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Abstract 
This paper investigates the solar performance of 10 pitched roofs and 10 curved roofs in 3 different cities: 
Athens (Greece), Dublin (Ireland) and Casablanca (Morocco). A series of EnergyPlus simulations were 
undertaken to investigate the solar performance of the roofs and to identify the optimum roof form for each 
climate. The results showed that the roofs receive 5%-50% less solar radiation in Dublin than in the other 2 
cities due to the sun’s position and the geographical location. On the other hand, in Athens and Casablanca the 
roofs have almost the same solar performance with differences ranging from 5% to 10%. Additionally, it was 
observed that the pitched roofs receive 5%-10% more solar radiation than their equivalent curved roofs. 
Hence, as the roofs have almost the same solar performance among the cities another way of defining the 
optimum roof type had to be determined. The climate and the weather conditions are the factors that finally 
determined the optimum roof types for each city. 
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1. Introduction 
One of the most important factors that has to be taken into consideration while designing 
for a sustainable future is the solar radiation. The roofs are the elements of the buildings 
that receive the most of the solar radiation. Thus, they contribute more than any other 
component to the heating and cooling loads and they affect the indoor thermal comfort. 
According to Broto (Broto, 2011) there are 3 different types of roofs: the flat roofs 
(inclination less than 5%), the pitched or inclined roofs (inclination more than 5%) and the 
curved roofs. Although the main function of all roofs is to enclose the building and protect it 
from the weather phenomena, each form and shape is adopted in different regions for 
structural, aesthetical, visual or even religious reasons. The design of the roofs must be 
climate-adapted as each type of roof is related to different climates. There are several solar 
radiation stations worldwide which use expensive instrumentation to measure solar 
radiation intensity mostly on flat surfaces. Due to the limitations and difficulties on on-site 
measurements (Duffie & Beckman, 1991) a lot of mathematical models were developed to 
calculate the solar radiation intensity on flat and inclined surfaces. Furthermore, the solar 
radiation on flat and curved roof forms has been investigated by many researchers to 
evaluate the energy performance of the buildings and the solar performance of the roofs 
themselves. Additionally, the mathematical models of the literature are implemented into 
several software to facilitate the process such as TRANSYS, SRSM, EnergyPlus etc. 
Nevertheless, there is gap in the literature regarding the comparison of the solar 
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performance of pitched and curved roof forms. This paper investigates the solar 
performance of 10 pitched and 10 curved roof forms in 3 different cities: Athens (hot-humid 
climate), Dublin (cold climate) and Casablanca (hot-arid climate). A series of EnergyPlus 
simulations were undertaken to investigate the solar performance of the roofs and to 
identify the optimum roof form for each climate.  

1.1 Weather and solar radiation data in Athens, Dublin and Casablanca 
The climate and the weather of each city were crucial to choose the most advantageous 
roof form. Figures 1 and 2 show the temperature variation throughout the year in the 3 
cities and the average annually median cloud cover in percentage respectively. It can be 
seen that in Casablanca has the highest temperatures during the year followed by Athens 
and Dublin. Additionally, it can be seen that the sky in Dublin is overcast the whole year 
while in Casablanca is partly cloudy. Finally, in Athens is clear during the summer months 
and can reach 77% in December and January. 
 

Figure 1: Average temperature in Athens, Dublin and 
Casablanca. Data obtained from (NASA, 2016) 

 

Figure 2: Percentage of cloud cover during the year 
in Athens, Dublin and Casablanca. Data obtained 

from (NASA, 2016) 
Figure 3 illustrates the direct beam (𝐵𝐵ℎ), sky diffuse (𝐷𝐷ℎ), and global (𝐺𝐺ℎ) solar radiation on 
a horizontal surface in Athens, Dublin and Casablanca as obtained from NASA’s Atmospheric 
Science and Data Center (NASA, 2016) and as produced by EnergyPlus using the EnergyPlus 
weather files for the specific locations. It can be seen that the results in all cases are not 
identical but similar. These slight discrepancies occur due to the fact that the values 
obtained from NASA are 22-year average values while the EnergyPlus weather files contain 
hourly values.  In Athens and Casablanca, direct beam solar radiation is larger than the 
global while in Dublin the opposite. Thus, in Dublin the sky diffused and the ground 
reflected components of solar radiation have greatest impacts than the direct beam. 
Additionally, it can be seen that in Dublin and Casablanca the curves of direct beam solar 
radiation have a lot of fluctuations. A possible explanation for these fluctuations is the sky 
clearness index: it seems that the sky in Dublin and Casablanca is cloudier than in Athens. 
 

   
Figure 3: Direct beam, sky diffuse and global solar radiation on a horizontal surface as obtained from NASA 

(NASA, 2016c) and as produced by EnergyPlus. Left:Athens/Centre:Dublin/Right:Casablanca 



2. Research method 
This research compares the solar radiation intensity on 10 pitched roofs with different 

tilt angles and 10 curved roofs with different curvatures in 3 climates: hot-humid (Athens, 
Greece), cold climate (Dublin, Ireland) and hot-arid (Casablanca, Morocco). To accomplish 
the aims and objectives of this study, an empirical research method was applied. Firstly, a 
literature review was carried to understand the relationship between the position of the sun 
and the solar radiation received by the earth’s surface. Also, to understand the various 
methods that were developed to calculate the solar radiation intensity on different surface 
geometries and the parameters that affect the solar radiation intensity.  

