
with cavity depth of 1,000 mm is used for this
study. Air inlet and outlet of dimension 30 x 1 m
(Ixh) is provided at the bottom and top of the DSF
as shown in Figure 2. The outer skin glazing has
a U-value of 1.56 W/m2K, SHGC of 0.47, visible
light transmittance of 71%, outside reflectance
0f 0.072, and net R value of 0.813 W/m2K.

= Air
i Outlet

Figure 2: DSF general configuration (air inlets
& outlets)

Model 2 - Concrete Outer Skin (perforations in the
outer skin)

To analyze the impact of increasing thermal
mass of the external skin, concrete skin configu-
rations with varying percentages of perforations
were made as shown in Table 1 and Figure 3.

Aerated concrete was adopted as the exterior
skin having thermos-physical properties of
thickness 100 mm, density 500 kg/m3, specific
heat capacity 840 ]J/kgK, and thermal mass 21
k] /m2K.

Model 3 - PCM Impregnated Concrete Outer Skin
(perforations in the outer skin)

The third model variation is based on increasing
the thermal capacity of the external skin from the
previous model. For this purpose, concrete skin
is impregnated with PCM. Due to inability of IES-
VE to simulate the exact nature of PCM, i.e. its la-
tent heat capacity and phase change as result of
ambient temperature, an alternate way to model
the skin was adopted. Kendrick and Walliman
(2007), proposed a method called the “condi-
tioned cavity method” to dynamically simulate
the latent heat storage capacity of PCM in IES-VE.
In this method, a cavity representing the PCM
material is placed adjacent to the space being
conditioned by PCM. The cooling set point in the
cavity is set at the melting point temperature of
the selected PCM with a limited cooling capacity
as dictated by its latent heat storage capacity.
This method is used to simulate the latent heat
storage capacity of the PCM impregnated con-
crete skin in this model variation. In our current
study, this cavity has been denoted as the “PCM
dummy room.”

Table 1
DSF model variants
Model Number of Perforations
variants individual proportion of
perforation in total outer skin
outer skin area (%)
1.0,2.0,3.0 2 1.9
11,21, 3.1 30 1.5
12,2.2,32 28 18.8
1.3,2.3,33 32 22.2

14,24,34 590 37
1.5,2.5,35 238 45.6

PCM impregnated aerated concrete blocks are an
available building material having a latent heat
capacity of 110 kJ /kg and a melting point of 26°C.
The amount of PCM impregnated into the con-
crete requires careful consideration as it affects
the mechanical properties of the concrete mix-
ture. Hence, only 5% (by mass) of PCM is con-
tained within the modeled aerated concrete
blocks (Haluzov3, 2015).
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Figure 3: Sample of outer skin perforation variants

Ambient temperature (47.0 °C)

DSF cavity temperature (°C)

w
O
o

5th Floor 10th Floor

| West East

45.0
44.0
43.0
42.0
41.0
38.0

15th Floor

20th Floor 25th Floor 30th Floor

North ®South

Figure 4: Model 1 glazed outer skin - DSF average cavity temperature for each orientation and
floor

The latent heat capacity of the concrete skin with
the selected PCM is calculated as follows:

Density of aerated concrete = 500 kg/m3 and
volume of concrete layer is 104.4x (1) x 30 (b) x
0.1(h) = 313.2 m3. Therefore the mass of PCM in
aerated concrete at 5% = 7,830 kg with a latent
heat storage capacity of PCM = 110 k] /kg. There-
fore, the equivalent total latent heat storage ca-
pacity of the PCM impregnated outer skin =
239.25kWh. The latent heat storage capacity is

set as the cooling setpoint, i.e. when cooling is
switched on, for the “PCM dummy room” that
represents the PCM impregnated aerated con-
crete block outer skin. In this modeling approach
the “PCM dummy room” has 239.25 kWh of free
cooling which becomes available when the “PCM
dummy room” reaches 26°C and once this cool-
ing is consumed, any further heating from con-
duction, convection, or radiation has the effect of
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heating and thereby increasing the temperature
of the “PCM dummy room.”

