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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Solar radiation and daylight illuminance data on vertical surfaces are crucial for renewable energy utilization and 
daylighting designs. The prediction of solar irradiance or illuminance on vertical surfaces is more complex than 
horizontal surfaces under densely-built urban environments. Previously, we proposed a mathematical model to 
estimate the obstructed vertical sky component (OVSC) under various obstructed skies and the obstructed conditions 
of infinite-long urban canyons. However, the obstructions may be always irregular in both horizontal and vertical 
surfaces in real cases. This paper proposes an approach to determine the vertical sky-diffuse component under irregular 
skyline patterns. Totally, 63 different configurations of the irregular obstructions were identified and the OVSCs were 
calculated using RADIANCE. The simulated results were used to correlate with those of infinite-long urban canyons. 
Strong correlations with high determination coefficients were obtained. The findings indicate that the proposed 
methods are useful for building energy efficient and daylighting designs.   
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1. Introduction 

Solar radiation and outdoor illuminance are important climatic data for daylighting designs and cooling load 
determination in tropical and subtropical regions. The solar heat that radiates through glass windows is the main 
component in building façade designs. Daylighting is an effective and sustainable development strategy for enhancing 
visual comforts and energy efficiency building developments [1]. There are great demands for obtaining such climatic 
parameters on vertical surfaces [2]. Being one of the most densely populated cities in the world, many high-rise 
buildings in Hong Kong are constructed in densely-built districts. The daylight illuminance and solar radiation on 
different levels facing various directions of an obstructing building environment could vary greatly. For top floors 
with less obstruction, strong natural light and radiation comes from the sun and sky, in which may cause thermal 
discomfort and visual glare. However, the shading of surrounding buildings could substantially restrict the amount of 
daylight and solar-heat penetrating into the building interior at the lower floors [3]. Window facades facing narrow 
long streets are quite common and long urban canyons are the Hong Kong skyline features. Previously, we established 
a number of mathematical expressions to estimate the vertical sky component (VSC) under various obstructed overcast 
and non-overcast skies and the obstructed conditions were assumed infinite urban canyons with both opposite 
buildings of the same height [4]. However, the actual obstructions are rather complex and the skyline patterns may be 
quite irregular. This paper extends to evaluate the obstructed VSC under irregular skyline patterns under various CIE 
Standard Skies and attempts to correlate with those of infinite-long urban canyons of the same sky condition.  Features 
of the findings are reported and design implications are discussed. 

2. Vertical sky components 

In modern cities, areas of vertical façade are far more than roof and	 usually	 present	 better	 maintenance	
conditions	for	PV	panels	since	vertical	surfaces	do	not	accumulate	so	much	dust	[5].	The solar radiation data on 
vertical surfaces can be importance for evaluating the performance of building integrated photovoltaics (BIPV) and 
the daylight level in the room. It may be more difficult to estimate the solar irradiance and daylight illuminance on 
vertical surfaces than those on a horizontal plane. The dense urban environment makes it more complex when the 
window facing large obstructions with irregular patterns. Under non-overcast skies, while the direct component 
vertical surfaces are relatively easy to determine, the estimation of vertical sky-diffuse component can be a crucial 
issue when the vertical planes were partly obstructed by the opposite buildings. 

2.1 Infinite-long obstructed environment  

In view of the fact that solar irradiance and outdoor illuminance have similar characteristics in nature, models 
developed for solar irradiance prediction on a vertical surface can also be employed in daylight calculations. Long 
urban canyons are the main skyline features and external obstructions are often estimated based on a horizontal band. 
The infinite-long canyon model represents a typical obstructed environment feature of densely-built cities. Fig.1 
shows the infinite-long canyon model with both opposite buildings of the same height, where αU, and αL are the upper 
and lower obstruction angle of the obstructed window and αB is the obstruction angle of the reference building.  

 
Fig. 1. The angles in the infinite-long urban canyon model 

In 2003, the International Commission on Illumination (CIE) has adopted a range of 15 standard sky distributions 
which can predict the luminance of each sky patch by a product of a relative gradation expression and a relative 
scattering indicatrix function [6]. In the obstructed environment, the sky-diffuse irradiance/illuminance from the sky 
is contributed by the radiance/luminance from the part of sky hemisphere visible from the vertical fenestration. A 
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numerical approach which divides the sky hemisphere into finite elements can be applicable for the calculation of 
irradiance/illuminance [7]. By integrating the radiance/luminance distribution of each sky element ‘seen’ by the plane, 
the total irradiance/illuminance on the vertical fenestration can be calculated accordingly. However, the numerical 
approach can be computational intensive and less applicable.  

