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Abstract

It is widely recognized that buildings consume significant amount of energy to maintain users’ thermal comfort.
Heat flux from solar irradiation received by the roof is one of the major factors that contribute to building total
cooling loads especially in middle and lower latitudes. There are different approaches used to tackle the
problem, and one of them is by using appropriate roof geometry. The solution is considered to be more
preferred as it can be combined with other approaches such as cool roof technologies and roof material
selection.

Three innovative prismatic roof profiles are proposed and tested in this study using biomimicry concept which
is an idea taken from cactus plants. The three prismatic profiles are named Profile (P1) that is taken from shape
of Pilosocereus pachycladus, Profile (2) inspired by Coryphantha bumamma, and Profile (P3) which is a
transformed shape from P1. The three proposed profiles were tested in three different roof forms which are
flat, pitched, and curved. Moreover, a ‘no profile’ (NP) is also tested as controlling variable.

The purpose of this study was to investigate the solar performance of the proposed innovative prismatic roof
profile geometries against the received roof solar irradiance. Solar irradiance received by roof surface area was
used as comparison indicator for 12 roof forms and profiles combinations. Solar behaviour was investigated in
a comprehensive parametric study conducted assuming 5 different latitudes, 4 different orientations, 4 different
roof slopes and 5 different profile angles.

In conclusion, it was founded that compared to Flat-NP, Pitched-Profile (P1) reduced the solar energy received
to 38.66 kW in all latitudes and 4.28 kW in all variation of profile pitch angles. Also positive results were observed
in all orientations with the optimum being in north-south orientation. Meanwhile, the most suitable profile to
give lower solar energy received in flat and curved roof is just simply by using no profile and orienting the building
toward north-south.
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1. Background

A roof is important in a building due to its role in protecting the other parts of the building
from weather elements such as rain, snow, ice, and solar heat (Ching 2015; Schunck 2003).
Solar radiation falling onto building surfaces, mainly on the roof, leads to an increase in heat,
which then affects the inside temperature. By self-calculation, the solar irradiance on flat
surfaces in locations near the equator may reach 5 kWh/m? in annual average, and between
20% to 95% of this radiation may be absorbed by the roof (Suehrcke et al. 2008).
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A review on building energy consumption by Lombard et al. in 2007 (Pérez-Lombard et al.
2008) using data from the International Energy Agency (IEA) dated 2004 shows that the global
building energy consumption was 24% and reached 40% in developed countries where the
biggest use of energy was for space conditioning, which reached 56% on an average. In this
particular case, the performance of a roof against solar radiation is important for buildings in
regions with hot climates. Roofs need to be carefully designed to support the reduction of
energy consumption.

As per the described rationale, the purpose of this study is to investigate the performance of
proposed innovative prismatic roof profile geometries against solar irradiance by using a
parametric method. The research uses indicator of solar energy received by the roof as the
result of multiplication of the solar irradiance with the surface area of the proposed profiles.

2. Literature review

Amount of solar insolation on building surfaces depends on the location, the orientation and
the surface inclination (Duffie & Beckman 2013). As that theory states, roof surface inclination
and azimuth are important factors when dealing with solar radiation. The roof surface can be
treated with such profiling that can improve solar performance so that the roof catches less
solar radiation. Results of studies by Bojic et al. (1997), Ramli and Hussain (2012), Sirimanna
and Attalage (2016), lead to the conclusion that energy demand can be reduced by
manipulating roof geometry.

Referring to the detailed calculation by Duffie and Beckman (2013), the insolation value is
different under the effects of location, orientation (y) and tilt angle (£). Different locations
give different latitude (¢), while the orientation and the tilt angle determine the
perpendicular of a surface against the direct solar beam. Surfaces with specific orientation
and tilt angle should be calculated using Equation 1, where § is the declination and w is the
hour angle. The calculations are further continued to specify the average radiation on a tilted
surface (H,) using Equations 2; where H, Hy, Hp, and p, are the average radiation on
horizontal surface on earth, the average radiation diffuse fraction, the average beam
radiation, and the albedo consecutively.