Results and Discussion

The main areas of focus in this study are the per-
formance of the various DSF constructions and
configurations, in terms of DSF cavity and inner
skin surface temperatures, and the impact of
these on the annual whole building cooling de-
mand. These are investigated for the typical UAE
weather year and the peak cooling hour, i.e. the
hottest hour in a typical year, which is at 15:30
on July 23.

DSF Performance

DSF cavity temperature varies depending on ori-
entation. A west-facing DSF exhibits the highest
cavity temperatures, i.e. the poorest perfor-
mance, throughout its height and breadth on the
peak cooling day when outdoor ambient is
47.0°C (see Figure 4). Due to this, the west-facing
DSF, having lowest reduction in cavity tempera-
ture beyond outdoor ambient, is taken as the
main focus of further results analysis albeit all
dynamic thermal model variants have the same
DSF variant on all elevations as that on the west.

For a west-facing DSF, a fully glazed outer skin,
i.e. Model 1 (1.9% perforations), does provide a
reduction in cavity temperature on lower floors
but this benefit is reduced in the top half of the
DSF, i.e. floors 15 to 30 (see Figure 5A). The re-
duced cavity temperature at lower floors is con-
sidered to be due to the buoyancy effect moving
warm air from low level toward the upper levels.
This reduces convective and conductive heat
transfer to the inner glazed skin resulting in
lower inner skin surface temperatures at low
level as illustrated by the peak cooling day CFD
results for an external skin perforation of 11.5%
(see Figure 5B). As warm cavity air reaches the
upper level outlet, the temperature is closer to
and exceeds that of the ambient air on the other
side of the outlet. This temperature difference
alone would drive airflow out of the cavity
through the outlet but with external wind pres-
sure counteracting this to some degree the out-
flow is reduced resulting in an accumulation of
heat. A similar condition is observed between
floors 10 to 20. The scale of this effect will be de-
pendent on wind direction, wind velocity, and
the size and characteristics of the upper outlet.

Temperatu
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Figure 5: (A) Glazed DSF average cavity temperatures; (B) Glazed DSF inner skin temperature
distribution (percent external skin perforations = 11.5%)
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Figure 6: (A) Concrete DSF average temperatures; (B) Concrete DSF inner skin temperature
distribution (percent external skin perforations = 11.5%)

As expected, the concrete DSF results in cavity
temperatures marginally lower than the glazed
DSF for all external skin perforations variants
apart from the 37% and 45.6% variants, where
no additional benefit is found (see Figure 6A).
This lack of improved reduction in cavity tem-
peratures for 37% and 45.6% variants is consid-
ered to be due to the dominance of wind driven
air movement and turbulence caused by these
variants’ larger areas of perforations in the DSF
outer skins. However, the extent of additional re-
duction in cavity temperatures, beyond that
found for a glazed outer skin, is marginal, e.g. of
the order of 5% or less at mid floors (e.g. 46°C
glazed outer skin compared to 44°C concrete
outer skin). Therefore, in terms of a DSF provid-
ing an envelope of cooler cavity air around con-
ditioned indoor spaces, concrete has only a mar-
ginal advantage over glazing as a DSF external
skin, under the configurations studied. It should
be remembered that concrete outer skins, being
opaque, will have additional benefit over glazed
outer skins in terms of reducing solar gain reach-
ing DSF inner skins. It is considered that DSF cav-
ity temperatures for the variants external skin
perforations of 22.2% or less could be reduced
further through adopting larger opening areas of
the low-level inlet and high level outlet.

As having no perforations in an opaque concrete
outer skin would make a fully glazed inner skin
entirely redundant, the results show that in-
creasing the proportion of external skin perfora-
tions has greater benefit in glazed DSF than in
concrete DSF variants. This is indicated by the
differences in average cavity temperatures be-
tween the perforations variants of these two
outer skin materials, i.e. there is marginally
greater differences between floor level average
cavity temperatures with glazed outer skin than
there is with a concrete outer skin up to perfora-
tion ranges of 22.2%. This is considered to be
due the inner cavity-facing surface of the glazed
outer skin reaching marginally higher tempera-
ture than that of the concrete outer skin due to
having less heat storage capacity.