2.2 Obstructed vertical sky component (OVSC) 

An alternative of the numerical approach for estimating the sky-diffuse component is using mathematical equations.  
In our previous work, the obstructed vertical sky component (OVSC) defined as the ratio of sky-diffuse irradiance on 
the obstructed vertical plane to the unobstructed diffuse sky irradiance on a horizontal plane under the same sky 
condition was proposed as an effective parameter. The mathematical expressions of OVSC are the product of χref 

(reference scattering angle) and αU (upper obstruction angle). It can be described based on the Fourier series and 
logistic function as shown in Eq. 1. The Fourier series was used to represent the variations of OVSC at different χref, 
and the logistic function was employed to simulate the OVSC at various χref and αU. Thus, the OVSC can be estimated 
by the reference scattering angle χref for a given αU under each CIE Standard Sky. The values of all coefficients in the 
formula for each CIE Standard Sky can be found in [4].	 

                                                                            (1) 

3. OVSC under irregular skyline patterns  

Although the OVSC can be precisely evaluated under various obstructed overcast and non-overcast skies, the 
equations could not be applicable under complex obstructed cases. The obstructed conditions were assumed infinite 
urban canyons with both opposite buildings of the same height, which would be quite different from the real cases. 
The actual obstructions are rather complex and the skyline patterns may be quite irregular. The determination of VSC 
under irregular skyline patterns is quite complicated since the anisotropic sky is partially obstructed. Previous studies 
generally use complex algebraic equations to evaluate the irregular skyline [8]. However, this may be error-prone and 
computationally intensive since the algebraic equations were always too long and have many coefficients.  

An alternative way is correlating the OVSC under irregular skyline patterns with those of infinite-long urban 
canyons, so that the irregular obstructions could be expressed in regular obstructions which can be defined by less 
obstruction angles. This study extends to evaluate the OVSC under irregular skyline patterns under various CIE 
Standard Skies and attempts to find the correlation with those of infinite-long urban canyons of the same sky condition.  
The crucial issue is how to quantify the irregular skyline patterns. 

There are many different configurations of the opposite obstructions with irregular shapes because of the various 
changes on horizontal and vertical planes. Simplifications are needed to quantify the opposite irregular obstructions.  

l Firstly, we assume that the roof lines of all opposite obstructions are above or parallel to the horizontal plan 
of the window center. The height of the irregular obstructions is the same as or higher than the window center.   

l Secondly, the obstructions on both sides of the window center are symmetrical, so that only half side of the 
obstructions needs to be examined. The symmetrical layout of obstructions was also used in other works and 
the results were proved to be reliable [9].  

l Thirdly, since most useful light entering the glazing into building interior comes from a cone of 100° centered 
to the normal of the glazing [10], a possible obstructed zone with an azimuth angle of 120° (60° for each side 
from the window center) in horizontal direction should be enough to represent the actual situation. The upper 
limit of obstruction angle is set to be 60° which is sufficient to represent the heavily obstructed range of the 
opposite sky dome.  

To describe the irregular skyline patterns, it’s better to divide the obstructed block into separate small zones. The 
possible obstruction zone is subdivided into 3 zones in horizontal direction with the azimuth angles of 0°, 20°, 40° 
and 60°. The elevation of the obstruction block is also subdivided into 3 ranges in vertical direction with obstruction 
angles of 0°, 20°, 40° and 60°. Fig. 2 shows the plan view and elevation of the obstructed zones of the sky dome. Thus, 
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the simplified skyline patterns can be identified based on the obstruction angles divided in each zone. A certain skyline 
pattern can be specified depending on whether there are obstructions occurred in individual zones with various 
combinations of elevation and azimuth angles. Totally, there are 63 different configurations of the irregular 
obstructions and each of them contributes to a specified skyline pattern. Some of the irregular skyline patterns are 
illustrated in Fig. 3.  

            
(a)                                                                                   (b) 

Fig. 2. The plan view (a) and elevation (b) of the possible obstructed zone divided by azimuth and vertical angles. 

 
Fig. 3. Examples of irregular skyline patterns (left half side) 

To facilitate the description of the irregular skyline pattern, two angles are used to describe the obstruction in each 
zone (i = 1, 2, 3): 

• Φ i – The azimuth angle of the obstruction median with respect to the normal direction of the window.  
• α i – The upper obstruction angle in zone ‘i’ (the angle between the normal line of the window center and 

the line originated from the window center and perpendicular to the upper limit of the obstruction) 
The azimuth range of the obstruction is 0-20°, 20-40° and 40-60° for respectively Zone 1, 2 and 3, and the value of 

azimuth angle Φ i is set to be 10°, 30° and 50° which are the midline of the azimuth angles. The upper obstruction 
angle α i is set to be 0°, 20°, 40° and 60° representing from slightly to heavily obstructed conditions (α = 0° means no 
upper obstruction in this zone). Fig. 4 shows an example of a special irregular skyline pattern which can be defined 
by azimuth and vertical angles. According to the subdivision of the obstructed block, it can be described as: [α 1= 20° 
at Φ 1= 10°, α 2= 40° at Φ 2= 30°, α 3= 60° at Φ 3= 50°]. 