cos 8 = (sin  sin ¢ cos 3)
— (siné cos ¢ sin f cosy)
+ (cos 6 cos ¢ cos f§ cos w)
+(cos 4 sin ¢ sin f cosy cos w)
+(cos 4 sin ff siny sin w) (1)

H = H, Ry + Hy (F52F) + Hp, (—2F) (2)
As mentioned previously, the review of passive roof design by Roslan et al. (2015) suggests
that the reduction of heat transfer from the roof can also be achieved by using a roof pitch
solution. Roslan et al. base their arguments on a study by Ramly and Hussain (2012) which
their study showed that the strategy was good for roofs facing north in January and roofs
facing south in June as there was a reduction of 1.5 °C in the temperature between 12:00 hrs
and 16:00 hrs, but negative effects appeared for the other orientations. Another study by



Sirimanna and Attalage (2016) found one sample that changes in geometry but similar
material properties has good performance due to the reduction of up to 5 °C in the ceiling
temperature. Another study that found similar results was carried out by Bojic et al. (1997)
that found a roof sloped north with an optimal slope angle can save up to 20% cooling energy
while a one-slope building facing south in the optimal slope angle saves 11% of the heating
energy.

3. Biomimicry approach for the innovative prismatic roof forms

The concept for the roof was taken from cacti that recognized for their appealing shapes,
which actually it has a relation with their environmental conditions. Nobel (1978) has proven
that direct solar irradiation happens asymmetrically on the cactus’ stem. Nobel has also
identified that stem size or shape are the most important morphological parameters that
determine stem surface temperature by shading the stem from solar irradiation. Moreover,
Nobel (1980) has also found that one species of cactus shows morphological variation
according to the latitude.
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Figure 3-3. The prismatic roof profiles
applied in flat, pitched and curved roof forms

Two roof profiles are proposed as can be seen in Figure 3-1. The first resembles the Pilosocereus
pachycladus, and is named Profile #1 (P1); the second takes after the Coryphantha bumamma, and is
named Profile #2 (P2). Attempts are also made for transforming P1 as can be seen in Figure 3-2, and
the result is named as Profile #3 (P3). Hence, there are three roof profiles that have been proposed as



innovative roof forms to further investigate their solar performance. The three roof profiles can be
connected together to result in the same prism shape, the profiles may then be named as prismatic
profiles. Furthermore, the three prismatic profiles were applied in flat, pitched and curved roof forms
and the visualization can be seen in Figure 3-3.

4. Research Methodology

Solar irradiance in roof surfaces was obtained by computer simulation using EnergyPlus by
the building modelling using SketchUp and Legacy Open Studio for the plug-in. The roof
performance calculation was processed according to the method put forth by Stasinopoulos
(1999) that used solar energy (R) per surface area (F) ratio (&) to compare solar performance
of roofs. Adopting that method in more practice way, the comparison of the value of R (see
Equation 3) on an hourly basis has been used and results have been compared to flat roof
with no profile (Flat-NP).

R=Z(, X fn) (3)

The solar radiation taken into account in this research was only the direct beam by reason
that the direct beam radiation was considered to be most likely to affect different surface
geometries, as suggested by Duffie and Beckman (2013). Stasinopoulos’ (1999) output also
shows that the direct component results in more variations on tall forms while the diffuse
remains constant. The building model for the simulation was made rectangular with
dimensions of 20 x 30 x 3 m that was built with one energy zone; with running period for the
simulation was one sample day in summer. To be comparable, the pitch angle, the profile
angle and the segmentation were regulated between the models.

To investigate the prismatic roof performance, the parametric research method was used,
with test variables as follows:

- Different locations with latitude of 0°, 15° N, 30° N, 45° N, and 60° N.

- Different orientations of 0° (East—West), 45°, 90° (North—South), and 135°.

- Different roof pitch angles of 15°, 30°, 45°, and 60°.

- Different prismatic profiles’ pitch angles of 15°, 22.5°, 30°, 37.5° and 45°.

Middle value used for the test are: orientation was 0°, the roof pitch and prismatic profile
angle were 30°, and location latitude was 30°; that then resulted in a total of 185 cases.