Interestingly, although increasing the external
skin perforations tends to stabilize cavity tem-
peratures across the height of the 30-story
glazed DSF, overall it can be considered that such
increases in external skin perforations, i.e. from
11.5% to 45.6% for both DSF external skin mate-
rials, have negligible impact on overall DSF per-
formance in terms of providing an envelope of
cooler air around a building. As noted earlier,
there will be impacts from these types of varia-
tions on shading from solar gain, which will be
discussed later.
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The comparatively higher cavity temperature at
the 30th floor with 22.2% perforations, for both
glazed and concrete DSF, and the unexpected
drop at the 30th floor with 45.6% perforations,
for the concrete DSF, suggests a relationship be-
tween the amount of outer skin perforations and
upper outlet size. However, considering this will
be highly building specific, investigating it fur-
ther is beyond the scope of this study.

Of all the DSF constructions and configurations
investigated the PCM based DSF, i.e. Model 3,
provides the greatestreduction in cavity temper-
ature (see Figure 7A). This DSF consistently re-
sults in cavity temperatures 10K or lower than
that of the best performing concrete DSF, i.e.
Model 2 variants, and up to 16K lower than a
conventional fully glazed DSF, i.e. Model 1 vari-
ants. However, unlike the Model 1 and 2 variants,
results indicate there is a clearer optimum pro-
portion of perforations as larger proportions of
37% and 45.6% result in higher cavity tempera-
tures than the rest. Similarly, the effect of upper
outlet characteristics combined with external
wind pressure acting on all perforations is

wn
(=]

Ambient temperature (47.0

greater as indicated by the unexpected higher
(i.e. perforations 1.9%, 11.5%, 22.2%, and 37%)
and lower (i.e. perforations 18.8% and 45.6%)
cavity temperatures at the 30th floor level. This
issue is further supported by the generally uni-
form inner skin temperatures up to the high-
level outlet where the temperature is greatest
(see Figure 7B).

DSF Impact on Annual Whole Building Cool-
ing Demand

The basecase building has an annual cooling de-
mand intensity of 262.23 kWh/m2yr as esti-
mated by thermal dynamic simulation. This is
considered as being a reasonable model when
compared to similar cooling intensity findings of
similar UAE high-rise buildings reported in the
literature, e.g. Shanks (2016). All the DSF con-
struction and configuration variations investi-
gated resulted in a reduction of annual whole
building cooling intensity. These reductions or
savings ranged from 8.7% for a glass DSF with
45.6% perforations in the outer skin to 49.9% for
a PCM DSF with 1.9% perforations in the outer
skin (see Figure 8).

-—
(%]

-—
(=

Temperature (°C)

(
h

10.64

3208

25 33,52
5 10 15 20 2 30 '
Floor Levels 46,40
1.9 = 11.5 = 18,8 e 22.2 e 37 = 45,6 37.84
@A) (B)

Figure 7: (A) PCM DSF average cavity temperatures; (B) PCM DSF inner skin temperature
distribution (percent external skin perforations = 11.5%)
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Figure 8: Annual cooling demand savings for model variants

Generally, annual cooling saving decreases as the
amount of external skin perforations increases
(Figure 8). Due to the modeling approach taken
in this study, such reductions in annual cooling
savings can only be due to reductions in solar
gains reaching indoor conditioned spaces, i.e. be-
hind the DSF, and reduced temperatures in DSF
cavities. Therefore, considering that increasing
external skin perforations has little impact on
glazed and concrete DSF cavity temperatures yet
do tend to impact overall annual cooling savings,
the results indicate the dominant benefit of
glazed and concrete DSF is shading from solar
heat gains.