 

 
Fig. 4. A special irregular skyline pattern defined by azimuth and vertical angles 
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As the irregular skyline patterns can be described by those angles, it would be possible to use them for quantifying 
the opposite irregular obstruction. The various OVSCs under irregular skyline patterns can be determined by computer 
simulation, then the corresponding αU under infinite-long canyons can be calculated. With various cases of irregular 
obstructions, the correlation between the corresponding αU (infinite-long canyons) and Φi and αi (irregular skyline 
pattern) can be identified by regression techniques. Consequently, the OVSC under irregular skyline patterns can be 
computed based on Eq.1 and the correlations between those angles. 

4. Computer simulations and results  

RADIANCE software was used to simulate the OVSCs under various irregular skyline patterns under the CIE 
Standard Skies. The corresponding obstruction angles αU under infinite-long canyons were calculated based on Eq.1 
with known OVSC under the particular sky type. Then, the results were used to find out the correlations between αU 
and azimuth and elevation angles for individual irregular skyline patterns. Ultimately, mathematical expressions were 
established to illustrate the correlations.  

The simulation models were built based on different configurations of the irregular obstructions described in the 
previous section. Totally, 63 cases were set up to represent the irregular skyline patterns. All cases have the same 
conditions except the geometry of irregular obstructions. These conditions include:  The facades of the reference 
building and the opposite building were parallel to each other; the width of the canyon was 20 m and the height of the 
window center was also 20 m from ground (all cases have the same lower obstruction angle (αL) of 45°); the window 
was facing south and the sun was in the south with a solar altitude of 44.3° (solar noon on winter solstice of Hong 
Kong); only sky-diffuse component from the sky was considered and the reflectance of the buildings and the ground 
were both of 0 (i.e. no reflected component). 

The simulated results were examined to correlate the corresponding αU with the angles that describe the irregular 
skyline patterns under the CIE Standard Skies. The azimuth angles Φ i and upper obstruction angles α i were normalized 
to the range from 0 to 1 by using the function cosΦ	& ∗ sinα	& . Linear regression was used to correlate αU with 
(cosΦ	& ∗ sinα	&) for each sky.  Eqs. 2 to 4 present the correlations for Skies 1, 8 and 13 representing the overcast, 
partly-cloud and clear sky conditions respectively. The coefficients of determination (R2) are more than 0.89 with the 
largest R2 of 0.95 for Sky 13. The results show strong correlations between the angles defining the irregular skyline 
patterns and the corresponding αU under infinite-long canyons.  Fig. 5 shows the plots of simulated αU (using Eq. 1 
based on the simulated results of OVSC) against fitted αU (using Eqs. 2 to 4 under Sky 1, 8 and 13).  

 
αU-sky1 = 0.3484 ∗ 𝑥𝑥1 + 0.3682 ∗ 𝑥𝑥2 + 0.4948 ∗ 𝑥𝑥3 + 0.1155                                                  (2) 
αU-sky8 = 0.4367 ∗ 𝑥𝑥1 + 0.3405 ∗ 𝑥𝑥2 + 0.3313 ∗ 𝑥𝑥3 + 0.0968                                                  (3) 
αU-sky13 = 0.310 ∗ 𝑥𝑥1 + 0.2256 ∗ 𝑥𝑥2 + 0.2376 ∗ 𝑥𝑥3 + 0.2976                                                   (4) 

 
where 𝑥𝑥𝑖𝑖 = cosΦ	& ∗ sinα	&  (i = 1, 2, 3; Φ i = 10°, 30°, 50°; α i =0°, 20°, 40°, 60°). 
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the simplified skyline patterns can be identified based on the obstruction angles divided in each zone. A certain skyline 
pattern can be specified depending on whether there are obstructions occurred in individual zones with various 
combinations of elevation and azimuth angles. Totally, there are 63 different configurations of the irregular 
obstructions and each of them contributes to a specified skyline pattern. Some of the irregular skyline patterns are 
illustrated in Fig. 3.  

            
(a)                                                                                   (b) 

Fig. 2. The plan view (a) and elevation (b) of the possible obstructed zone divided by azimuth and vertical angles. 