5. Results

5.1. Roof solar performance in different latitudes

Profile #1 (P1) was found to work well in pitched roofs. Compared to the Flat-NP roof, the
Pitched-P1 roof reduced the solar energy received in average of 38.66 kW in all latitudes and
the highest gap reached was 57.9 kW in 45° latitude. This was due to the match angle between
the roof and the profile, implying that some of the roof surfaces had the same direction as
the solar beam, thereby resulting in a very small amount of the direct beam being received
by the profile’s vertical surfaces. Pitched and curved roofs, compared to Flat-NP roofs, were
found to have higher solar energy received during early and late day, which was very likely
caused by the tall shapes catching more solar irradiance at a low sun angle.



5.2. Effect of orientation on roof solar performance

Solar energy received by the combination of different profiles and roof forms were in general
observed to be reduced when the orientation changed from 0° to 45° or 135° and the lowest
was obtained by changing the orientation to 90° (North—South). Orientation at 90° or towards
North and South were found to be beneficial to almost all combinations of roof forms and
profiles. The highlighted improvements are as follows: The Flat-P1’s performance was
improved even though it was still secondary to that of the Flat-NP, discrepancy between
energy received by Pitched-P1 compared to that of Flat-NP was boosted from 7.27 kW in the
East-West orientation to 13.03 kW, the Curved-P3’s performance overstepped that of the
Flat-NP with 0.17 kW discrepancy.

5.3. Effect of roof pitch angle on roof solar performance

The solar energy received grows as the increment of the roof pitch. This is analysed by reasons
that a tall roof shape prolongs the exposure time and provides extra surface for receiving solar
irradiation. A curved roof is also found to have higher values of solar energy than the pitched
roof due to the convex and wider surface of the curved roof. Exceptional results occur in case
of the Pitched-P1 roof. The Pitched-P1 receives lesser solar energy, but only at a 30° roof
angle. The reason for this may be that the prismatic profile angle is also set at 30°. It can then
be assumed that the lesser solar energy will be received in Pitched-P1 if the prismatic angle
follows the roof angle

5.4. Effect of profile pitch angle on roof solar performance

Combination of Pitched-P1 always receives lower solar energy compared to the Flat-NP in
case of all the profile pitch angles tested, with the optimum obtained at 30°. The average gap
value compared to the value for Flat-NP is 7.27 Kw with the peak reached at 28.82 kW.
Meanwhile, P2 and P3 show a poorer average result compared to that of the Flat-NP.
However, it can be noticed that around the peak time, the value of Curved-P3 is lower
compared to Flat-NP except at the 45° profile pitch angle, with the average gap being around
3.22 kW.

6. Conclusion

It can be concluded that in general the proposed profile solutions to enhance the solar
performance by means of geometrical methods has been proven to not give any better results
compared to the use of the no-profile roof. Moreover, it has been discovered that the flat
roof usually shows the best result. The solar irradiance has been discovered to be low in case
of pitched and curved roofs as well as in profiled roofs. Unfortunately, due to the greater
surface area provided by the pitched and curved roofs, and the profiled roof, compared to
the flat roof or the no-profile roof, the multiplication between the solar irradiance and the
roof surface area increases the solar energy value. This study result appears to be in
accordance with that of Faghih and Bahadori (2009). They found that domed roofs receive
more solar radiation than the flat roofs of equal base areas.

Despite the results provided above, this study has discovered that the Pitched-P1 achieves
significantly lower solar energy received. Compared to the Flat-NP, the Pitched-P1 reduces
received solar energy in average of 38.66 kW in all latitudes, achieves positive results in all



orientations with the optimum being achieved when the orientation is in the North—South
direction, and also shows good results in all variations of profile pitch being tested, with an
average of 4.28 kW. However, the study of different roof pitch angles found that the positive
results of Pitched-P1 exist only at 30° (when roof and profile angle are equal).

Other than the good results in the Pitched-P1, rotating the building to the North—South
direction was found to help improve the conditions mentioned in the first paragraph.
Nevertheless, the assistance provided by the aforementioned change in the orientation does
not help the others to overstep the results of the Flat-NP or the no-profiled forms.
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