The solar radiation simulations were accomplished using EnergyPlus after validating it 
and comparing it with similar software. The authors Gomez and Munoz (Gomez-Munoz, et 
al., 2003) compared the solar radiation on a flat and a dome roof using a proposed 
mathematical model. The dome and the flat roof that are presented in Gomez-Munoz’s 
paper were reproduced and the solar radiation was calculated using EnergyPlus instead of 
using the mathematical model. The results of the comparison were very similar and the 
software was validated regardless some discrepancies that occurred. The literature review 
was useful at this point because it helped understanding the theory behind the software 
and how it works. The software uses the ASHRAE model (ASHRAE, 2005) to calculate the 
global solar radiation. The understanding of this model was crucial to interpret and analyse 
the results. Under cloudy skies the ASHRAE model adapted the Zhang-Huang model (Zhang 
& Huang, 2002) which was initially designed for China. The total solar radiation is given by: 

 
 

𝐺𝐺𝛽𝛽 =
[𝐺𝐺𝑠𝑠𝑠𝑠 ∗ sinh∗ (𝑐𝑐0 + 𝑐𝑐1 ∗ 𝐾𝐾 + 𝑐𝑐2 ∗ 𝐾𝐾2 + 𝑐𝑐3 ∗ (𝑇𝑇𝑛𝑛 − 𝑇𝑇𝑛𝑛−3) + 𝑐𝑐4 ∗ 𝜑𝜑 + 𝑐𝑐5 ∗ 𝑉𝑉) + 𝑑𝑑]

𝑘𝑘
  

(NREL, LBNL, ORNL and PNNL, 2015) 
 
Where 𝑇𝑇𝑛𝑛= dry bulb temperature at n hours, 𝑇𝑇𝑛𝑛−3=dry bulb temperature at n-3 hours, 
V=wind speed, φ=relative humidity, K=sky clearness index, h=altitude of the location and 
𝑐𝑐0,  𝑐𝑐1, 𝑐𝑐2,   𝑐𝑐3, 𝑐𝑐4,  𝑐𝑐5,𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘 = regression coefficients. Additionally, to calculate the diffuse 
radiation from the sky it uses the Perez model (Perez, et al., 1990; Perez, et al., 1992).  

A geometrical resemblance technique was applied to define the pitched and the 
curved roofs to enable the comparison between them. As shown in Table 1 the geometric 
pattern is the ratio A:B. Table 1 summarises all pitched and curved roofs with their names 
accompanied with the relationship between A and B. 

 
Table 1: Modelling of the pitched and curved roofs: dimension and relationships between A and B. 

 
 Name Ratio A:B Distance B 

(m) 
Distance A 

(m) Tilt Angle (θ) 

 

A>B 

Pitched Curved    Pitched  
P1 C1 A=2B 3 6 63° 
P2 C2 A=1.8B 3 5.4 61° 
P3 C3 A=1.6B 3 4.8 58° 
P4 C4 A=1.4B 3 4.2 54° 