 
Fig. 3. Examples of irregular skyline patterns (left half side) 

To facilitate the description of the irregular skyline pattern, two angles are used to describe the obstruction in each 
zone (i = 1, 2, 3): 

• Φ i – The azimuth angle of the obstruction median with respect to the normal direction of the window.  
• α i – The upper obstruction angle in zone ‘i’ (the angle between the normal line of the window center and 

the line originated from the window center and perpendicular to the upper limit of the obstruction) 
The azimuth range of the obstruction is 0-20°, 20-40° and 40-60° for respectively Zone 1, 2 and 3, and the value of 

azimuth angle Φ i is set to be 10°, 30° and 50° which are the midline of the azimuth angles. The upper obstruction 
angle α i is set to be 0°, 20°, 40° and 60° representing from slightly to heavily obstructed conditions (α = 0° means no 
upper obstruction in this zone). Fig. 4 shows an example of a special irregular skyline pattern which can be defined 
by azimuth and vertical angles. According to the subdivision of the obstructed block, it can be described as: [α 1= 20° 
at Φ 1= 10°, α 2= 40° at Φ 2= 30°, α 3= 60° at Φ 3= 50°]. 

 

 
Fig. 4. A special irregular skyline pattern defined by azimuth and vertical angles 
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As the irregular skyline patterns can be described by those angles, it would be possible to use them for quantifying 
the opposite irregular obstruction. The various OVSCs under irregular skyline patterns can be determined by computer 
simulation, then the corresponding αU under infinite-long canyons can be calculated. With various cases of irregular 
obstructions, the correlation between the corresponding αU (infinite-long canyons) and Φi and αi (irregular skyline 
pattern) can be identified by regression techniques. Consequently, the OVSC under irregular skyline patterns can be 
computed based on Eq.1 and the correlations between those angles. 

4. Computer simulations and results  

RADIANCE software was used to simulate the OVSCs under various irregular skyline patterns under the CIE 
Standard Skies. The corresponding obstruction angles αU under infinite-long canyons were calculated based on Eq.1 
with known OVSC under the particular sky type. Then, the results were used to find out the correlations between αU 
and azimuth and elevation angles for individual irregular skyline patterns. Ultimately, mathematical expressions were 
established to illustrate the correlations.  

The simulation models were built based on different configurations of the irregular obstructions described in the 
previous section. Totally, 63 cases were set up to represent the irregular skyline patterns. All cases have the same 
conditions except the geometry of irregular obstructions. These conditions include:  The facades of the reference 
building and the opposite building were parallel to each other; the width of the canyon was 20 m and the height of the 
window center was also 20 m from ground (all cases have the same lower obstruction angle (αL) of 45°); the window 
was facing south and the sun was in the south with a solar altitude of 44.3° (solar noon on winter solstice of Hong 
Kong); only sky-diffuse component from the sky was considered and the reflectance of the buildings and the ground 
were both of 0 (i.e. no reflected component). 

The simulated results were examined to correlate the corresponding αU with the angles that describe the irregular 
skyline patterns under the CIE Standard Skies. The azimuth angles Φ i and upper obstruction angles α i were normalized 
to the range from 0 to 1 by using the function cosΦ	& ∗ sinα	& . Linear regression was used to correlate αU with 
(cosΦ	& ∗ sinα	&) for each sky.  Eqs. 2 to 4 present the correlations for Skies 1, 8 and 13 representing the overcast, 
partly-cloud and clear sky conditions respectively. The coefficients of determination (R2) are more than 0.89 with the 
largest R2 of 0.95 for Sky 13. The results show strong correlations between the angles defining the irregular skyline 
patterns and the corresponding αU under infinite-long canyons.  Fig. 5 shows the plots of simulated αU (using Eq. 1 
based on the simulated results of OVSC) against fitted αU (using Eqs. 2 to 4 under Sky 1, 8 and 13).  
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where 𝑥𝑥𝑖𝑖 = cosΦ	& ∗ sinα	&  (i = 1, 2, 3; Φ i = 10°, 30°, 50°; α i =0°, 20°, 40°, 60°). 
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(a)                                                                                                                       (b) 

 
      (c) 

Fig.5.  Plots of simulated αU against fitted αU under sky 1 (a), 8 (b) and 13(c). 

5. Conclusions  

To determine the vertical diffuse solar irradiance and daylight illuminance under partially obstructed conditions, 
the OVSCs under irregular skyline patterns for various CIE Standard Skies were examined. The irregular skyline 
patterns were quantified by dividing the possible obstructed zone using several azimuth and vertical angles. Totally, 
63 different configurations of the irregular obstructions were identified and the OVSCs were simulated under each 
CIE Standard Sky by using RADIANCE software. Strong correlations between the angles defining the irregular 
skyline patterns and the corresponding upper obstruction angles αU under infinite-long canyons were determined in 
terms of mathematical equations. The R2s were more than 0.89 indicating the feasibility of the method and reliability 
of the results. The methodology in this work can be extended to evaluate more complex irregular skyline patterns with 
the smaller subdivision of the obstructed zones. The findings are significant for predicting the vertical solar irradiance 
and daylight illuminance for various applications such as renewable energy and daylighting designs.  
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