The primary difference between the modeled
concrete and PCM external skins is the capacity
to absorb heat from the DSF cavities, where PCM
has a higher capacity. This combined with the
differences in DSF cavity temperatures between
these two outer skin materials being in the range
of 10K or approximately 25% and their differ-
ences in annual cooling savings being from 10%
to 50%, the results indicate that the advantages
of opaque PCM over opaque concrete DSFs are
driven by the enhanced heat absorption of PCM
producing lower DSF cavity temperatures. This
finding illustrates the value and importance of

maximizing the heat storage attributes when us-
ing an opaque external skin for a DSF in the
UAE’s hot arid climate.

Glass DSFs are found to provide clear savings in
annual cooling demand with little variation in
savings as the outer skin is perforated, or opened
up, until perforations go beyond 22%. As ex-
pected, opaque concrete and opaque PCM DSF’s
provide greater savings than glass DSFs, but
these cooling energy benefits reduce as the outer
skins are opened, i.e. external skin perforations
increase.

Whilst reducing cavity temperatures goes some
way to reducing cooling demand, reducing solar
radiation reaching the skin of indoor conditioned
spaces, i.e. the inner skin of a DSF, provides sig-
nificant energy benefits. A glass DSF is the least
effective at reducing the amount of these solar
gains and commonly results in enabling up to
three times as much solar gain to reach indoor
conditioned spaces than opaque concrete DSF or
opaque PCM DSF (see Figure 9). As there is a
clear dependence of a buildings annual cooling
savings on such solar gains in the hot arid cli-
mate of the UAE (see Figure 10), the ability of a
DSF to reduce these gains is important.
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Figure 10. Influence of solar gain on annual cooling demand savings across all DSF model variants

These effects, as well as the variations of the re-
sults shown below, are sensitive to the propor-
tion of perforations in the outer skin, the thick-
ness of the outer skin in terms of thicker skins,
e.g. concrete, providing more shading, the physi-
cal position of the perforations in relation to
glazed elements of the indoor conditioned
rooms, and sun position. These latter factors
could be readily harnessed to tune the layout and
positioning of perforations to the solar and vis-
ual field of any particular building and site.

Conclusions

DSF is an advanced and relatively mature facade
concept used in many different temperate and
cool climates to provide heating and cooling sav-
ings at different times throughout the year. Other
studies reported in the literature show it can
have potential to provide cooling savings in more

extreme climates, such as the hot arid climate of
the UAE. This study supports this latter overall
view of potential in the extreme climate of the
UAE and further provides evidence of the im-
portance of opaque and high-heat storage capac-
ity DSF.

The study finds that DSFs do provide savings in
annual cooling demands, from 8.7% to 49.9%, in
high-rise buildings under the hot arid climate of
the UAE.

Whilst a glazed outer skin does provide useful
reduction in cooling demand, i.e. from 8.7% to
22.5%, the scale of this is on average halfas much
as that provided by opaque concrete, i.e. 15.3%
to 44.8%, and a third as much as PCM, i.e. 30.9%
t0 49.9%, outer DSF skins. The increased thermal
mass provided by a PCM impregnated DSF outer
skin results in the greatest cooling demand sav-
ings of 49.9%. This additional benefit of thermal
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mass is a key finding for DSF in hot arid climates
and should be a central design consideration.

Perforating outer skins will be an important de-
sign issue for opaque DSF of concrete or PCM im-
pregnated concrete. Generally, as outer skin per-
forations are increased, annual cooling savings
reduce and the majority of this reduction is due
to increased solar gain reaching the surface of in-
door conditioned spaces. Opening up or perfo-
rating DSF outer skins does reduce the impact on
cooling demand but with outer skins perforated
up to 45.6% savings remain significant, e.g.
15.3% concrete and 30.9% PCM, albeit they are
typically reduced by approximately half, due to
reduction in shading from solar gains reaching
the surfaces of indoor conditioned spaces.

As savings are mainly due to a reduction in solar
gains reaching the surface of indoor conditioned
spaces, i.e. inner skins of a DSF, and, to a lesser
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