A=B P5 C5 A=1.2B 3 3.6 50° 

A<B 

P6 C6 A=B 3 3 45° 
P7 C7 A=0.8B 3 2.4 39° 
P8 C8 A=0.6B 3 1.8 31° 
P9 C9 A=0.4B 3 1.2 22° 

P10 C10 A=0.2B 3 0.6 11° 



3. Results 
The solar performance of the roofs was simulated in 4 dates for each city:21st of 

September, 21st of December, 21st of March and 21st of June. The findings of this research 
showed that in all cities and in the case of the pitched roofs, when A≥B (roofs P1 to P6) as 
the ratio A:B decreases, the solar radiation increases. Therefore, when A≥B the solar 
radiation intensity is inversely proportional to the tilt angle. On the contrary, when A<B 
(roofs P7 to P10) as the ratio A:B decreases the solar radiation decreases accordingly. On the 
other hand, in the case of the curved roofs there is not a specific pattern when A≥B (roofs 
C1 to C6). When A<B, the solar performance of the roofs follows the same pattern as in the 
pitched roofs. Additionally, in all cases the pitched roofs receive more solar radiation (5%-
15%) than their equivalent curved roofs as in the curved roofs the solar radiation has to 
spread over a larger surface area. It was also found that the shape of the roof and the tilt 
angle have greater impacts on the solar radiation intensity in higher values of solar radiation 
(for example the shape has greater impacts in summer solstice than in winter solstice).  
 Figures  4, 5 and 6 present a graphical way to illustrate the solar radiation received 
by all the tested pitched and curved roofs on June 21st  in Athens, Dublin and Casablanca 
respectively. It can be seen that the contours are similar in Athens and Casablanca but very 
different than in Dublin. Nevertheless, in all cases the roofs C7 and P7 (A=0.8B) receive the 
most of the solar radiation. In Athens, the solar radiation increases and decreases gradually 
during the day with the only exception at 10pm that an irregular behaviour can be observed. 
As the rest of the curves are smooth as expected, the drop at 10am may occurs due to the 
climatic data of the specific date; for example, the sun could be cloudy between 10am and 
11am and sunny after 12. On the other hand in Dublin, there are lot of fluctuations on the 
solar radiation received by the roofs during the day. As it can be seen from Figure 2 in 
Dublin the sky is cloudy through the whole year. Thus, these fluctuations could be attributed 
to the sky conditions; as the sky is not clear, the solar radiation plummets during the day. It 
was also observed that on December 21st the solar radiation has very low values (hardly 
reaching 90 W/𝑚𝑚2). The sky is very cloudy and as it can be obtained from the sun-path 
diagram of Dublin (Lazaridou, 2016)  the sun has a low altitude and a long distance from the 
Earth. These factors affect the intensity of the extraterrestrial solar radiation and as a result 
the amount that reaches the roofs is very low. Finally, in the case of Casablanca can be seen 
that the curves between 10am and 4pm are almost flat comparing with the 2 other cities. 
Although the solar radiation reaches its peak at 1pm in all cases except winter solstice, the 
values are very close to each other between these hours throughout the year. It is high likely 
that this “flatness” of the curves occurs because of the weather conditions as in the 
previous cases: as it can be seen from Figure 2 the percentage of cloud cover in Casablanca 
ranges from 25% to 45%. Thus, it is probable that these days the sky was neither overcast 
nor clear (between 20% and 35%) and as a result the sky diffuse solar radiation was not as 
high to cause a lot of fluctuations during the day (as in Dublin for example).  
 Figure 5 presents the solar performance of the roof C7 as located in the 3 cities in 
summer solstice. When the roof is located in Athens has higher values than Casablanca 
before 8am and after noon by 0.5% (5pm) to almost 20% (8pm). Between 8am and 11am 
the roof in Casablanca has higher values by an average of 5%. This discrepancy is due to the 
solar altitude angles. During these specific hours of the day the sun is higher in the sky in 
Casablanca than Athens. On the contrary, at the rest of the hours of the day, the sun has 
higher altitude angles in Athens than Casablanca. When the roof is located in Dublin, it 



receives less solar radiation by 10% to 50% comparing to the 2 other cities due to the solar 
altitude angles. 
 In Athens, the roofs that have the highest values of solar radiation over the year are 
the roofs P7-C7 and the lowest the roofs P1-C2. The pitched roofs receive slightly more solar 
radiation than their equivalent curved roofs but the differences were insignificant ranging 
from 5% to 10%. As in Athens the temperature can reach very high values in summer 
months (Figure 1), and as the literature implies that the curved roofs have the ability to 
reduce the cooling loads, the optimum roof shape for Athens is the roof C7. In Dublin, the 
solar radiation that the roofs receive is reduced significantly compared to Athens especially 
during the winter. In summer solstice the roofs that have the highest values of solar 
radiation are the roofs P7 and C7 and the lowest the roofs P1 and C2. As Dublin has high 
levels of precipitation over the whole year ranging from 68% to 85% the optimum roof type 
for Dublin is P7. Finally, in Casablanca the pattern is very similar to Athens, with the 
difference that very high temperatures are observed over the whole year. As the 
temperature combined with the intensity of solar radiation are very high, it is high likely that 
a roof which receives the maximum of the solar radiation will cause overheating and 
increase the cooling loads. Thus, the roof C6 which receives an average amount of solar 
radiation is the most advantageous for this location. 

 

 
Figure 4: Incident solar radiation on June 21st on 

all tested pitched and curved roofs, Athens 

 
Figure 5: Incident solar radiation on June 21st on all tested 

pitched and curved roofs, Dublin 

 
Figure 6: Incident solar radiation on June 21st on 
all tested pitched and curved roofs, Casablanca 

 
Figure 7: Comparison of the solar radiation received by the 

roof C7 on June 21st in Athens, Dublin and Casablanca 



4. Conclusions 
In conclusion, this study presented an accurate method to investigate the solar 

performance of different roof forms in different climates. It contributed to the 
understanding of how the multiple climate factors, the shape and the geographical location 
affect the solar radiation intensity and defined the advantages and the disadvantages of 
each of the roofs when located in different climates. Finally, the most appropriate roof form 
for each climate was determined taking into consideration not only the solar performance, 
but also the atmospheric and climatic effects. Although this research presented an accurate 
method to investigate the solar performance of different roof shapes in different climates, it 
didn’t take into account the surface orientation effects on the solar radiation intensity. The 
literature implied that apart from the tilt angle effects that were investigated in this study, 
the orientation of the surface has also great impacts on the solar radiation that the surface 
receives. Thus, testing the orientation effects of the roofs is a valuable area of further 
research as the determination of the optimum roof type will also include the orientation 
parameter which will make this choice even more accurate and specific. Finally, for an 
energy efficient and climate adaptive design it is crucial to estimate the energy performance 
of the elements before applying them to any location. As this study only covered the solar 
performance of the roofs, further study could fill this gap by investigating the heating and 
cooling loads of the roofs in question.  
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